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Abstract

Background Hydatellaceae (Nymphaeales), represented by the single genus Trithuria, is an early-
diverging angiosperm lineage within the Amborellales—Nymphaeales—Austrobaileyales (ANA)
grade. Trithuria konkanensis is the only species of the genus reported from India; however, its
plastid genome remains unexplored. Given its strategic phylogenetic position and importance for
elucidating the early evolution and diversification of flowering plants, characterization of the
plastid genome of 7. konkanensis is essential. Such genomic information will provide valuable
insights into plastid genome variation within Hydatellaceae and across ANA grade angiosperms,
while also contributing to a better understanding of their phylogenetic relationships.

Results The plastid genome of Trithuria konkanensis exhibited a typical quadripartite structure
comprising 114 unique genes, including 80 protein-coding genes, 30 tRNA genes, and four rRNA
genes. The c/pPI gene lacked introns. The plastid genome was 179,088 bp in length, with large
single-copy (LSC) and small single-copy (SSC) regions of 68,412 and 6,052 bp, respectively, and
an inverted repeat (IR) region of 52,312 bp. A total of 33 protein-coding genes were duplicated
within the IR region. Gene-wise nucleotide diversity (r = 0.00000-0.08753) revealed substantial
variation across the plastome. The genes c/pP1 (0.08753), ndhK (0.07136), rpl32 (0.05338), ccsA
(0.05278), ndhF (0.04962), accD (0.04444), and ycf1 (0.03850) exhibited relatively high & values,
identifying them as potential molecular markers for phylogenetic and comparative analyses.
Among the intergenic spacers, rpsi2/ycf] showed the highest sequence variability, followed by
ndhClatpE, ycf4/cemA, psbE/petL, ndhF/rpl32, and rpl32/ccsA. Phylogenetic analyses based on
protein-coding genes, the complete plastome, and nrITS sequences yielded congruent topologies,
with 7. konkanensis recovered as sister to 7. lanterna, while T. filmentosa was recovered as sister

to 7. inconspicua.
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Conclusions Among the ANA grade angiosperms, Hydatellaceae possess the largest plastomes
(~180 kb). This study expands the plastome resources available for Hydatellaceae, providing
valuable data for a better understanding of plastome evolution and the evolutionary history of the
family. Broader taxon sampling will be essential to determine the extent of plastome diversity and

structural variation within Hydatellaceae.

Keywords Early-diverging angiosperms. Nymphaeales. Plastid genome. Phylogenetic

relationships.
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Introduction

Chloroplasts are endosymbiotic organelles and have their own genetic material [1]. The
development of next-generation sequencing technologies has revolutionized the study of
chloroplast genetics and genomics. Chloroplast genomics improve our understanding of plant
evolution and also has translational applications, such as conferring protection against biotic or
abiotic stress and the development of vaccines and biopharmaceuticals in edible crop plants [2].
Most studied, angiosperm chloroplast genomes (often referred as plastomes) are circular, with a
quadripartite structure comprising two inverted repeats (IRs) separating a large single-copy from
a small single-copy (SSC) region, usually spanning 120-160 kb and encoding 110-130 unique
genes [3]. The plastome size ranges from 11 kb (Pilostyles aethiopica Welw., Apodanthaceae) [4]

to 242 kb (Pelargonium transvaalense R . Knuth., Geraniaceae) [5].

The early-diverging angiosperms, Amborellales, Nymphaeales, and Austrobaileyales
constitute the ANA grade [6]. Amborellales includes a single family, Amborellaceae whereas
Nymphaeales and Austrobaileyales consist of three families each. Nymphaeales occupies a central
position in understanding the evolutionary history of angiosperms [7]. Testing hypotheses
regarding gene order and inverted repeat size in the plastid genome of the ancestor of angiosperms
requires the investigation of a broader taxonomic sampling within the order [7]. Nymphaeales is
currently recognized as comprising three families:  Cabombaceae, Hydatellaceae and

Nymphaeaceae [6].

Hydatellaceae is a monogeneric family with Trithuria Hook.f.,, its only genus [8, 9],
traditionally placed in Centrolepidaceae of the monocot order Poales. Hamann [10] segregated it
as a distinct family based on embryology, seed and vegetative anatomy, floral and pollen

morphology. Saarela et al. [11] based on a multigenic molecular phylogenetic analysis assigned
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Hydatellaceae to the order Nymphaeales. The genus comprises 12 species, of which eight are
endemic to mainland Australia, one each to Tasmania (7. filamentosa Rodway), New Zealand (7.
inconspicua Cheeseman) and India (7. konkanensis S.RYadav & Janarth.); one species (7.
submersa Hook.f.) occurs in both Tasmania and mainland Australia [8, 9, 12]. Molecular
phylogeny of Hydatellaceae recognize four sections, Altofinia, Hamannia, Hydatella and
Trithuria) based on sequences from the plastid regions (atpB, matK, ndhF, and rbcL) as well as

the nuclear ribosomal internal transcribed spacer (nrITS) [13].

