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Comparative structure and evolution i

of the organellar genomes of Padina usoehtunii
(Dictyotales) with the brown algal crown
radiation clade
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Abstract

Background Organellar genomes have become increasingly essential for studying genetic diversity, phyloge-
netics, and evolutionary histories of seaweeds. The order Dictyotales (Dictyotophycidae), a highly diverse lineage
within the Phaeophyceae, is long-term characterized by a scarcity of organellar genome datasets compared to orders
of the brown algal crown radiation (Fucophycidae).

Results We sequenced the organellar genomes of Padina usoehtunii, a representative of the order Dictyotales,

to investigate the structural and evolutionary differences by comparing to five other major brown algal orders. Our
results confirmed previously reported findings that the rate of structural rearrangements in chloroplast genomes

is higher than that in mitochondria, whereas mitochondrial sequences exhibited a higher substitution rate compared
to chloroplasts. Such evolutionary patterns contrast with land plants and green algae. The expansion and contrac-
tion of the inverted repeat (IR) region in the chloroplast correlated with the changes in the number of boundary
genes. Specifically, the size of the IR region influenced the position of the boundary gene rp/21, with complete rp/21
genes found within the IR region in Dictyotales, Sphacelariales and Ectocarpales, while the rp/21 genes in Desmares-
tiales, Fucales, and Laminariales span both the IR and short single copy (SSC) regions. The absence of the rbcR gene
in the Dictyotales may indicate an endosymbiotic transfer from the chloroplast to the nuclear genome. Inversion

of the SSC region occurred at least twice in brown algae. Once in a lineage only represented by the Ectocarpales

in the present study and once in a lineage only represented by the Fucales. Photosystem genes in the chloroplasts
experienced the strongest signature of purifying selection, while ribosomal protein genes in both chloroplasts

and mitochondria underwent a potential weak purifying selection.

Conclusions Variations in chloroplast genome structure among different brown algal orders are evolutionar-

ily linked to their phylogenetic positions in the Phaeophyceae tree. Chloroplast genomes harbor more structural
rearrangements than the mitochondria, despite mitochondrial genes exhibiting faster mutation rates. The position
and the change in the number of boundary genes likely shaped the IR regions in the chloroplast, and the produced
structural variability is important mechanistically to create gene diversity in brown algal chloroplast.
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Background

Semi-autonomous organelles in plant cells arose from
ancient endosymbiotic events and subsequently under-
went multiple gene transfers and structural modi-
fications [1-3]. Through this evolutionary process,
organellar genomes have retained genes for essential
organellar functions. Nowadays, with the increased avail-
ability of organellar genomes, it has become technically
feasible to investigate genome-scale evolution, adapta-
tion, and phylogenetic diversity across the algae tree of
life.

The brown algae or Phaeophyceae classified into twenty
orders and over 2,000 species [4], representing an essen-
tial component of the littoral and sublittoral ecosystems.
They originated approximately 185—-180 million years ago
(Ma) [5]. Fossil evidence, including Padina (145.5-99.6
Ma) [6], Paleocystophora and Julescraneia grandicornis
(13-17 Ma) [7], along with the estimates of concatenated
organellar genes [8, 9], suggest that the orders Dictyo-
tales and Sphacelariales evolved earlier (>100 Ma) than
Desmarestiales/Laminariales/Ectocarpales (<100 Ma)
[10]. Silberfeld et al. (2010) reported that the order Dic-
tyotales is a member of the SSDO clade (Sphacelariales,
Syringodermatales, Dictyotales, and Onslowiales) or Dic-
tyotophycidae that split from the BACR clade (brown
algal crown radiation) or Fucophycidae and diversified
into orders during the Jurassic (200-175 Ma) [5]. Ecto-
carpales, Laminariales sensu lato (including Chordales),
Fucales, and Desmarestiales belonging to the BACR
clade, diversified into orders during the early Cretaceous
period (128 Ma). Taxonomically, the identification and
classification of new brown algal species primarily relies
on morphological characteristics and DNA sequences.
Organellar genes in particular have shown better resolu-
tion for intraspecific discrimination in certain taxonomic
groups compared to the nuclear internal transcribed
spacer (ITS) [11]. They have provided essential insights
into the origin, phylogenetic structure and biogeographi-
cal patterns of brown algae [5, 11-16]. The application of
organellar genomes has also been proved instrumental
to uncover genetic relationships among individuals and
populations, shedding light on adaptive evolution [17].

