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Abstract Full plastomes have recently proven to be a valuable data source for resolving recalcitrant phylogenetic
relationships in the flowering plant family Bromeliaceae. The study of complete plastomes has additionally led to
the discovery of new structural rearrangements and advanced our understanding of bromeliad plastome diversity
and evolution. Here, we focus on the study of full plastomes of the bromeliad subfamily Hechtioideae to assess
phylogenetic relationships, marker informativeness, and plastome structure and evolution. Using whole‐genome
sequencing data, we de novo assembled and annotated new plastid genomes of 19 Hechtioideae species plus one
representative each from the Pitcairnioideae and Puyoideae subfamilies and compared them with four additional
available plastomes from other bromeliad subfamilies. Our phylogenetic analysis using complete plastome
sequences not only recovered the three currently recognized genera of Hechtioideae as monophyletic, strongly
supporting Mesoamerantha as sister of Bakerantha and Hechtia, but also improved statistical support at different
phylogenetic depths within the subfamily. We identified a set of highly informative loci, some of them explored
for the first time in Hechtioideae. Structural rearrangements, including expansions and contractions of the
inverted repeats, large inversions, and gene loss and potential pseudogenization were detected mainly within
the genus Hechtia. Evolutionary trait rate shifts were associated with the size and guanine–cytosine content of the
small single copy and inverted repeats.

Key words: Bromeliaceae, Hechtioideae, ndh gene family, phylogenetic informativeness, phylogenomics, plastid genome,
structural rearrangements.

1 Introduction

Hechtioideae is one of the eight subfamilies currently
recognized for Bromeliaceae (Givnish et al., 2007), com-
prising nearly 93 rupicolous and terrestrial species (Gouda
et al., 2023), which are conspicuous elements of xeric
shrublands and deciduous tropical forests of the Neotropics
(Ramírez‐Morillo et al., 2018a; Rivera‐Martínez et al., 2022).
Although distributed from southern United States to
northern Nicaragua, Hechtioideae species diversity is cen-
tered in Mexico, where a recent phylogenetic analysis
proposed that this lineage experienced high speciation rates
during the last 6.5–1 million years ago (Mya; Rivera‐Martínez
et al., 2022). This subfamily is defined by a combination
of morphological characteristics, including rosettes with

succulent leaves and spiny or rarely entire margins, dioecy,
central or lateral inflorescences, unisexual and fragrant
flowers, capsular fruits with winged to almost naked seeds,
and the absence of stellate chlorenchyma (Givnish et al., 2007;
Ramírez‐Morillo et al., 2018a).
The phylogenetic relationships in Hechtioideae have

previously been based on a few plastid (rpl32‐trnL IGS,
rps16‐trnK IGS, matK gene, and ycf1 gene) and one nuclear
(PRK gene) loci, used to address different taxonomic scales
(Ramírez‐Morillo et al., 2018a; Rivera‐Martínez et al., 2022;
Romero‐Soler et al., 2022a, 2022b). These studies have
contributed evidence for the recognition of three genera:
Bakerantha L.B. Sm. (five spp.), Mesoamerantha I. Ramírez &
K. Romero (three spp.), and Hechtia Klotzsch s. str. (85 spp.).
However, highly supported (bootstrap support (BS)> 85)
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discordant phylogenetic relationships have been retrieved
among these three genera when analyzing data from
different genome compartments. In Ramírez‐Morillo et al.
(2018a), where the first phylogenetic hypothesis of the
subfamily was proposed, an analysis of the rpl32‐trnL and ycf1
plastid markers retrieved Bakerantha (therein identified as
clade B) as a sister of a clade including Mesoamerantha
(therein identified as clade C) and Hechtia, whereas the
analysis of the PRK nuclear gene by the same authors found a
clade including Mesoamerantha and Bakerantha as the sister
of Hechtia. Within the large genus Hechtia, three main clades,
named clades D, E, and F, have been recovered with strong
statistical support; however, the relationships among them
remain uncertain due to a lack of resolution and statistical
support (Ramírez‐Morillo et al., 2018a; Rivera‐Martínez
et al., 2022). The clade D of Hechtia has the widest
geographical distribution in the subfamily and corresponds
to the H. glomerata Zuccharini species complex, which
includes species with lateral inflorescences densely covered
by a white‐lepidote indument and white petals, except H.
pretiosa Espejo & López‐Ferrari, which has pink petals. The
clade E of Hechtia includes the only two species in the
subfamily with a completely inferior ovary, namely, H.
deceptrix I. Ramírez & C. T. Hornung and H. epigyna Harms
from northeastern Mexico, while the clade F of Hechtia,
which includes about 84% of Hechtia species incorporated
so far in phylogenetic reconstructions (Rivera‐Martínez
et al., 2022), is composed of several morphologically diverse
and geographically restricted lineages, within which species‐
level relationships lack resolution and statistical support. The
difficulty in obtaining resolved and highly supported
phylogenetic hypotheses in Hechtioideae, as well as in
other Bromeliaceae lineages (e.g., Puyoideae; Jabaily &
Sytsma, 2010; core Bromelioideae, Sass & Specht, 2010),
has been attributed to the low sequence variation resulting
from low substitution rates in Bromeliaceae compared to
other Commelinids groups (Smith & Donoghue, 2008; Palma‐
Silva et al., 2016).
Next‐generation sequencing (NGS) techniques have re-

cently been proven to be a powerful source of data to
examine phylogenetic relationships at different taxonomic
scales in Bromeliaceae (Machado et al., 2020; Paule et al., 2020;
Chávez‐Galarza et al., 2021a, 2021b; Loiseau et al., 2021; Möbus
et al., 2021, Liu et al., 2022; Vera‐Paz et al., 2022, 2023; Yardeni
et al., 2022; Bratzel et al., 2023). Phylogenetic analyses based
on complete plastome sequences derived from NGS have
improved phylogenetic resolution and statistical support
within the bromeliad subfamilies Puyoideae (Liu et al., 2022)
and Tillandsioideae (Vera‐Paz et al., 2022, 2023), when
compared with previous single‐ and multilocus studies based
on Sanger sequenced markers. Thus, plastome phylogenomics
represents a promising alternative to address phylogenetic
relationships among recently diverged lineages such as
Hechtioideae.
The rapid advance of the NGS strategies has additionally

improved our understanding of plant organelle evolution,
particularly in plastid genomes. The plastome of land plants is
highly conserved in terms of structure and gene content and
order (Gao et al., 2010; Jansen & Ruhlman, 2012). It usually
includes two single‐copy regions, named large and small
single copies (LSC and SSC, respectively), separated by two