Trithuria konkanensis, the sole Indian species is placed in the section Hammania alongside
T. lanterna D.A.Cooke and T. polybracteata D.A.Cooke ex D.D.Sokoloff, Remizowa,
T.D.Macfarl. & Rudall [13]. Hammania and Altofinia (T. cookeana D.D.Sokoloff, Remizowa,
T.D.Macfarl. & Rudall and T. cowieana D.D.Sokoloff, Remizowa, T.D.Macfarl. & Rudall) form
the tropical clade of the genus. T. lanterna is sister to T. konkanensis and both are autogamous [8,
14]. The latter represents a recent long-distance dispersal event from Northern Australia [13].
Plastome based phylogeny of Hydatellaceae is lacking and so far plastome data are available for
three species: 7. filamentosa [15], T. inconspicua [16] and T. lanterna (GenBank accession
MN365661, unpublished). Of these, T. filamentosa has the largest (180,562 bp) plastid genome

among the Nymphaeales [7].

In this paper, we report complete plastid genome of Trithuria konkanensis. The plastid
genome sequence was used to: (1) elucidate the plastome structure of 7. konkanensis; (2) to
investigate the variation of plastomes within Hydatellaceae, among ANA grade angiosperms, and
in comparison with representative gymnosperms; (3) evaluate nucleotide diversity and identify
highly variable plastid loci with potential phylogenetic utility; (4) assess phylogenetic relationships

among ANA grade members, with two gymnosperm species included as outgroups; and (5)

5



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

compare the plastome-based phylogenetic relationships with those inferred from nrITS sequences.

The addition of 7. konkanensis plastome adds to the sampling of early-diverging angiosperms.

Materials and methods

Plant sampling

Individuals of Trithuria konkanensis were collected from Achirne, Vaibhavwadi taluka,
Sindhudurga District, Maharashtra, India (16°26'20.6"N 73°45'43.6"E). The plants were identified
by one of us (Manoj Madhwanand Lekhak). Vouchers (MML-802) were deposited in the Shivaji
University Herbarium (SUK), Kolhapur, India. Herbarium acronym follows /ndex Herbariorum
(https://sweetgum.nybg.org/science/ih/). The complete plastid genome sequence of 7. konkanensis
generated in this study has been deposited in the National Center for Biotechnology Information

(NCBI) GenBank database under the accession number QB136381.

DNA isolation and next-generation sequencing

Fresh leaves of Trithuria konkanensis were used to isolate DNA by using the DNeasy Plant Kit
(Qiagen, Hilden, Germany). The quantity and purity of DNA was checked using the Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). DNA was quantified
using the Qubit™ 4 Fluorometer (Thermo Fisher Scientific, USA) and further evaluated for its
integrity by using agarose gel (Lonza, Belgium) electrophoresis (1% gel). Next-generation
sequencing (NGS) library preparation was performed using KAPA HyperPlus Kit (Roche
Sequencing Solutions, Inc Pleasanton, California, USA) and the library purification was done
using the KAPA Pure Beads (Roche Sequencing Solutions, Inc USA). Library quantification was
done using the Qubit™ 4 and the library length assessment was done using a DNA high-sensitivity

chip using a bioanalyzer (Agilent Technologies, Inc. Santa Clara, California, USA). Sequencing
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was performed on NovaSeq 6000 System (Illumina, Inc., San Diego, California, USA). The NGS

was outsourced to Nucleome Informatics Private Limited (Hyderabad, Telangana, India).

Plastome assembly and annotation

A total of 6,66,75,606 paired-end reads (151 bp) were generated for Trithuria konkanensis. These
reads were assembled de novo using GetOrganelle v1.7.7.1 [17] via the GALAXY platform [18].
Assembled plastomes were annotated by using PlastidHub platform [19]. PGA 2.0 (Plastid
Genome Annotator) was used for plastome annotation [20]. Annotations were further edited in
Geneious R10 (Biomatters, New Zealand) [21] and then submitted to GenBank. A circular map of

the annotated plastomes was drawn using the OGDRAW program v1.2 [22].

Repeat sequence analysis

Simple sequence repeats (SSRs) were detected using MISA-web v2.1 [23] with minimal repeat
numbers of 10, 5, 4, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides,
respectively. Tandem repeats were identified using Tandem Repeats Finder (TRF) [24], available

at https://tandem.bu.edu/trf/trf.html, and inverted repeats were detected using Inverted Repeats

Finder (IRF) [25], available at https://tandem.bu.edu/irf/home. The alignment parameters were set

with match, mismatch and indel scores of 2, 7, and 7, respectively. The minimum score required
to report a repeat was set to 50. The maximum period size was limited to 500, and the maximum
tandem repeat array size was set to 2 million base pairs. For inverted repeats, the maximum stem

length and maximum loop length were set to 10,000 bp and 1,000 bp, respectively.

Variation in plastome structure and size

A total of 83 plastomes were analysed. Of these, 81 belonged to ANA grade and two Pinophytina

(Cycas revoluta Thunb. and Ginkgo biloba L.). All the plastomes were retrieved from the NCBI
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database except for Trithuria konkanensis which was generated in the present study. The retrieved
plastomes were reannotated. Inverted repeat (IR) boundaries were identified based on repeat finder
plugin in Geneious R10 (Biomatters, New Zealand) [21]. Plastome boundary regions (IRs) for
representative taxa of Nymphaeales were visualized using IRplus [26]. Minor discrepancies of 1—
3 bp in IR lengths were observed in some taxa. Trithuria lanterna showed a larger discrepancy
(~100 bp) (in LSC/IR/SSC) between GenBank annotation and IRplus output; GenBank annotation
values were retained in the text, with IRplus-reported lengths provided for reference. Trithuria
filamentosa was excluded from this analysis due to platform anomalies that prevented successful

loading.

Differences in plastome length distributions between Hydatellaceae members were
evaluated using two-rank-sum tests implemented in R version 2026.01.1+403. using the ggpubr,

dplyr, and ggplot2 packages.