Most phaeophycean organellar genomes sequenced
to date are from members of the Fucophycidae (BACR
clade) and only three species of Dictyotophycidae (SSDO
clade), one Ishigeophycidae and no Discosporangiophy-
cidae [18]. Notably, the structural and functional inter-
pretation and comparison of the available organellar

genomes seldom connected to the phylogenetic structure
and timing of the brown algal tree of life. For example,
Liu et al. (2018) compared mitochondrial and chloroplast
genomes of Sargassum confusum (Fucales) and exam-
ined gene content and sequence conservation [19]. They
found distinct evolutionary characteristics between the
two organellar genomes in terms of A+ T content, intron
content, and stop codon usage, and reported that mito-
chondrial genomes exhibited more nucleotide variability
than the chloroplast. In addition, Zhang et al. (2022) com-
pared base substitution rates among seven Sargassum
species and found higher mutation rates of mitochon-
drial genes compared to chloroplast genes [20]. Starko
et al. (2021) explored organellar genome rearrangements
and evolution in nine orders of brown algae [18]. They
also found that mitochondrial genes evolved at a faster
rate than chloroplast genes, but that structural rearrange-
ments in chloroplast genomes were more prevalent than
in mitochondria. Recent studies successively explored the
organellar genome content, gene rearrangement and phy-
logeny of Dictyopteris divaricata in the order Dictyotales
[21, 22]. However, these studies either focused on a sin-
gle genus or individual organellar genome, or biased taxa
with data-rich organellar genomes. The limited number
of organellar genomes from representatives outside the
Fucophycidae may also lead to an incomplete or biased
evolutionary interpretation of organellar genomes in the
Phaeophyceae.

To comprehensively elucidate the evolution and origin
of brown algae, it is imperative to augment the organel-
lar genome database from diverse brown algal taxa. The
order Dictyotales represents a diverse and evolutionarily
important lineage in the Phaeophyceae [23]. Dictyotalean
species are widely distributed in subtropical and tropi-
cal oceans and constitute one of the few brown algal taxa
with high diversity in the tropics due to the tolerance to
a warm climate [24]. Among its diverse genera, the note-
worthy genus Padina Adanson encompasses 58 currently
accepted and formally described species [25], but 63
operational taxonomic units (OTUs) [23]. Padina usoeh-
tunii Ni-Ni-Win & H.Kawai is only known from the west
coast of the Southeast Asian peninsula, from the Bay
of Bengal (Myanmar) to the Malacca Strait (Thailand)
where it grows in the intertidal [26—-28]. This species can
potentially serve as a model for studying lineage diversity
and genome evolution of brown algae.

In this study, we sequenced the mitochondrial and
chloroplast genomes of P usoehtunii, thereby adding
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to the organellar genome dataset of the order Dictyo-
tales, which had previously consisted of two species
(Dictyopteris divaricata (Okamura) Okamura and Dic-
tyota dichotoma (Kuentze) O.Schmidt) within the fam-
ily Dictyotaceae. Our study focused on the Dictyotales
and compared it with five representative brown algal
orders, i.e., Sphacelariales (Dictyotophycidae) and Des-
marestiales, Laminariales, Ectocarpales, and Fucales
(Fucophycidae). Our investigation is centered on the
following key aspects among brown algal organelles:
1) organellar genome features; 2) extent of structural
rearrangements (inverted repeat regions and gene
arrangements); 3) sequence evolutionary differences
(nucleotide substitution rates, codon usage bias, and
repeat sequences).