copies of an inverted repeat (IR; Palmer, 1991; Jansen &
Ruhlman, 2012). Each land plant plastome contains approx-
imately 80 protein‐coding genes, 30 transfer RNA (tRNA)
genes, and four ribosomal RNA (rRNA) genes (Mower &
Vickrey, 2018). However, comparative analyses among closely
related taxa across different land plant lineages have
detected some deviations from this conserved structure,
including expansion and contractions of the IR, sequence
inversion, insertions and deletions, variations in the length of
noncoding regions, and abundance of repetitive sequences
(Palmer, 1991; Mower & Vickrey, 2018). Other frequent
deviations are pseudogenization or loss of genes, commonly
observed in the ndh gene family, where one to all the 11
genes that constitute this gene family have been lost or
become nonfunctional across many lineages of the
Streptophyta (Martín & Sabater, 2010; Strand et al., 2019;
Yang et al., 2022).
In recent years, plastome comparative studies in Brome-

liaceae have focused on describing from single (e.g., Nashima
et al., 2015; Redwan et al., 2015; Poczai & Hyvönen, 2017;
Chávez‐Galarza et al., 2021a, 2021b) to several species (Paule
et al., 2020; Möbus et al., 2021; Liu et al., 2022; Vera‐Paz
et al., 2022) representatives of the subfamilies Bromelioi-
deae, Puyoideae, and Tillandsioideae, with 9, 13, and 37
sequenced species, respectively. A highly conserved plas-
tome structure has generally been reported in Bromeliaceae
(e.g., Redwan et al., 2015; Poczai & Hyvönen, 2017; Liu
et al., 2022). However, structural rearrangements have been
found in some species, including IR expansions in Fascicularia
bicolor (Ruiz & Pavon) Mez and Ochagavia carnea (Beer)
L.B.Sm. & Looser (Bromelioideae; Paule et al., 2020) and IR
contractions in species of Pseudoalcantarea (Mez) Pinzón &
Barfuss (Tillandsioideae; Vera‐Paz et al., 2022). Furthermore,
large inversions (ca. 27 kb) in the LSC of plastomes of species
of Vriesea Lindl. (Tillandsioideae; Vera‐Paz et al., 2022) have
been identified. Given the plastome structural rearrange-
ments recently discovered in other bromeliad lineages (Paule
et al., 2020; Vera‐Paz et al., 2022), we expect that the study
of whole‐plastome sequences from a representative sample
of Hechtioideae could reveal new structural rearrangements
and shed light on Hechtioideae plastome diversity and
evolution.
In this study, we aim to (i) characterize plastome structural

diversity in Hechtioideae; (ii) assess the utility of full
plastomes for phylogenetic reconstruction; (iii) identify
informative regions at different phylogenetic depths for
future phylogenetic studies; and (iv) assess the evolution of
selected plastome attributes across the obtained Hechtioi-
deae phylogenetic tree.

2 Material and Methods
2.1 Taxon sampling, DNA extraction, and sequencing
We newly sequenced plastomes for 19 species of Hechtioi-
deae, representing ca. 20% of its known species diversity and
all currently recognized genera, including two species of
Bakerantha, two species of Mesoamerantha, and 15 species of
Hechtia. For further comparison with other bromeliad
subfamilies, we newly sequenced Pitcairnia breedlovei L.B.
Sm. (Pitcairnioideae) and Puya mirabilis (Mez) L.B. Sm.
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(Puyoideae). Plastome sequences already available on
GenBank representing species of Bromelioideae (Ananas
comosus (L.) Merr., NC_026220.1; Fascicularia bicolor,
MN563795.1; and Ochagavia elegans Phil., NC_045385.1) and
Tillandsioideae (Tillandsia usneoides (L.) L., NC_045385.1)
were also added to the taxon sampling. Additionally, we
included the complete plastome sequence of Typha latifolia
L. (Typhaceae; NC_013823) for rooting the phylogenetic tree.
Voucher information of the sampled accessions can be found
in Table S1.
Genomic DNA was extracted from fresh leaves collected

from living plants deposited at the “Roger Orellana”
Regional Botanical Garden at the “Centro de Investigación
Científica de Yucatán (CICY)”, Mexico. DNA was isolated
using the cetyltrimethylammonium bromide method de-
scribed by Doyle & Doyle (1987). DNA was quantified using
the Quantus™ fluorometer (Promega Corporation, Madison,
Wisconsin, USA) for a final concentration of 50 ng/µL. DNA
integrity was assessed on 2% agarose gels stained with SYBR
green and run for 45 min at 80 V. The library construction and
whole‐genome sequencing (WGS) were executed by RAPiD
Genomics (Gainesville, Florida, USA). For this, the genomic
DNA was fragmented with sonication to approximately 400
base pairs (bp). Library preparation used TrueSeq‐like
adapters, and sequencing was performed using Illumina
HiSeq X Ten Systems (PE150).

2.2 Plastome assembly and annotation
Quality control of raw sequence reads was carried out using
FastQC v.0.11.9 (Andrews, 2018). Raw reads were trimmed to
remove adaptors and low‐quality sequences using Trimmo-
matic v.0.39 (Bolger et al., 2014). Adapter removal and
sequence quality were confirmed with FastQC. Reads were
de novo assembled using GetOrganelle v.1.7.5 (Jin et al., 2020),
applying a K‐mer gradient (‐k 21,45,65,85,105) suggested for
150 bp long paired data for assembling organelle genomes, up
to 20 maximum extension runs, and using the default seed
database (embplant_pt) to filter plastid reads. From the
two naturally existing isomeric forms of the plastome
(Palmer, 1983), we selected the one that matched the
published plastome of A. comosus (NC_026220.1; Nashima
et al., 2015). Assembly average coverage was evaluated by
mapping the quality trimmed reads of each sample to the
respective final sequence assembly using the BWA‐MEM
algorithm implemented in BWA v.0.7.17 (Li & Durbin, 2009)
and using the “coverage” argument in SAMtools v.1.10 (Li
et al., 2009; Table S2). Assembled plastomes were automati-
cally annotated with Geneious Prime® v.2022.0.2 (Kearse
et al., 2012) using the previously mentioned plastome of A.
comosus and that of Tillandsia utriculata L. (NC_065191.1; Vera‐
Paz et al., 2022) as references. These two references were
used to identify and corroborate the different genes that have
been previously annotated for Bromeliaceae. Annotations of
all protein‐coding, tRNA, and rRNA genes were manually
checked and, if needed, corrected in Geneious Prime®. tRNA
genes annotations were confirmed with the online tRNAscan‐
SE v. 2.0 web server (Lowe & Chan, 2016; Chan & Lowe, 2019),
and when necessary, borders predicted during automatic
annotation were adjusted. Newly sequenced and assembled
plastomes were deposited in GenBank under the
accession numbers OQ818075–OQ818095 (Table S1). Plastome

circularization was performed with Geneious Prime®, and
circular representations of the plastomes were drawn with
OGDRAW v.1.3.1 (Lohse et al., 2013).