Nucleotide diversity analysis and identification of hypervariable regions

The genomes of four Trithuria species were aligned using MAFFT v7 [27] Nucleotide diversity
() across the plastome was estimated using a sliding window analysis, and gene-wise  values
were calculated using the DNA polymorphism function implemented in DnaSP v6.12.03 [28].
Sliding window analysis was performed with a window length of 600 bp and a step size of 200 bp.
One copy of the inverted repeat (IR) region was excluded prior to analysis. Sequence divergence
and gene-wise nucleotide diversity (m) were calculated using the 79 shared protein-coding genes;
the putative gene ycf15 was excluded because of its pseudogenized status in four 7rithuria species

(Fig. S1).

Phylogenetic analysis
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Phylogenetic analyses were conducted using four independent datasets: (1) protein-coding genes
(PCG), comprising all or a defined subset of plastid protein-coding loci; (2) the complete plastome
(FP), complete plastome with one IR removed; and (3) the nuclear internal transcribed spacer
region (ITS), encompassing the ITS1, 5.8S rRNA gene, and ITS2 regions. The ITS-based
phylogenetic analyses included 120 taxa, whereas the plastome dataset contained only 83 taxa, as
sequences for the remaining taxa were unavailable. The best-fit substitution model for each dataset
was determined using ModelFinder as implemented in IQ-TREE 3 [29], applying the Bayesian
Information Criterion (BIC) for model selection. Bayesian phylogenetic analyses were performed
using MrBayes v3.2.7a [30] on the CIPRES Science Gateway [31]. For each of the plastid datasets
(PCG and FP), two independent runs of Markov chain Monte Carlo (MCMC) were conducted for
10 million generations, each with four chains (one cold and three heated) sampled every 1,000
generations. For the ITS dataset, analyses were run for 5 million generations under the same
sampling scheme. The substitution model applied was GTR+G or GTR+I+G depending on the
best-fit model identified by ModelFinder for each respective dataset. The first 10% of sampled
trees were discarded as burn-in (burninfrac = 0.1), and convergence was assessed by examining

the average standard deviation of split frequencies, which was required to fall below 0.01.

Maximum likelihood (ML) analyses were carried out in IQ-TREE 3 [29] using the best-fit
substitution model identified by ModelFinder [32] for each dataset. Node support was assessed
using the ultrafast bootstrap approximation (UFBoot) [33] with 1,000 replicates. All resulting

phylogenetic trees were visualized and edited using FigTree v1.4.4 [34].

Results

Plastome structure of Trithuria konkanensis
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The assembled plastome of Trithuria konkanensis was 179,088 bp in length (Fig. 1). The
assembled plastome showed an average sequencing depth of 407x. The large single-copy (LSC)
and small single-copy (SSC) regions were 68,412 and 6,052 bp long, respectively. The inverted
repeat (IR) region was 52,312 bp long (Table 1). The plastome contained a total of 114 unique
genes, including 80 protein-coding genes (CDS), 30 transfer RNA (tRNA) genes, and four
ribosomal RNA (rRNA) genes, with an overall GC content of 39.4%. A total of 33 CDS were
duplicated in the IR regions (Table S1). Complete loss of the cIpP1I introns was observed across

all four Trithuria species examined (Table S1).

Variation in plastome size and structure in ANA grade and Pinophytina

Comparative plastome characteristics of ANA grade, Hydatellaceae and Pinophytina is presented
in Table 1. The genome size across 83 taxa ranged from 142,724 bp ({llicium anisatum L.) to
180,562 bp (Trithuria filamentosa) (Fig. S2). Pinophytina members, i.e. Cycas revoluta and
Ginkgo biloba had 162,489 and 156,990 bp long genomes, respectively. The LSC region exhibited
substantial variation, spanning from 68,412 in 7. konkanensis to 101,578 bp in I. dunnianum
Tutcher. The IR region was the longest in 7. filamentosa (52,715 bp) and the shortest in .
micranthum Dunn (10,814 bp). The length of SSC region exhibited almost four-fold variation with
a minimum in 7. lanterna (6,015 bp) and maximum in C. revoluta (23,377 bp). The GC% varied
from 38.1% (Cabomba aquatica and C. furcata) to 39.8% (Kadsura longipedunculata Finet &

Gagnep. and Schisandra macrocarpa Q.Lin & Y.M.Shui).

Pairwise comparisons between the ANA grade and Hydatellaceae revealed significant
differences in plastome size and all genomic partitions. Total plastome length differed significantly
(» = 0.00082), with Hydatellaceae exhibiting substantially larger plastomes (169-180 kb)
compared to the smaller and more variable ANA grade (142—164 kb). This difference is driven by

10
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contrasting structural patterns across regions. The LSC region was significantly reduced in
Hydatellaceae (p = 0.000959; 68—84 kb) relative to ANA grade (81-101 kb). In contrast, the IR
region was significantly expanded in Hydatellaceae (p = 0.000818; 37-52 kb) compared to ANA
grade (10-31 kb). Similarly, the SSC region was significantly smaller in Hydatellaceae (p =
0.00082; 6 kb) than in ANA grade (16-23 kb). Plastome size comparisons showed that

Hydatellaceae occupy a distinct range relative to ANA grade and Pinophytina (Fig. 2).