Results

Organellar genomes characteristics of Padina usoehtunii
The single-circular chloroplast genome of P usoehtunii
is 125,291 bp in length (Fig. S1), larger than species of
Fucales (124,068—125,066 bp), but smaller than any other
previously sequenced brown alga (126,099-139,954 bp)
(Table 1). The largest phaeophycean chloroplast genome
(139,954 bp) is found in Ectocarpus siliculosus (Dillwyn)
Lyngbye (Ectocarpales). The chloroplast genome of P
usoehtunii comprises a 72,226 bp Long Single Copy
region (LSC), a 41,273 bp Short Single Copy region
(SSC), and two 5,896 bp inverted repeats regions (IRa
and IRb) (Fig. S1). It contains 173 genes accounting for
78.02% of the chloroplast genome, including 139 protein
coding genes (PCGs), 28 transfer RNA (tRNA) genes, and
6 ribosomal RNA (rRNA) genes (Table S1). The rbcR and
rpl32 genes were absent in both dictyotaleans, P usoeh-
tunii and Dictyopteris divaricata, but present in all six
other investigated orders. The thiS gene was absent in the
Dictyotales, Desmarestiales, and Ectocarpales, and three
species of Laminariales (i.e., Chorda asiatica, Laminaria
ephemera, and Saccharina japonica), but present in
Fucales, Sphacelariales, and two species of Laminariales
(i.e., Alaria marginata and Macrocystis pyrifera).

The single-circular mitochondrial genome (mitoge-
nome) of P usoehtunii is composed 32,303 bp (Fig. S2),
similar to other Dictyotales species (31,617-32,021 bp,
Table 1). The mitogenome size in Dictyotales is smaller
than in all other brown algal orders, including Ralfsiales
and Ishigeales (Table 1). The GC content of the genes and
intergenic space is, respectively, 35.40% and 40.24% (total
GC content is 36.59%). The mitogenome has 75.43% gene
density and conserved 36 PCGs, 25 tRNA genes, and
3 rRNA genes (Table S2), are commonly found in the
mitogenomes of brown algae. Most of the mitogenomes
have a core set of 35 genes, i.e., atp6, atp8, atp9, cob,
coxl, cox2, cox3, nadl, nad2, nad3, nad4, ad4L, nads,
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nad6, nad7, nad9, nadll, rpl2, rpl5, rpl6, rpll4, rpllé6,
rpl31, rps2, rps3, rps4, rps7, rps8, rpsl0, rpsll, rpsl2,
rpsl3, rps14, rps19 and tatC. Only one hypothetical pro-
tein was found in P. usoehtunii, located between atp9 and
rplié6. Tt is also found in the other two Dictyotales, which
both contain two more hypothetical proteins. In P. usoeh-
tunii only six genes (rpl2, rps19, rps3, rpl16, ORF121, and
tatC) exist in the light strand with clockwise transcrip-
tion direction (Fig. S2).

Phylogenetic assessment

Maximum Likelihood (ML) and Bayesian Inference (BI)
trees were constructed using 115 and 35 common genes,
respectively, from 27 chloroplast and 25 mitochondrial
genomes (Table 1). The topologies of the ML and BI
trees inferred from the chloroplasts and mitochondria
genomes are highly congruent with maximum support
values with the exception of the positions of the Des-
marestiales and Fucales (Figs. 1 and 2). The chloroplast
gene based tree showed the Dictyotales to be the sis-
ter to all other sampled orders (Fucophycidae) (Fig. 1),
because Sphacelariales (a member of the Dictyophycidae)
was assigned to the outgroup. Desmarestiales is sister to
a clade comprising the other three orders in the Fuco-
phycidae. The phylogenetic relationships based on chlo-
roplasts genes are consistent with the results published
by Bringloe et al. (2020) [10]. In contrast, in the mito-
chondrial gene-based tree, it is the Fucales that is sister
to the other three fucophycidean orders (Fig. 2). Both
organellar genomes demonstrated the monophyly of the
Fucophycidae.