2.3 Comparative plastome analysis
For all the bromeliad plastomes, we compared gene content
and order, the length (bp) of the full plastome, as well as
that of the LSC, SSC, and IR, and the guanine–cytosine (GC)
content (%) of the same regions using Geneious Prime®.
Genes on the boundaries of the junction sites of the IR and
single‐copy regions were visualized in IRscope (Amiryousefi
et al., 2018). Since several differences were observed in the
ndh gene family among Hechtioideae species, we carefully
inspected for gene loss and potential pseudogenization. To
corroborate point base substitutions and indel events
(insertion and deletions), reads were mapped back to gene
contigs and the resulting read mapping files were visualized
using Tablet v.1.21.02.08 (Milne et al., 2013), evaluating the
assembly accuracy and contig coverage. Here, we considered
(i) potential gene pseudogenization when point base
substitutions caused premature stop‐codons; (ii) potential
gene pseudogenization due to indel events causing
premature stop‐codons; and (iii) gene loss when the gene
sequence was completely absent in the plastid genome. To
visualize ndh gene family changes across the phylogeny, we
labeled species that have each of the three above‐mentioned
cases.

2.4 Phylogenetic analyses
To assess the utility of full plastomes for phylogenetic
reconstruction, we analyzed plastome sequences of the 25
sampled bromeliad taxa plus Typha latifolia for rooting the
tree. Plastome sequences were automatically aligned with
the MAFFT v.7.487 (Katoh & Standley, 2013) plugin of
Geneious Prime®. One IR region was excluded to avoid
duplication of data for phylogenetic analyses. Poorly aligned
and divergent regions were identified with Gblocks v.0.91b
(Castresana, 2000) and excluded with the ‐E flag of RAxML
v.8.2.10 (Stamatakis, 2014). Regions corresponding to small
inversions (<200 pb) detected across different species and
one large inversion of 3.9 kb identified in H. deceptrix were
also excluded from phylogenetic analyses. Alignments of the
complete plastomes and the final alignment used in the
phylogenetic analysis are available as supplementary
information S1. A maximum likelihood (ML) phylogenetic
analysis was performed using RAxML applying the GTR+ G
model. One hundred searches for the best ML tree were
performed and clade support was assessed with 1000
bootstrap replicates. Node support was drawn on the best
ML tree. The ML analysis was performed in the CIPRES
Science Gateway service (Miller et al., 2010).

2.5 Phylogenetic informativeness (PI)
We performed a PI analysis (Townsend, 2007) to evaluate the
utility of the recovered plastid regions in resolving deep and
shallow phylogenetic divergences in Hechtioideae. For this,
the best ML tree was converted into ultrametric with the
function “chronopl” of the APE v.5.6‐2 package (λ= 0.0;
Paradis & Schliep, 2019) in R v.4.1.2 (R Core Team, 2022),
applying a relative time scale where the tree tips correspond
to time 0 and the root to time 1. Using as input individual
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alignments of each exon, intron, and IGS, site substitution
rates, and net PI profiles were calculated in TAPIR (Pond
et al., 2005; Faircloth et al., 2012). Net PI profiles were plotted
for each partition and contrasted against the ultrametric
tree. Maximum net PI was recorded for each partition, as
well as the time at which these values were reached. Markers
were ranked according to their maximum net PI to select a
set of regions that would potentially be most informative for
resolving phylogenetic relationships within Hechtioideae.

2.6 Ancestral state reconstruction (ASR) and evolutionary
shifts of plastome attributes
ASR analysis was performed in R for eight continuous
plastome attributes, including size and GC content of the full
plastome and of its three structural regions (i.e., LSC, SSC,
and IR; Table S3). Using the “fastAnc” function of the
package phytools v.1.2‐0 (Revell, 2012), nodes' ancestral
states, variances, and their 95% confidence intervals (CIs)
were inferred under a ML framework. Values of the analyzed
attributes were mapped to the ultrametric tree using the
“contMap” function of phytools.
The presence of evolutionary rate shifts of the analyzed

plastome attributes was assessed both across the temporal
scale and among lineages. Raw values obtained of the
plastome traits were transformed into a logarithmic scale to
reduce heterogeneity and used as input data. An analysis of
phenotypic evolution was performed in the Bayesian Analysis
of Macroevolutionary Mixtures (BAMM v.2.5.0) program
(Rabosky, 2014), which estimates changes in evolutionary
rates under a compound Poisson process along the
phylogeny and then evaluates models that present variation
in the number of evolutionary rate shifts of the phenotypic
attributes using a reversible Markov Chain Monte Carlo
(rjMCMC). Adequate priors were obtained with the R
package BAMMtools v.2.1.10 (Rabosky, 2014) and the selected
priors were used to run BAMM analyses with 20 million
generations. Chain convergence was examined with the
package coda (Plummer et al., 2006) and an Effective Sample
Size (ESS) of the MCMC≥ 200 was ensured. BAMM output
was analyzed with BAMMtools in R to extract the number
and probability of shifts in the evolutionary rate for each
plastome attribute. Maximum a posteriori probability (MAP)
configuration was generated when a shift or set of shifts
were detected, to visualize the number and location of the
shifts. The analysis of phenotypic evolution performed in this
study differs from the diversification analysis typically
performed in BAMM and does not require accounting for
incomplete taxon sampling. Furthermore, we have included
representatives from all the main clades of Hechtioideae to
represent plastome diversity at the subfamily level.

3 Results
3.1 Plastome attributes in the newly sequenced
Bromeliaceae
Plastome sizes in the outgroup species Pitcairnia breedlovei
and Puya mirabilis were 160 896 and 159 830 bp, respectively.
The plastomes of Hechtioideae range from 155 133 bp
(H. aquamarina I. Ramírez & C.F. Jiménez) to 165 394 bp
(H. deceptrix) in length. All newly sequenced plastomes had a

typical quadripartite structure (Figs. 1, S1), including a LSC
region slightly varying in length from 85 823 bp (H. iltisii Burt‐
Utley & Utley) to 88 802 bp (P. breedlovei), and a SSC region
substantially reduced in length in H. deceptrix with 8600
bp, and the rest of the species ranging from 14 961 bp (H.
michoacana Burt‐Utley, Utley & García‐Mend.) to 18 642 bp
(M. guatemalensis (Mez) I. Ramírez & K. Romero). The single‐
copy regions are separated by two copies of an IR ranging
from 25 606 bp (H. aquamarina) to 34 652 bp (H. deceptrix;
Tables 1 and S3) in length. The total GC content of the newly
sequenced plastomes ranged from 37.04% to 37.43%, while
the GC content ranged from 35.04% to 35.44% in the LSC,
from 30.44% to 31.58% in the SSC, and from 40.09% to 42.98%
in the IRs (Table S3).
The plastomes of P. breedlovei and Puya mirabilis contain