IR/LSC/SSC junction analysis of Nymphaeales

The IR/LSC/SSC junctions are depicted in Fig. 3. The LSC/IRb boundary was consistently located
between rps19 and rpl2 across the analyzed ANA grade members except for Trithuria filamentosa,
T. konkanensis and T. lanterna where the boundary was between rps/8 and rpl20. The SSC/IRb
junction was entirely positioned within the ndhF region, while the SSC/IRa boundary occurred
within the ycfI gene in all taxa examined except for Hydatellaceae where it was located within
ndhD region. The LSC/IRa junction was found between rp/2 and psbA except for T. filamentosa,

T. konkanensis and T. lanterna where it was between rp/20 and psbA.

Distribution of repeats

A total of 181 unique SSR motifs were identified (Fig. 4 and Table S2) across 83 taxa.
Mononucleotide repeats (A/T) were the most abundant in all the species. The total number of A
and T repeats was 1212 and 1167, respectively (Table S2). The total number of SSRs ranged from
20 (Nymphaea amazonum Mart. & Zucc., N. glandulifera Rodschied, N. jamesoniana Planch. and
N. lasiophylla Mart. & Zucc.) to 113 (lllicium floridanum J.Ellis). For all the Illicium species

investigated here, the SSR count was more than 90.
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In Trithuria, SSRs ranged from 41 (7. filamentosa and T. inconspicua) to 68 (T.
konkanensis) (Table 2). Hexanucleotide repeats were absent in 7. konkanensis and T. lanterna

whereas pentanucleotide was only present in 7. konkanensis (Fig. 5).

The number of tandem repeats ranged from 19 (Barclaya longifolia Wall.) to 88 (Cabomba
furcata Schult. & Schult.f.) and the inverted repeats 1 to 6 (Kadsura interior A.C.Sm.). Inverted
repeats were absent in Amborella trichopoda Baill., Brasenia schreberi J.F.Gmel., C. furcata and
G.biloba. A single inverted repeat was found in all the Trithuria species. Tandem repeats ranged

from 36 (7. inconspicua) to 61 (T. lanterna) (Fig. S3 and Table S3).

Nucleotide diversity analysis and identification of hypervariable regions

Nucleotide diversity within Hydatellaceae was assessed using the aligned plastome dataset (one
IR region excluded), comprising 132,242 sites, of which 123,870 ungapped sites were retained for
analysis. A total of 5,320 polymorphic (segregating) sites were identified across the alignment.
The mean nucleotide diversity (m) across the analyzed noncoding plastome region was 0.02801.
Sliding window analysis revealed the hotspots of sequence variability in the LSC, IR and SSC
portions of the chloroplast genome. Coding sequences exhibited substantial conservation across
species, whereas non-coding regions displayed markedly higher levels of sequence divergence.
Among all regions, the intergenic spacer rps2/ycf] exhibited the highest level of variability. Five
other highly polymorphic intergenic spacers were also identified, viz. ndhC/atpE, ycf4/cemA,
psbE/petL, ndhF/rpl32 and rpl32/ccsA (Fig. 6). Two coding genes clpP1 and ycfI also showed

elevated sequence variation (Fig. 6).

Gene-wise nucleotide diversity (0.0-0.08753) revealed substantial heterogeneity across the
plastome, with genes clpP1 (0.08753), rpl32 (0.05338), ccs4 (0.05278), ndhK (0.07136), ndhF

(0.04962), accD (0.04444) and ycf1 (0.03850), exhibiting elevated r values, indicative of mutation
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hotspots. Six genes (petN, psbl, psbM, psbN, rpl14 and rpl36) displayed zero m and Ow values (Fig.
7 and Table S4). Haplotype diversity (Hd) ranged from 0.0 to 1.0. The highest density of genes
was concentrated at Hd = 0.65-0.85 and n = 0.005—-0.015, as indicated by the innermost contour
levels. A secondary distribution extended toward higher diversity values, with several genes
exhibiting Hd = 1.0 and elevated =, including c/pP1, ndhK, rpi32, ccsA, ndhF, accD and ycfl. A
small number of genes were located at Hd = 0 and & = 0, representing invariant loci. The contour
distribution was unimodal with a pronounced density peak at moderate Hd and low =, and a trailing

extension toward higher © values (Fig. 8 and Table S4).

CDS based phylogeny

The protein-coding gene (PCG) dataset comprised 83 taxa and a total aligned length of 84,678
characters, of which 54,992 (64.9%) were constant, 7,792 (9.2%) were variable but parsimony-
uninformative, and 22,094 characters (26.1%) were parsimony-informative. The best-fit
substitution model selected by ModelFinder under the BIC was GTR+F+I+G4. ModelFinder
selected GTR+F+I+G4 as the best-fit model under the BIC. Amborella was the earliest divergent
lineage among the flowering plants (Fig. 9). The Schisandraceae was sister to a clade containing
Hydatellaceae, Cabombaceae and Nymphaeaceae. Within Schisandraceae, [llicium L. was
monophyletic whereas Kadsura Kaempf. ex Juss. and Schisandra Michx. were polyphyletic. In
Hydatellaceae, Trithuria konkanensis was sister to T. lanterna and T. filmentosa was sister to T.
inconspicua. The other lineage contained Cabombaceae and Nymphaeaceae which were sister to
each other. Cabombaceae contained Cabomba Aubl. and Brasenia Schreb. Within Nymphaeaceae,
Nuphar Sm. was the early-divergent lineage followed by Barclaya Wall. and Nymphaea L.