Structural variation in Phaeophyceae genomes

Synteny of organellar genome

The chloroplast co-linearity between Padina usoehtunii
(Dictyotales) and other brown algal species can help to
better visualize their comparative genomic structures.
The circular diagrams (Fig. 3a) showed that the chloro-
plast genome of P. usoehtunii is highly lack of variation
in structure when compared to the closely related Dicty-
opteris divaricata (Dictyotaceae, Dictyotales). A total of
36 co-linear blocks spanning 75,525 bp were identified,
and no inversions were observed (Fig. 3a). In comparison
to Protohalopteris sp. (Sphacelariales), the co-linearity
region covered 44,760 bp with 31 co-linear blocks and 19
identified inversion region (highlighted in gray, Fig. 3b)
spanning 30,617 bp. The co-linearity between P. usoehtu-
nii and Desmarestia aculeata (Desmarestiales) revealed
38 co-linear blocks covering 57,426 bp, which co-linear
regions are smaller than that observed in D. divaricata,
but larger than that of Protohalopteris sp. (Fig. 3c). Addi-
tionally, nine inversion regions (13,665 bp in total length)
were identified in Desmarestia aculeata. The co-linearity
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between P. usoehtunii and five species within the order
Fucales showed 29-37 co-linear blocks, spanning 37,748
to 51,710 bp (Fig. 3d, Fig. S3). Notably, the co-linear
regions between P usoehtunii and most species within
the order Fucales consisted predominantly of inversion
regions, ranging from 24,932 to 38,959 bp. Among them,
Silvetia siliquosa (C.K.Tseng & C.E.Chang) E.A.Serrdo,
T.0.Cho, S.M.Boo & S.H.Brawley exhibited the high-
est proportion of inversion regions, accounting for 76%
of the co-linear sequence. In comparison to five species
within the order Laminariales, the co-linearity regions
ranged from 47,115 to 52,827 bp, generally larger than
those observed in Fucales (Fig. 3e, Fig. S3). However, the
frequency of gene inversions was much lower, with only
2-5 inversion regions spanning 4,766 to 6,475 bp. When
considering the co-linearity with Ectocarpales, P usoeh-
tunii shared the smallest co-linear regions of 39,764 bp
to 47,461 bp, 17 inversion blocks covering 24,446 bp to
28,947 bp (Fig. 3f, Fig. S3).

Relative to the chloroplast genomes, the mitoge-
nomes of brown algae are more conserved in structure
(Fig. S4). Collinearity analysis of 12 brown algal mitog-
enomes showed that only Sphacelariales and Dictyotales

underwent rearrangement, and other brown algae exhib-
ited highly conserved mitogenomes. Mitogenome rear-
rangement of Dictyotales occurred in a small region, with
P usoehtunii in the range of 10,400-10,950 bp and Dicty-
opteris divaricata in the range of 10,450-10,980 bp, and
the gene atp9 is located in these regions (Fig. S4). Pro-
tohalopteris sp. contained two rearrangement regions
(excluding incomplete annotations), one at 2,000-2,600
bp, with nad3 and rpsi4 in this region; the other at
14,000-16,000 bp, with atp9 being identical to Dictyo-
tales (Fig. S4).

Gene distribution in IR boundary region

Analysis of the IR boundary regions of 25 brown algal
chloroplast genes revealed a high degree of conservation
in the IR region: rus, trul, trnA, rnl, rrus, and rpl21 (com-
plete or partial). Ectocarpus siliculosus also includes trnE,
rpl32, trul, and psbA in its IR region (Fig. 1). However,
the IR boundary regions exhibited different conserva-
tion levels. The boundary genes rus and yc¢f37 of the IRa
region and LSC region are the most conserved, except
for the species of Ectocarpales. The boundary genes
between LSC and IRb are cbbx and rus in Sphacelariales,
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Protohalopteris sp.

02
Fig.2 Arrangement order of PCGs (a) and tRNAs (b) in mitochondrial genomes with the cladogram of brown algae constructed using the 35
shared mitochondrial PCGs. a: The gene arrangements in the mitogenome are marked using drawing collections among brown algal orders,
and the rpo gene that uniquely occurs in D. aculeata is highlighted using a green arrow. b: Most nodes had high support values (Maximum
likelihood bootstrap support values > 90 and Bayesian inference posterior probabilities > 95%), except for the marked numbers nodes. Using
the Padina usoehtunii mitogenome as reference (yellow squares), other color squares represent changed genes, dashed square represent inserted
genes, solid squares represent replaced genes, and unframed squares represent genes with only changes in position. “Sub” represents predicted
pseudogenes

Desmarestiales, Fucales and Ectocarpales (except for
E. siliculosus), while truL and psbY are found in species
of Laminariales and Dictyotales (Fig. 1). The boundary
genes cbbx in the Sphacelariales, Desmarestiales, and
Fucales is interchangeable in genomic position with rnL
in the Laminariales.