115 unique coding genes, with 81 protein‐coding genes, 30
tRNA genes, and four rRNA genes (Table 2). Each IR region
contains 22 genes, including eight complete (ndhB, rpl2, rpl23,
rps7, rps19, ycf2, ycf15, and ycf68) and two partial (rps12 and
ycf1) protein‐coding genes, eight tRNA genes (trnAUGC,
trnHGUG, trnICAU, trnIGAU, trnLCAA, trnNGUU, trnRACG, and
trnVGAC), and four rRNA genes (rrn4.5S, rrn5S, rrn16S, and
rrn23S). Gene content of the sequenced Hechtioideae
plastomes, in general, follows that described above for P.
breedlovei and Puya mirabilis, except for the following cases.
We detected an IR expansion in H. deceptrix, in which the
complete ycf1, rps15, ndhH, and a partial ndhA genes are
embedded within the IR (Fig. S1). Conversely, H. aquamarina,
H. mooreana L.B. Sm., and H. stenopetala Klotzsch show an IR
contraction, where the complete ycf1 gene has been
translocated to the SSC (Figs. 2, S1, S2). Furthermore, four
ndh genes presented point mutations causing premature
stop codons in at least one species of Hechtioideae, all
tagged as potential pseudogenes (Fig. 3). Eight additional
ndh genes (ndhA, ndhC, ndhD, ndhE, ndhF, ndhH, ndhI, and
ndhK) were identified as potential pseudogenes as they
presented base deletions in some species of Hechtia (Fig. 3),
losing between one (mostly in mononucleotide repeat
regions) and several base pairs (ca. 95%) relative to the
functional genes, while others presented base insertions
ranging from one to seven bases that affect the reading
frame. Three genes of the ndh family were recorded as
absent in different Hechtia species, including ndhA (H.
confusa L.B. Sm.), ndhH (H. pringlei B.L. Rob. & Greenm.),
and ndhJ (H. aquamarina, H. colossa Mart.‐Correa, Espejo &
López‐Ferr., H. iltisii, H. mooreana, and H. stenopetala). Other
potential pseudogenes include the truncated ycf1 gene at the
SSC/IRb junction and the ycf15 gene. Gene order is in general
highly conserved in the sampled species of Hechtioideae as
has been previously reported for Bromeliaceae, with the
following exception. Changes in gene order in the SSC
were found in H. deceptrix, which has a 3966 bp long
inversion spanning genes ndhF to ccsA, and part of its
flanking IGS.
Differences were detected in the SSC/IRa junction, where

most of the Hechtioideae species have the ycf1 gene, except
for H. aquamarina, H. mooreana, and H. stenopetala, which
instead have a truncated ndhF gene at this region following
an IR contraction of these species. The SSC/IRb junction
varied more widely. Over this junction, the following cases
were detected: (i) a ycf1 pseudogene of variable size
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(1076–2393 bp; Figs. 2, S2) partially overlapping with the ndhF
gene, (ii) the ycf1‐ndhF IGS, (iii) the ndhA gene due to an
important IR expansion in H. deceptrix, and (iv) a ndhF
pseudogene due a small IR contraction in H. aquamarina, H.
mooreana, and H. stenopetala (Figs. 2, S2).

3.2 Phylogenetic analysis
After the exclusion of one IR, ambiguously aligned regions,
and inversions, the final alignment used for phylogenetic

inference was 126 621 bp long, including 63 871 pb corre-
sponding to protein‐coding genes, 6726 pb to RNA genes,
16 086 pb to introns, and 39 938 pb to IGS. The ML analysis
retrieved a tree where all, except the below noted nodes, are
strongly supported (BS≥ 85; Figs. 3, S3). In this tree, T.
usneoides is the sister species of the remaining bromeliad
lineages, which are further divided into two main clades. The
first main clade includes P. breedlovei as sister of Puya
mirabilis plus a clade including all Bromelioideae representa-

Fig. 1. Circular representation of the Hechtia stenopetala plastome. The color depicted in the genes represents their functional
category. The innermost gray circle denotes the guanine–cytosine content across the genome. Genes that are transcribed
counter‐clockwise and clockwise are presented to the outside and the inside of the outer circle, respectively. Genes with
introns are marked with an asterisk. Photograph by G. Romero‐González.
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tives. Within Bromelioideae, A. comosus is sister to a lineage
including O. elegans plus F. bicolor. The second main clade
corresponds to Hechtioideae, including the three currently
recognized genera as monophyletic. Mesoamerantha (clade C
sensu Ramírez‐Morillo et al., 2018a) is sister to a clade
including Bakerantha (clade B) and Hechtia. In Hechtia, H.
myriantha Mez is recovered as the sister lineage of all
remaining species, which are further divided into two clades
equivalent to the clades D–E (BS= 52) and F of Ramírez‐
Morillo et al. (2018a). Clades D–E include H. deceptrix as sister
of a clade composed of H. schottii Baker and H. elliptica L.B.
Sm., while clade F is further divided into two clades. In the
first one, H. colossa is sister of a clade containing the
[H. matudae L.B. Sm. + H. michoacana] and [H. iltisii+
H. podantha Mez] clades. In the second clade, H. rosea É.
Morren ex Baker is the successive sister of H. confusa,
H. pringlei, H. aquamarina, and a clade of H. mooreana and
H. stenopetala (Figs. 3, S3).

3.3 PI of plastid regions
The PI profiles showed that most of the loci reached their
maximum net PI toward time 60 of our arbitrary scale. Some

IGS and introns reached their maximum net PI near time 1 at
shallow phylogenetic divergences (Fig. 4A; Table S4), while
most of the coding genes presented their maximum net PI at
deeper evolutionary depths (between time 6 and 99). The
median of the maximum net PI was higher for introns (0.32),
followed by IGS (0.19) and coding genes (8.4 × 10−2; Fig. 4B).
Among coding genes, the maximum net PI ranged from
3.2 × 10−3 in the exon 1 of the ycf68 gene to 3.8 in the ycf1
gene. The maximum net PI of IGS ranged from 4.4 × 10−3 in
trnI‐rpl23 IGS to 2.7 in trnT‐psbD IGS, while in introns, it varied
between 1.4 × 10−2 in the rps12 intron and 1.2 in the atpF
intron. The 10 most informative loci in this study were the
ycf1 gene, the intergenic spacers trnT‐psbD, trnS‐trnG, psbE‐
petL, and rps16‐trnQ, the rpoC2 gene, the ndhC‐trnV IGS, the
atpF and rpl16 introns, and the rpoB‐trnC IGS (listed in order
of informativeness).

3.4 ASR of plastome attributes
The crown node of Hechtioideae was reconstructed with a
plastome size of 159 640.88 bp (95% CI= 155 397.94−163
883.81 bp), while the LSC, IR, and SSC sizes were
87 415.88 bp (95% CI= 85 150.8–89 680.96 bp), 27 004 bp

Table 2 Plastid genes and their functional groups of the newly sequenced and annotated Bromeliaceae species

Function Group of genes Genes

Protein synthesis and DNA
replication

Ribosomal protein small
subunit

rps2, rps3, rps4, rps7 (×2), rps8, rps11, rps12*,† (×2), rps14,
rps15 (×2‡), rps16*, rps18, rps19 (×2)