However, Euryale ferox Salisb. and Victoria cruziana A.D.Orb. were nested in Nymphaea making
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them polyphyletic. All branches leading to the families were fully supported by Bayesian posterior

probabilities (BPP) and Maximum Likelihood bootstrap (MLB).

Plastome based phylogeny

The full plastome (FP) dataset had 83 taxa and a total aligned length of 151,151 characters,
comprising 80,766 (53.4%) constant sites, 15,944 (10.5%) variable parsimony-uninformative
sites, and 54,944 (36.4%) parsimony-informative characters. The best-fit model selected by
ModelFinder under the BIC was TVM+F+R7. The FP phylogeny (Fig. 10) was exactly of the same
topology as the PCG dataset except for varied branch lengths. The families in the complete
plastome tree were also fully supported by BPP and MLBS. In both the PCG and complete

plastome analysis, Hydatellaceae had the longest branch lengths than other families.

nriTS based phylogeny

The nuclear ITS dataset comprised a total aligned length of 1,626 characters, of which 750 (46.1%)
were constant, 173 (10.6%) were variable but parsimony-uninformative, and 703 (43.2%) were
parsimony-informative. The best-fit substitution model identified by ModelFinder under the BIC
was GTR+F+R4. The ITS dataset had more number of taxa than the plastome dataset, 116 taxa
and 1626 aligned characters including gaps of which 750 characters were constant (46.1 %), 173
(10.6 %) were variable but parsimony-uninformative and 703 (43.3 %) were parsimony-
informative. The best-fit substitution model identified by ModelFinder under the BIC was
GTR+F+R3. The topology of the ITS tree (Fig. 11) was highly similar to the plastome datasets.
Even in the ITS dataset, Kadsura and Schisandra were polyphyletic with each other. In
Hydatellaceae, Trithuria konkanensis was in the same clade as 7. lanterna though the
representation was more in this dataset. Within Nymphaeaceae, Barclaya was the early diverging

lineage followed by Nuphar, which was opposite in the case of the plastome dataset. Also,
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Nymphaea was polyphyletic with Euryale ferox and Victoria amazonica similar to the plastome
data results. However, it was noted that the branch length of Hydatellaceac was not

disproportionately longer than the other families which was the case in the plastome dataset.

Discussion

Plastome evolution in Hydatellaceae

Plastome structure was highly conserved across Hydatellaceae, with only negligible structural
variation observed among species. Plastome sizes range from 165,389 bp in Trithuria inconspicua
to 180,562 bp in T. filamentosa. The comparatively smaller plastome of 7. inconspicua is primarily
attributable to contraction of the IR regions. Specifically, each IR in 7. inconspicua measured
37,277 bp, whereas the IRs of the remaining species ranged from 52,257 to 52,715 bp.
Consequently, 7. inconspicua had 14 CDS duplicated in the IR whereas in other taxa the number
was 33 (Table S1). IR boundary shifts, expansion and contractions are responsible for variation of
plastome architecture [3]. Similar expansions have been observed in Nicotiana acuminata
(Graham) Hook. [35], Cistanche Hoffmanns. & Link species [36], Paphiopedilum Pfitzer [37]. IR

expansion increases overall plastome size and affects gene dosage and regulation [38].

Both introns of c/lpP1 were absent in 7. konkanensis, T. filamentosa, and T. lanterna, whereas T.
inconspicua, which possesses only a single c/pP1 copy, also lacked intron. Intron losses for the
clpP1 genes have been identified in other angiosperm lineages as well. For example, both of the
clpP1 gene introns have been lost in Poaceae, Onagraceae, Oleaceae, and Pinus [39] demonstrating
that complete loss has evolved repeatedly. Nevertheless, both introns of c/lpP1 are retained in the
sampled plastomes of other Nymphaeales, including representatives of Nymphaeaceae [40] and
Cabombaceae (Brasenia) [41]. Thus, intron loss appears to be a consistent feature of the Trithuria

plastomes examined here. The complete loss of both clpPI introns represents a notable structural
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modification of the plastid genome and adds to the evidence for lineage-specific plastome
remodeling in Hydatellaceae. Since clpPl introns have been retained in many angiosperm
plastomes but have been independently lost in several lineages, their absence in Trithuria may
reflect lineage-specific intron-loss events during plastome evolution. However, whether the loss
occurred once in the common ancestor of the sampled Trithuria species or independently in

different lineages cannot be resolved without broader taxon sampling.

Structural variation in plastomes across ANA Grade and Pinophytina

Hydatellaceae possesses the largest plastomes among the sampled ANA grade angiosperms.
Within the ANA grade families overall size of the plastome across the families is highly conserved.
Nevertheless, unusually large differences in IR length (approximately 10.8 kb to 52.7 kb) were
observed. Most of the Illicium species represented an IR of 10-11 kb. IR reduction in /. oligandrum
Merr. & Chun is similar to Cuscuta reflexa Roxb. at the LSC/IRa junction [42]. Due to contraction,
the number of duplicated genes in IR is substantially reduced. /llicium anisatum L. has only 10
genes in the IR [43]. Large IR contractions (>10,000 bp) are less frequent than IR expansions in
autotrophic vascular plants [44]. Despite such remarkable variation in IR size, GC content remains
highly conserved (38.1-39.8%), suggesting that plastome size evolution among these early-
diverging angiosperm lineages is predominantly associated with structural modifications rather
than shifts in nucleotide composition. The gradient (10.8-25.2 kb) of IR sizes across
Schisandraceae suggests IR expansion (Kadsura and Schisandra) and contraction (///icium) events
during the diversification of the family, making it one of the most structurally dynamic plastome
groups among basal angiosperms. In contrast, plastomes of Nymphaeaceae were highly conserved

with IR lengths remarkably stable at approximately 25-26 kb. This structural conservation is
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consistent with the comparative analyses of [40] who reported IR regions of approximately 25 kb

containing 16 duplicated genes across twelve Nymphaea plastomes.