Ribosomal protein large
subunit

rpl2* (×2), rpl14, rpl16,* rpl20, rpl22, rpl23 (×2), rpl32,
rpl33, rpl36

Subunits of RNA polymerase rpoA, rpoB, rpoC1,* rpoC2
Ribosomal RNAs rrn4.5S (2), rrn5S (×2), rrn16S (×2), rrn23S (×2)
Transfer RNAs trnAUGC* (×2), trnCGCA, trnDGUC, trnEUUC, trnFGAA,

trnfMCAU, trnGGCC, trnGUCC,* trnHGUG (×2), trnICAU (×2),
trnIGAU* (×2), trnKUUU,* trnLCAA (×2), trnLUAA,*
trnLUAG, trnMCAU, trnNGUU (×2), trnPUGG, trnQUUG,
trnRACG (×2), trnRUCU, trnSGCU, trnSGGA, trnSUGA,
trnTGGU, trnTUGU, trnVGAC (×2), trnVUAC,* trnWCCA,

trnYGUA

Photosynthesis ATP synthase atpA, atpB, atpE, atpF,* atpH, atpI
Cytochrome b/f complex petA, petB,* petD,* petG, petL, petN
Large subunit Rubisco rbcL
NADH dehydrogenase ndhA* (×2‡), ndhB* (×2), ndhC, ndhD, ndhE, ndhF, ndhG,

ndhH (×2‡), ndhI, ndhJ, ndhK
Photosystem I psaA, psaB, psaC, psaI, psaJ
Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ,

psbK, psbL, psbM, psbN, psbT, psbZ
Other genes Acetyl‐CoA‐carboxylase accD

ATP‐dependent protease clpP§

Cytochrome c biogenesis ccsA
Inner membrane protein cemA
Maturase matK
Translation initiation factor infA

Protein transport through
plastid membranes

Conserved hypothetical
plastome ORF

ycf1 (×2), ycf2 (×2)

Potentially involved in the
assembly of photosystem I

Conserved hypothetical
plastome ORF

ycf3,† ycf4

Unknown function Conserved hypothetical
plastome ORF

ycf15 (×2), ycf68* (×2)

*Genes with one intron; †Trans‐spliced gene; ‡Only duplicated in Hechtia deceptrix; §Genes with two introns.
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(95% CI= 22 787.82−31 220.19 bp), and 18 217 bp (95%
CI= 12 422.15–24 011.84 bp), respectively. The total plastome
GC content for the same node was estimated to be 37.33%
(95% CI= 37.14%−37.52%), while the LSC, IR, and SSC GC
contents were 35.30% (95% CI= 35.16%−35.45%), 42.62% (95%
CI= 41.25%−44%), and 31.40% (95% CI= 30.5%−32.31%), re-
spectively. The estimation of the ASR, variance, and 95% CIs
for the eight plastome attributes in each node for the
retrieved phylogenetic context can be found in Table S5.
Shifts in phenotypic evolutionary rates were only found in

characteristics involving the IR and SSC regions. The clade F
and H. deceptrix presented rate shifts in three out of the four
attributes (Fig. 5). Three rate shifts were detected for the
SSC size (high posterior probabilities [HPP]= 0.38) at the F.
bicolor−O. elegans and Hechtia F clades, as well as in H.
deceptrix (Fig. 5A). A single evolutionary rate shift was
detected for the SSC GC content (HPP= 0.52) at a subclade
of clade F (Fig. 5B), including H. rosea, H. confusa, H. pringlei,
H. aquamarina, H. mooreana, and H. stenopetala. IR size
presented four different rate shifts (HPP= 0.77) at T.
usneoides, F. bicolor, H. deceptrix, and the Hechtia clade F

(Fig. 5C), whereas only three rate shifts were detected for IR
GC content (HPP= 0.52) at F. bicolor, H. deceptrix, and
Hechtia clade F (Fig. 5D).

4 Discussion
4.1 Plastome features in Hechtioideae
Study of whole‐plastome sequences from Hechtioideae
representatives revealed new structural rearrangements in
the plastid genome of bromeliad family and shed light on
Hechtioideae plastome structure evolution. Genome sizes of
the de novo assembled bromeliads plastomes (Tables 1, S3)
were generally within the range previously reported for the
family (Paule et al., 2020; Liu et al., 2022; Vera‐Paz et al., 2022),
ranging between 140 and 160 kb, except for H. deceptrix
(165 394 bp), which has the largest plastome reported so far
in the family. Additionally, the SSC (8600 bp) and IR (34 652
bp) regions in H. deceptrix are the smallest and the largest,
respectively, compared with those previously reported for
other bromeliad plastomes (e.g., Redwan et al., 2015;

Fig. 2. Comparison of the large single copy (LSC), small single copy (SSC), and inverted repeat (IR) borders showing the most
frequent variations found in Hechtioideae species and other bromeliad plastomes used for comparison. Genes shown above
and below the lines are transcribed clockwise and counter‐clockwise, respectively.
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Paule et al., 2020; Liu et al., 2022; Vera‐Paz et al., 2022). These
variations in the attributes of the plastome of H. deceptrix
can largely be attributed to an IR expansion and consequent
duplication of genes normally present as single copy. Small‐
sized plastomes in Hechtioideae (155 kb), present in H.
aquamarina, H. mooreana, and H. stenopetala, follow a small
IR contraction, potential gene pseudogenization (by base
deletion), and gene loss (Fig. 3). Differences in plastome size
have been reported across land plants (Mower &
Vickrey, 2018) associated to variations in the length of
noncoding regions, abundance of repetitive sequences, IR
expansions or contractions, gene duplication, and gene and
intron loss (Gao et al., 2010; Jansen & Ruhlman, 2012; Yang
et al., 2022).
As previously reported for other bromeliad lineages, gene

content in Hechtioideae is highly conserved, except for some
taxa lacking certain genes of the ndh family (see discussion
below). Additionally, the annotated ycf15 and ycf68 genes
reported here have inconsistently been annotated in other

Bromeliaceae lineages (see Vera‐Paz et al., 2022 vs. Liu
et al., 2022), albeit these two genes are indeed present in all
bromeliad representatives sequenced so far. Despite the
overall gene content conservation, events of inversion,
gene loss, and duplication were found to alter gene order
in the genus Hechtia relative to the other Hechtioideae. A
large inversion ca. 3.9 kb in the SSC region including four full
protein‐coding genes (ndhF, rpl32, trnL, and ccsA) was found
in H. deceptrix. Large sequence inversions in Bromeliaceae
were previously reported for the T. biflora Ruiz & Pav.
complex (2.2 kb) and Vriesea species (28 kb), involving one
and 24 genes, respectively, from the LSC region (Vera‐Paz
et al., 2022), suggesting large inversions as a common
structural rearrangement in the family.
Differences at the SSC/IR junction were found among

Hechtioideae species, including a ca. 7 kb expansion of the IR
in H. deceptrix, where three full coding genes (ycf1, rps15, and
ndhH) and one partial gene (ndhA) are translocated from
the SSC to the IR, and a small IR reduction (600 bp) in

Fig. 3. Plastid structural changes mapped on a maximum likelihood tree based on the analysis of 26 complete bromeliad
plastomes. Changes found on the ndh gene family are depicted by green squares, while expansions and contractions of the IR
are shown by blue squares. Abbreviations for ndh gene changes: CFG, complete functional gene; GL, gene loss; PPIE, potential
pseudogenization by indel events; PPPM, potential pseudogenization by point mutation. Capital letters at the nodes represent
clades identified by Ramírez‐Morillo et al. (2018a). Nodes with BS< 85% are denoted by an asterisk. Abbreviations for clade
names: B, Bromelioideae; BS, bootstrap support; H, Hechtioideae; P, Pitcairnioideae; Pu, Puyoideae; T, Tillandsioideae.
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Fig. 4. A, The obtained maximum likelihood (ML) tree with branch lengths converted into ultrametric. B, Net phylogenetic
informativeness (PI) profiles of plastid coding genes (green), intergenic spacers (blue), and introns (orange). Lowercase letters
represent the five loci with the highest PI values: (a) ycf1, (b) trnTGGU–psbD, (c) trnSGCU–trnGUCC, (d) psbE–petL, and (e) and
rps16–trnQUUG. Whiskers denote the maximum and minimum values. The arbitrary time scale of the PI profiles matches the one
of the ultrametric tree in (A).
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H. aquamarina, H. mooreana, and H. stenopetala, where the
portion of the ycf1 gene located in other species in the IRa is
transferred to the SSC, so that the entire ycf1 gene is
included in the SSC (Figs. 2, 3, S2). The latter rearrangement
led to the absence of the ycf1 pseudogene in the SSC/IRb
border annotated in other Hechtioideae species; however, if
indeed the ycf1 pseudogene is not functional, this change
should not affect the overall gene dosage. In other bromeliad
lineages, expansions and contractions of the IR have instead
involved the LSC/IR junction, such as the IR expansion of F.
bicolor and O. carnea (Bromelioideae; Paule et al., 2020),
and a large IR contraction in Pseudalcantarea species
(Tillandsioideae; Vera‐Paz et al., 2022). In the case of
Hechtioideae species, the LSC/IR junction is located between
the rps19 and rpl22 genes, as in other Poales lineages (Wang
et al., 2008). Changes in IR boundaries have occurred

multiple times at different evolutionary depths in land plants,
causing the transfer of multiple genes in or out of the IR (Zhu
et al., 2016), with those related to IR expansions being the
most common (Mower & Vickrey, 2018).
In some Hechtioideae species, one or more of the 11 ndh

genes have undergone potential pseudogenization (Fig. 3).
Possible gene pseudogenization in Hechtioideae is caused by
point mutations or by a series of small base deletions or
insertions that might not allow the final translation into
proteins, making the genes potentially nonfunctional, as has
been reported for Pinus spp. or some nonphotosynthetic
parasitic plants (Martín & Sabater, 2010). Potential pseudo-
genization involving the ndh gene family has only been
reported in Bromeliaceae for species of Pseudoalcantarea,
where one of the two ndhB copies is truncated at the LSC/
IRb border due to a large IR contraction (Vera‐Paz et al., 2022).

Fig. 5. Evolution of four plastome attributes where evolutionary rate shift sets were detected by BAMM with posterior
probabilities ≥ 0.5. A, SSC size. B, SSC GC content. C, IR size. D, IR GC content. Red dots indicate the location of detected
evolutionary rate shifts. GC, guanine–cytosine; HPP, highest posterior probability; IR, inverted repeat; SSC, small single copy.
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In Hechtioideae, the most recently diverged species of
Hechtia are the ones presenting most cases of ndh family
gene loss and/or potential pseudogenization, particularly in
clade F (Fig. 3). However, potential pseudogenization or loss
of the ndh genes appears to occur independently across the
Hechtioideae phylogenetic tree, as has been reported for
several land plant lineages (Martín & Sabater, 2010; Barrett
et al., 2019; Strand et al., 2019; Yang et al., 2022). Future
studies aimed at obtaining transcriptomic data could help to
assess whether the genes of the ndh family identified as
potential pseudogenes in Hechtioideae species are indeed
not expressed.
In some Hechtia species, the ndhA, ndhH, and ndhJ genes

are absent. The loss of these three genes is supported by the
high coverage of the involved plastome assemblies, which
ranges from 239 to 987× (Table S2). Plastid ndh genes,
together with a set of nuclear loci, encode a subunit of the
plastome NDH (NADH dehydrogenase‐like) complex involved
in cyclic electron flow (CEF) in photosynthesis (Martín &
Sabater, 2010; Strand et al., 2019). In general, significant ndh
gene losses have been commonly reported for parasitic
plants (Ruhlman et al., 2015), mycoheterotrophs (e.g.,
Orchidaceae; Barrett et al., 2019), and carnivorous plants
(Yao et al., 2019), associated to reduction or absence of
photosynthetic activity. However, multiple losses have been
reported in fully photosynthetic plant lineages such as
gymnosperms (e.g., Pinaceae; Strand et al., 2019), aquatic
plants (e.g., Littorella uniflora (L.) Asch.; Mower et al., 2021),
and xerophytic species (e.g., Yao et al., 2019). Previous
studies have found that these genes have, in some cases,
been translocated to other genome compartments, like the
mitochondrial genome in some Orchidaceae lineages (Lin
et al., 2015) or the nuclear genome in Saguaro (Carnegiea
gigantea (Engelm.) Britton & Rose, Cactaceae; Sanderson
et al., 2015), although they are probably nonfunctional
(Ruhlman et al., 2015; Sanderson et al., 2015). Future
studies focused on sequencing nuclear and mitochondrial
Hechtioideae genomes could help determine if these three
genes have been translocated to other genome compart-
ments, if not completely absent. Besides the transfer of
genetic content between different genome compartments,
loss of ndh genes in photosynthetic groups has been
related to light, nutrient, and water requirements
(Sanderson et al., 2015; Strand et al., 2019; Könyves
et al., 2021; Mower et al., 2021). In Saguaro, a species
that presents the same morphological (succulence) and
physiological (photosynthesis CAM) traits adapted to dry
and semiarid habitats as Hechtioideae species, Sanderson
et al. (2015) proposed that the plastid NDH‐like complex is
unnecessary, as CEF may be assumed by an alternative
system, the Antimycin A‐sensitive CEF pathway (see
Ruhlman et al., 2015), the genes involved in this pathway
being more important, such as the nuclear‐encoded gene
pgr5. In L. uniflora, a semiaquatic and CAM species, Mower
et al. (2021) suggested that CAM modifications facilitated
photosynthesis, making the NDH complex less essential for
a functional photosynthetic process. Future studies
focused on the survey of genes involved in this alternative
nuclear‐encoded pathway, combined with ecological and
biochemical studies, could identify potential routes of ndh
gene loss in Hechtioideae.