Overall, these results demonstrate that IR expansion and contraction constitute the
principal mechanisms underlying plastome size evolution among ANA grade angiosperms and
their relatives. While Nymphaeaceae and Amborellaceae have retained highly conserved plastome
architectures, Schisandraceae, particularly /l/licium, is characterized by pronounced IR contraction,

whereas Hydatellaceae exhibits exceptional IR expansion.

Evolution of IR Boundaries in Nymphaeales

The gene positioning at the /R/LSC/SSC junctions was largely conserved across the Nymphaeales,
indicating a high degree of structural stability in plastome organization. Similar observations have
been made by [45] and [40] in the case of Nymphaeaceae. Hydatellaceae, nevertheless exhibited
lineage-specific shifts, particularly within the LSC/IRb and SSC/IRa junctions. This shift is seen
in Trithuria filamentosa, T. konkanensis, and T. lanterna that have expanded IRs. A 10 kb IR
contraction in Schisandraceae, a member of ANA grade has also led to change in LSC/IRb (#rnL-
CAA and ndhB) and LSC/IRa (ndhB and trnH-GUG) [46]. Similarly, the junctions of /R/LSC and
IR/SSC were highly variable is Cistanche plastomes due to expansion/contraction of IRs [36]. IR
expansion and contraction often results in genome size variation among plant lineages and is

important for understanding evolution [47].

Repetitive sequences and plastome evolution

Genome organization, gene activities and DNA recombination, replication and repair are
influenced by repetitive sequences [48]. The exceptionally high abundance of SSRs in lllicium

(92-113 SSRs), nearly two- to five-fold greater than that observed in most species of
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Nymphaeaceae indicates that SSR accumulation is largely independent of overall plastome size or
IR length and is more likely associated with lineage-specific mutational processes, such as
replication slippage and the expansion of non-coding AT-rich regions. Lineage-specific mutations
and structural variation is recorded in two closely related species of Linum L., L. usitatissimum L.
and L. altaicum Ledeb. ex Juz. suggesting that taxonomic proximity does not necessarily predict
microsatellite conservation and phylogenetic proximity [49]. SSRs are widely used to assess
genetic polymorphism and investigate genetic diversity and population structure within and among
populations [50]. SSRs in /llicium can serve as marker for population genetics and species
delimitation. The predominance of mononucleotide SSRs suggests that the increase is largely
driven by the accumulation of A/T-rich microsatellites, a common feature of plastid genomes. Of
the total SSRs measured in Nymphaeacae, 50% were mononucleotides and 90% of these were A/T
repeats [40]. Nymphaeales had an average tandem repeat of 43.08 + 1.72 whereas for
Austrobaileyales it was 30.25 + 1.10. Among the Nymphaeales, high numbers observed in
Cabomba furcata and C. aquatica Aubl. may reflect lineage-specific differences in the gain,
expansion, or retention of plastid repeats. Such repeat-rich regions may represent useful targets for

developing highly variable plastid markers.

Dispersed inverted repeats were less (0—6) abundant than tandem repeats. This pattern
suggests that plastome evolution in ANA grade angiosperms is driven primarily by small-scale
sequence variation rather than extensive recombination mediated by dispersed inverted repeats.
Whole genome alignment using Mauve also reveal that Nymphaeaceae have a well-conserved
chloroplast genomes lacking major inversions [45]. The relatively higher numbers observed in

Kadsura and Schisandra may indicate lineage-specific increases in recombination potential, but
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the overall scarcity of dispersed inverted repeats reflects the strong structural constraints acting on

plastid genomes.

Hydatellaceae exhibited moderate tandem-repeat abundance despite possessing
exceptionally expanded IR regions, indicating that repeat accumulation and IR expansion are not

necessarily correlated.

Sequence divergence and hypervariable regions in Hydatellaceae

Nucleotide diversity analyses revealed distinct patterns of sequence variation among the examined
lineages. In Hydatellaceae, the highly variable rpsi2/ycf1 intergenic spacer was located within the
IR region, whereas other polymorphic intergenic spacers, including ndhC/atpE, ycf4/cemA, and
psbE/petL, occurred in the LSC region, and ndhF/rpl32 and rpl32/ccsA were located in the SSC
region. Among coding regions, cpP1 (LSC) and ycf1 (IR) exhibited elevated nucleotide diversity.
These findings indicate that sequence variation in Hydatellaceae is not restricted to the single-copy
regions but extends into the IR, a genomic compartment that is generally considered more

conserved because of copy-correction through gene conversion.