4.2 A phylogenomic framework for resolving relationships
within Hechtioideae
Our study using complete plastome data yielded a strongly
supported topology that retrieved Hechtioideae and its three
genera as monophyletic, consistent with previous phyloge-
netic studies (Givnish et al., 2011; Ramírez‐Morillo et al., 2018a;
Rivera‐Martínez et al., 2022; Romero‐Soler et al., 2022a).
Here, Mesoamerantha is resolved as sister to a clade formed
by Bakerantha and Hechtia, which is congruent with the
findings of Givnish et al. (2011) based on eight plastid
markers, although differing from those proposed in previous
studies focusing exclusively on the subfamily and using both
plastid and nuclear Sanger sequenced markers (Ramírez‐
Morillo et al., 2018a; Rivera‐Martínez et al., 2022). Dis-
cordances between plastid and nuclear data have been
associated with biological processes such as incomplete
lineage sorting and hybridization (Naciri & Linder, 2015), both
of which important mechanisms in the evolution of several
Bromeliaceae lineages (Palma‐Silva et al., 2016), and reported
at the genus (e.g., Tillandsioideae; Loiseau et al., 2021) or
species level (e.g., Aechmea subgenus Ortgiesia, Goetze
et al., 2017; Bakerantha, Romero‐Soler et al., 2022b).
Within Hechtia, we recovered similar relationships to that

found by Ramírez‐Morillo et al. (2018a) and Rivera‐Martínez
et al. (2022), who used a handful of Sanger sequenced loci,
albeit with improved statistical support. Here, we found H.
myriantha as sister of a clade composed of clades D–E and F
proposed by Ramírez‐Morillo et al. (2018a). These results are
in line with analysis based on plastid data (Ramírez‐Morillo
et al., 2018b), but incongruent with hypotheses based on
nuclear and combined nuclear and plastid data (Ramírez‐
Morillo et al., 2018a; Rivera‐Martínez et al., 2022), which
recovered H. myriantha embedded within clade D, the latter
clade formed by species of the H. glomerata complex. Clades
D–E herein show low statistical support (BS= 52; Fig. 3),
likely due to the extremely short subtending internode. An
expanded sampling including more species of clade D and H.
epigyna from clade E could confirm or refute the monophyly
of each of these two clades. As in previous phylogenetic
studies, clade F is characterized herein by short internodes
with low to moderate statistical support. Thus, even with
complete plastid genome sequence data, support for
relationships at shallower phylogenetic divergences within
that clade remains low to moderate, pointing to the need to
seek more variable molecular markers such as low‐copy
nuclear loci, as has been explored recently for other rapidly
radiating bromeliad lineages (Loiseau et al., 2021; Yardeni
et al., 2022; Bratzel et al., 2023).

4.3 Informative plastid loci in Hechtioideae
Sanger sequenced markers have been the main source of
data in the phylogenetic studies in Bromeliaceae (reviewed
by Palma‐Silva et al., 2016), including Hechtioideae. We
assessed the net PI of 209 plastid loci that comprised 93
coding and 116 noncoding (introns and IGS) regions included
in our final plastid matrix (Fig. 4; Table S4). The PI of
noncoding regions was higher than that of coding genes
(Fig. 4), which is a common phenomenon in plants as coding
genes tend to be more conserved, while the noncoding
regions are prone to higher rates of nucleotide substitution
(Clegg et al., 1994; Borsch & Quandt, 2009). This variation in
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substitution rates has made noncoding regions the first
choice in marker selection in plant systematics due to their
potential phylogenetic utility (Borsch & Quandt, 2009; Shaw
et al., 2014).
Only a few plastid loci have been used in previous studies

focusing strictly on Hechtioideae, including part of the matK
and ycf1 genes, and the intergenic spacers rpl32‐trnL and
trnK‐rps16 (Ramírez‐Morillo et al., 2018a; Rivera‐Martínez
et al., 2022; Romero‐Soler et al., 2022a, 2022b). Here, our PI
analysis yielded the ycf1 gene as the locus with the highest
maximum net PI (Fig. 4; Table S4). This gene is nearly three
times more informative than most of the analyzed loci
(maximum net PI value= 3.8, Fig. 4), and, although its
maximum net PI is at deep divergences, it presents high
informativeness toward time 0. The ycf1 gene has been
recently reported as the most informative loci in Till-
andsioideae (Vera‐Paz et al., 2022), and has been used in
Bromeliaceae at different phylogenetics depths (e.g., Barfuss
et al., 2016; Castello et al., 2016; Matuszak‐Renger et al., 2018;
Leme et al., 2021). Furthermore, the high performance of this
gene in resolving relationships at different taxonomic scales
and phylogenetic depths has been identified in several plant
lineages (e.g., Ortiz‐Rodríguez et al., 2018; Granados
Mendoza et al., 2020) and has even been considered an
alternative to previously proposed barcodes (Dong
et al., 2015).
Although the matK gene and trnK‐rps16 IGS have been

widely used in bromeliad phylogenetics (Palma‐Silva
et al., 2016), they are not among the most informative
markers in Hechtioideae, with 16th and 26th positions in
terms of ranking, respectively (Table S4). In the case of the
rpl32‐trnL IGS, we exclude it from our PI analysis since it was
included in a large inversion in H. deceptrix, along with other
loci such as ndhF, rpl32, trnL, and ccsA and their intergenic
spacers, as they were not homologous across our taxon
sampling. However, in previous studies in Hechtioideae, the
rpl32‐trnL IGS presents percentages of phylogenetically
informative characters slightly lower than those found in
the ycf1 fragments included (5.8 vs. 6.7%, respectively;
Ramírez‐Morillo et al., 2018a), and has provided good
resolution for intraspecific relationships in less diverse
lineages (e.g., Bakerantha; Romero‐Soler et al., 2022a, 2022b).
Our results suggest that marker selection in Hechtioideae

can be improved, since loci used in previous studies reach
their maximum net PI toward the root of Bromeliaceae
(Fig. 4) and show limited utility for resolving relationships
among closely related species, as has been found for the
same set of markers in Tillandsioideae (Vera‐Paz et al., 2022).
When comparing the ten loci with the highest net PI
identified in this study with those found in Tillandsioideae
(see Vera‐Paz et al., 2022), only four common loci were
observed (ycf1 gene, rpoC2 gene, rpl16 intron, and psbE‐petL
IGS). The differences in the PI of the loci among bromeliad
lineages show the need for taxon‐specific markers assess-
ments, as has been recently suggested in the study of
Puyoideae by Liu et al. (2022).
Of the ten loci with the highest net PI, none had been

explored before for Hechtioideae phylogenetics, except the
ycf1 gene, but a few have been used or proposed as
alternatives in other bromeliad lineages such as the trnS‐trnG
IGS (Puyoideae, Jabaily & Sytsma, 2010; Liu et al., 2022),

rps16‐trnQ IGS (T. ionantha Planch. complex; Ancona
et al., 2022), and rpoB‐trnC IGS (Puyoideae, Liu et al., 2022).
Other markers such as the noncoding regions trnT‐psbD IGS,
ndhC‐trnV IGS, and atpF intron, previously recognized for
being highly variable across angiosperms lineages (Shaw
et al., 2014), could be additional loci suitable for Sanger
sequencing in Hechtioideae. Furthermore, the trnT‐psbD and
trnS‐trnG intergenic spacers, which reach their maximum
informativeness at shallow evolutionary depths within
Hechtia, could be used to solve recalcitrant relationships of
recently diverged lineages (e.g., clade F of Hechtia) and
applied in future phylogeographic studies, since most groups
of haplotypes do not require full internal resolution
(Gitzendanner et al., 2018).

4.4 Plastome attributes' evolution in Hechtioideae
The phenotypic evolution analysis in BAMM detected eleven
shifts in the rates of evolution in four out of the eight
analyzed plastome attributes. Four of these shifts were
allocated in Bromelioideae and Tillandsioideae clades and
were related to SSC and IR sizes and IR GC content
attributes. This is consistent with the IR expansion and an
associated LSC reduction of the Bromelioideae species F.
bicolor reported by Paule et al. (2020). In the case of T.
usneoides (Tillandsioideae), the shift identified is related to
its small IR size, one of the smallest reported by Vera‐Paz
et al. (2022) for Tillandsioideae species.
The seven remaining shifts were detected in H. deceptrix

and the clade F. In H. deceptrix, three shifts were detected
associated with SSC and IR sizes and IR GC content. As
mentioned above, the detected IR expansion involves the
translocation of four genes from the SSC to the IR (ycf1,
rps15, and ndhH full genes, and a partial ndhA gene), resulting
in a large reduction of the SSC region (Fig. 2; Table 1). A
similar rearrangement related to the SSC/IR junction is
known for other Poales, being characteristic of the grass
family (Poaceae; Guisinger et al., 2010), and among other
monocot lineages such as in Strumaria truncata Jacq.
(Amaryllidaceae; Könyves et al., 2021). Additionally, H.
deceptrix has the lowest IR GC content (40%; Table S3), like
that found in the IR of the Tillandsia clade K.1, which also
underwent an IR expansion (Vera‐Paz et al., 2022). When
genes are transferred into the IR from a single‐copy region,
deceleration of substitution rates and increments of GC
content can be expected (Li et al., 2016; Yang et al., 2022).
Vera‐Paz et al. (2022) suggested that in recently diverged
lineages, enough time might not have elapsed, and the IR is
still in the process of GC content stabilization. This might be
the case in H. deceptrix, which diverged only about 1.9 Mya
from its close relatives (Rivera‐Martínez et al., 2022), and the
translocated genes into the IR could still be in an early
process of substitution rate deceleration consistent with
their new position in the plastome (Mower & Vickrey, 2018;
Vera‐Paz et al., 2022). Hechtia deceptrix has undergone
several genomic rearrangements compared to other Hech-
tioideae and bromeliad species. Morphologically, this Hechtia
species differs from others in the genus in presenting inferior
ovaries (vs. superior or ¾ inferior ovaries, except in H.
epigyna, which also has inferior ovaries), and it is geo-
graphically restricted to xerophytic vegetation in a semi-
desert in the Mexican state of Hidalgo. Further comparative
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studies are necessary to assess whether the plastome
changes detected in H. deceptrix are exclusive of this species
or present in other Hechtioideae lineages.
Three shifts were assigned to clade F, including changes in

SSC and IR sizes and IR GC content (Fig. 5). These shifts are
associated with a small IR contraction at the SSC/IR border
that results in the complete transfer of the ycf1 gene to the
SSC region (Figs. 2, S2). A single shift in the SSC GC content
was detected in a subclade of clade F, including six species,
most of them with a relatively high GC content (>31.57%).
Overall, the clade F has undergone several small genome
rearrangements, along with important potential pseudoge-
nization and gene loss in the ndh gene family (Fig. 3). This
clade experienced rapid species diversification in the last 5.7
Mya, associated with several dispersal events and subse-
quent in situ speciation, most events related to the
colonization of dry habitats (Rivera‐Martínez et al., 2022).
Future studies could assess if these plastome reorganizations
have played an important role in the diversification of this
recently diverged group of Hechtioideae.

5 Conclusions
Genomic structural rearrangements have occurred
throughout the evolution of Hechtioideae plastomes,
including expansions and contractions of the IR. Also, here,
we documented for the first time several cases of possible
pseudogenization and loss of the ndh gene family in
Bromeliaceae. An expanded taxonomic sampling in this
lineage can help determine if these structural rearrange-
ments are clade specific or have occurred several times in the
Hechtioideae evolution. The phylogenomic plastid analyses
demonstrate the utility of a complete plastid genome in
resolving relationships between the Hechtioideae genera;
however, statistical support for shallower phylogenetic
divergences is still limited. Within Hechtia, the relationships
are in line with those proposed in previous studies using a
few loci, and this approach in general allowed to increase
node support for some recalcitrant nodes. However, addi-
tional nuclear single‐copy loci data might be needed to
resolve difficult lineages like clade F of Hechtia. A promising
group of alternative highly informative markers is proposed
herein for Sanger sequencing, in addition to the possibility of
using the whole‐plastid genome as a super‐barcode. Evolu-
tionary trait rate shifts were associated with changes in the
size and GC content of the SSC and IRs; further studies are
needed to assess if these shifts are related to species
diversification in this bromeliad subfamily.
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Supplementary Material
The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
13004/suppinfo:
Fig. S1. Gene map of the plastome of all species newly
sequenced in this study. The color depicted in the genes
represents their functional category. The innermost gray
circle denotes the guanine–cytosine content across the
genome. Genes that are transcribed counter‐clockwise and
clockwise are shown to the outside and the inside of the

outer circle, respectively. Genes with introns are marked with
an asterisk.
Fig. S2. Comparison of the large single copy (LSC), small
single copy (SSC), and inverted repeat (IR) borders of all
species used in this study. Genes shown above and below
the lines are transcribed clockwise and counter‐clockwise,
respectively.
Fig. S3. Maximum likelihood tree based on the analysis of 26
complete bromeliad plastomes. Values in branches indicate
the node bootstrap support.
Table S1. Taxon sampling, voucher information, and GenBank
accession numbers.
Table S2. Information of the de novo plastome assemblies of
21 bromeliad species. Number of raw reads (total number of
reads product of the sequencing strategy); number of raw
reads after quality trimming (total number of reads after
removal of adaptors and low‐quality sequences); number of
mapped reads (total number of trimmed reads that support
each plastome sequence); average coverage (x, average base
coverage of the final plastome assemblies).
Table S3. Plastome attributes of Hechtioideae and other
bromeliads species used in this study. Sequences with * were
downloaded from NCBI.
Table S4. A, Maximum net phylogenetic informativeness for
each analyzed locus. Loci were sorted from high to low
maximum net Phylogenetic Informativeness. Loci in bold
have been used in previous phylogenetic studies in
Hechtioideae. B, Raw phylogenetic informativeness profile
data for each analyzed partition.
Table S5. Reconstructed ancestral state node values,
including their variance, lower, and upper 95% confidence
interval for the studied plastome attributes.
Supplementary information S1. A, Alignment of the
complete plastomes of the 26 species used in this study. B,
Final reduced alignment used in the phylogenetic analysis,
excluding one inverted repeat, inversions (<200 pb), and
poorly aligned and divergent regions.
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