In contrast, previous studies in Nymphaeaceae have shown that highly variable loci are
predominantly associated with coding genes. For example, Zhang et al. [51] identified psal, rps19,
ndhF, rpsl5, and ycfl as the most variable genes in Nymphaea nouchali, highlighting their
potential as plastid molecular markers. Similarly, comparative plastome analyses of Illicium
species demonstrated that sequence divergence is concentrated primarily in intergenic spacers,
with ndhB—trnH, atpH-atpl, rpoB—trnC, and ndhG—ndhl identified as the most variable regions,

of which ndhB—trnH exhibited the highest nucleotide diversity [52].
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Gene-wise nucleotide diversity revealed marked heterogeneity across the plastome,
indicating unequal evolutionary rates among plastid genes. The elevated m values observed in
clpPl, ndhK, rpl32, ccsA, ndhF, accD, and ycf1 identify these loci as mutation hotspots, consistent
with previous plastome studies that have recognized these genes as rapidly evolving and
informative for phylogenetic inference and DNA barcoding [40, 53, 54]. In contrast, the complete
conservation of petN, psbl, psbM, psbN, rpli4, and rpl36 reflects strong purifying selection acting

on genes with essential photosynthetic and ribosomal functions.

The Hd—= distribution further demonstrated that most plastid genes possess moderate
haplotype diversity but low nucleotide diversity, indicating limited sequence divergence despite
the presence of multiple haplotypes. Only a small subset of genes exhibited both high haplotype
and nucleotide diversity, suggesting that these loci contribute disproportionately to plastome

evolution.

Phylogeny of Nymphaeales

Song et al. [40] performed the most comprehensive phylogenomic analysis of Nymphaeales with
43 taxa based on 79 CDS and the complete chloroplast genomes. Our results were comparable to
their study except that our sampling of the order Nymphaeales was expanded to 83 taxa. Our
sampling of the ANA grade is the most comprehensive to our knowledge. Our phylogeny
recovered a strongly supported monophyletic Nymphaeaceae that is clearly separated from
Cabombaceae and Hydatellaceae consistent with recent analysis [40, 55]. In our PCG analysis,
Amborella was the earliest divergent lineage, however, it was sister to the I/licium-Schisandra-
Kadsura lineage of the order Austrobaileyes. Such minor descrepancies arise due to varying gene

markers and methods of phylogenetic analysis. For example, in Goremykin et al. [16] Amborella
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Baill. was found sister to Nuphar and closely related to Nymphaeales and Trithuria. Nuclear
genome analyses [56] support maintaining Victoria R.H.Schomb. and Euryale Salisb. as separate
genera. However, chloroplast phylogeny nests them within the Nymphaea clade [40]. Our nuclear
ITS analysis also places Euryale ferox and Victoria amazonica inside Nymphaea sister to the clade
containing Nymphaea odorata. However, earlier reports using ITS analysis and plastid trnT-trnF,

placed Euryale and Victoria outside the Nymphaea [57].

Similary, several other studies also show polyphyly of Schisandra and Kadsura [58, 59]. Historical
biogeography study among the Trithuria showed a close relationship between the Australian A.
lanterna and T. konkanensis and also between T. filamentosa and T. inconspicua. The split between
T. konkanesis and T. lanterna is quite recent, during the Pleistocene and therefore it is probably by

a long-distance dispersal event from a north Australian lineage of Trithuria [13].

A conspicuous difference between the whole-plastome (Fig. 10) and nuclear ribosomal ITS (Fig.
11) phylogenies was observed in the branch lengths associated with Trithuria. The plastome
phylogeny exhibited a markedly elongated stem branch leading to 7rithuria, indicating substantial
plastome sequence divergence relative to other lineages of Nymphaeales. In contrast, the ITS
phylogeny did not exhibit a comparably pronounced elongation of the 7rithuria stem branch. This
discrepancy suggests that the relative accumulation of nucleotide substitutions along the
Hydatellaceae lineage differs between the plastid and nuclear ribosomal datasets. The contrasting
branch-length patterns may reflect differences in evolutionary rates and substitution dynamics
between the two genomic compartments. The long branch in the plastome phylogeny could
indicate lineage-specific acceleration of plastid sequence evolution, although a prolonged period
of independent evolution may also contribute to the observed divergence. The comparatively less

pronounced branch in the ITS phylogeny suggests that the same pattern of relative divergence is
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not evident in the nuclear ribosomal region. Similar heterogeneity in molecular evolutionary rates
and branch-length patterns has been documented in other angiosperm lineages, such as
Annonaceae and Populus L. [60, 61]. However, the contrasting patterns observed here may also
be influenced by differences in taxon sampling, alignment characteristics, and evolutionary

models, and therefore require further investigation.

Conclusion

Our study expands the plastome resources available for early-diverging angiosperms by providing
a comprehensive plastome analysis of Trithuria konkanensis and comparative insights into
Hydatellaceae. Among the currently sampled members of ANA grade members, Hydatellaceae
possess the largest plastomes, reaching approximately 180 kb. Despite variation in plastome size,
plastome architecture remains highly conserved across the family, indicating remarkable structural
stability during evolution. Nevertheless, only four of the twelve recognized Hydatellaceae species
have been investigated to date. Future plastome sequencing of the remaining species, together
with the generation of complete mitochondrial and nuclear genome resources, will provide a more
comprehensive understanding of organellar and nuclear genome evolution, genome structural
dynamics, phylogenetic relationships, and the evolutionary history of this ancient angiosperm

lineage.
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Table legends

Table 1. List of plastome sequences used for comparative genomic analyses, showing species,
GenBank accession number, family, total plastome length, lengths of the large single-copy (LSC),
inverted repeat (IR), and small single-copy (SSC) regions, and overall GC content.

Table 2. Distribution of simple sequence repeats (SSRs) in the plastid genomes of four Trithuria
species.

Figure legends

Fig. 1. Circular maps of the complete plastid genomes of Trithuria inconspicua and T.
konkanensis. Note expanded inverted repeats (IRs) in 7. konkanensis.

Fig. 2. Comparative plastome size variation across major genome regions in ANA grade
angiosperms, Hydatellaceae, and Pinophytina. Boxplots depict the distribution of sequence lengths
(bp) for the total plastome, LSC, IR and SSC regions across sampled taxa (n = 83). Boxes represent
the interquartile range (IQR), the horizontal line within each box indicates the median, and
whiskers extend to 1.5% IQR. Individual points beyond this range are shown as outliers. Green
diamonds denote mean values. Statistical significance between Hydatellaceae and ANA-grade
angiosperms was assessed using the Wilcoxon rank-sum test, with corresponding p-values
indicated within each panel. Colors differentiate taxonomic groups as shown.

Fig. 3. Comparison of the borders of large single-copy (LSC), small single-copy (SSC), and
inverted repeat (IR) regions among representative members of Cabombaceae (Brasenia and
Cabomba), Nymphaeaceae (Barclaya, FEuryale, Nuphar, Nymphaea and Victoria and
Hydatellaceae (Trithuria).

Fig. 4. Heatmap showing the distribution of unique Simple Sequence Repeat (SSR) repeat motifs
across 83 species. The colored cells and light grey cells indicate presence and absence of motifs,
respectively. The color intensity within each cell represents the count of unique SSRs within that
species, ranging from 0 to 40.

Fig. 5. Distribution of simple sequence repeats (SSRs) according to repeat motif length in the
plastomes of Trithuria species.

Fig. 6. Sliding-window analysis of plastomes of four species of Trithuria (excluding one IR
region). X-axis represents the nucleotide position, while Y-axis indicates the nucleotide diversity
(P1). The eight most variable regions are highlighted.

Fig. 7. Gene-wise nucleotide diversity (m) across plastid protein-coding genes ranked in
descending order. Bars represent «t, while points and connecting lines indicate Watterson’s 6 (Ow).
Genes exhibiting higher m values correspond to more variable loci across sampled taxa.
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Fig. 8. Relationship between haplotype diversity (Hd) and nucleotide diversity (m) across plastid
protein-coding genes. Points represent individual genes; the eight genes with the highest © values
are highlighted in black and labeled in italics, whereas remaining genes are shown in grey. Solid
contour lines denote two-dimensional kernel density estimates, illustrating the distribution of
genes in Hd—r space. Most genes cluster within regions of moderate Hd (=0.6-0.85) and low m,
indicating overall sequence conservation, while a subset of genes with elevated n fall outside the
main density contours, suggesting accelerated sequence evolution.

Fig. 9. Phylogram of ANA grade and Pinophytina inferred from maximum likelihood (ML) and
Bayesian inference (BI) based on protein coding genes (PCGs) of 83 plastomes. Numbers above
The branches are Bayesian posterior probabilities (BPP) and maximum-likelihood bootstrap
support (BS) values, respectively. Sequences generated for this study are indicated in bold face.

Fig. 10. Phylogram of ANA grade and Pinophytina inferred from maximum likelihood (ML) and
Bayesian inference (BI) based on 83 complete plastomes, excluding one copy of the inverted
repeat (IR). Numbers above branches are Bayesian posterior probabilities (BPP) and maximum-
likelihood bootstrap support (BS) values, respectively. Sequences generated for this study are
indicated in bold face.

Fig. 11. Phylogram of ANA grade and Pinophytina inferred from maximum likelihood (ML) and
Bayesian inference (BI) based on ITS sequences of 120 taxa. Numbers above branches are
Bayesian posterior probabilities (BPP) and maximum-likelihood bootstrap support (BS) values,
respectively.

Supplementary material
Table S1. Gene content of the plastomes of Trithuria species.

Table S2. Distribution of simple sequence repeat (SSR) motif types across 83 taxa. Values
represent the number of SSRs corresponding to each motif type identified in the plastome of each
taxon.

Table S3. Distribution of tandem and inverted repeats across taxa. Values represent the number
of tandem and inverted repeats identified in the plastome of each taxon.

Table S4. Nucleotide diversity statistics for shared plastid protein-coding genes among the four
Trithuria species. For each gene, the table shows gene length (bp), number of segregating sites
(S), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity (r), Jukes—Cantor-
corrected nucleotide diversity (nJC), Watterson's estimator (6W), and the average number of
nucleotide differences (k).
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Fig. S1. Alignment of the ycf15 coding sequence (CDS) of Amborella trichopoda (AJ506156) with
those of Trithuria species. A. trichopoda possesses an intact ycf15 CDS, whereas all four Trithuria
species exhibit a large internal deletion and a disrupted C-terminal coding region with a premature
stop codon. The substantial loss of the coding region and disruption of the open reading frame
suggest that ycf15 is likely pseudogenized in Trithuria.

Fig. S2. Variation in plastome genome size across 83 taxa arranged in ascending order. Bars
represent genome size (bp) for each taxon. Trithuria konkanensis is highlighted in vermilion, while
all remaining taxa are shown in grey. Genome size values are indicated for all Trithuria taxa and
for the three smallest genomes. The dashed blue line denotes the mean genome size across all
sampled taxa.

Fig. S3. Tandem and inverted repeat content across plastomes of ANA grade angiosperms, Cycas
revoluta and Ginkgo biloba.
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Amborella trichopoda
Barclaya kunstleri
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Brasenia schreberi
Cabomba aquatica
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