The inversion of the SSC region was observed in differ-
ent orders of the Phaeophyceae. The boundary and adja-
cent genes of the IRa and SSC regions are rpl21 and rpl3
(IRa-SSC direction) in the Dictyotales, Desmarestiales,

Sphacelariales and Laminariales. The boundary and adja-
cent genes of IRb and SSC regions are rpl21 (except for
species of Laminariales which only have one rp/21 in IRa-
SSC) and yc¢f17/ycf19. Gene arrangement at the boundary
of IRa-SSC and IRb-SSC regions is opposite to Ectocar-
pales and Fucales. Mauve collinearity analysis of chloro-
plast genomes of six brown algal orders showed that the
entire SSC region of Dictyotales, Desmarestiales, Sphace-
lariales, and Laminariales species are inverted compared
to those in Ectocarpales and Fucales (Fig. S5).



Liu et al. BMC Genomics (2024) 25:747

Dictyopteris divaricata (b)

(a)
Padina usoehtunii

(d)  Sargassum polycystum (e)

Protohalopteris sp.

Padina usoehtunii

Alaria marginata
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(c) Desmarestia aculeata

Padina usoehtunii

(f)  Scytosiphon lomentaria

Padina usoehtunii
Fig. 3 Synteny circular diagrams comparing the chloroplast genome of Padina usoehtunii with species from six brown algal orders. Orange
represents collinear regions, and gray represents inverted collinear regions

Gene arrangement in mitogenome

The co-linearity analysis revealed the conserved nature
of brown algal mitochondrial genome structures. The
arrangement of core genes, including protein-coding
genes (PCGs) and rRNA genes, showed that the mito-
chondrial PCGs consisted of the same set of 35 genes
across all investigated species, except Desmarestia acu-
leata (Fig. 2a). Only four genes (atp8, atp9, rps10, rpl31)
that primarily encode components involved in ATP
synthesis and ribosomal proteins exhibited variations
in order across different species, with a reference to a
representative species from the order Dictyotales. Addi-
tionally, Desmarestia aculeata uniquely displayed an
insertion of the rpo gene in the mitogenome compared to
other brown algae (Fig. 2a). These findings indicate a high
degree of conservation in the types and orders of PCGs
in brown algal mitogenomes.

The number of tRNA genes ranged from 24 to 25
among the brown algae (Fig. 2b). Most species pos-
sessed 25 tRNA genes, with the lowest number found
in Laminariales (Ectocarpales) except for Saccharina
japonica (J.E.Areschoug) C.E.Lane, C.Mayes, Druehl &
G.W.Saunders. Variations in tRNA gene arrangements
were evident despite the relatively conserved numbers
of tRNA genes. Using Padina usoehtunii as a reference,
the most common changes in tRNA gene positions
occurred in truK trnE, truD, trul and trnA. Among them,
the position change of trnD did not occur in Fucales,
and the insertion of trnl only occurred in Sargassum. In

Padina usoehtunii

Padina usoehtunii

addition to the predicted pseudogenes, the position and
order of tRNAs are conserved at the order level. A long
tRNA block M1-L1-H-C-N-F-W-M2-Q-L2-L3-G-Y-R-
I-E was found in all species of Fucophycidae, indicating
a highly conserved tRNA structure within the BACR
clade. MI1-L1-H-C-N and F-W-M2-Q-L2-L3-G-Y-R-I
(two parts of the long tRNA block) occurred in all species
within the Dictyotales.

Sequences variation in Phaeophyceae genomes
Base evolutionary rate
Non-synonymous (dN) and synonymous (dS) substi-
tution rates across 24 brown algal species encompass-
ing five orders (Tables S3-S4) can help to understand
sequence variations of chloroplast and mitochondrial
common PCGs. Among the 115 chloroplast genes, the
highest dN value was observed in rps20 (0.3385), while
the lowest values were found in petN and psbL (0.0001).
The photosystem II genes psbA, psbE, and psbK exhibited
the lowest dS (0.3506-0.3770) and relatively small dN val-
ues (0.0138-0.0518). The dN/dS ratios were smallest for
petN (0.0001 < < 1) and pshbL (0.0002 < < 1) (Fig. S6a), indi-
cating an intense signature of purifying selection. Con-
versely, the genes petF and rpl9 displayed the highest dN/
dS ratios (0.4401<1, 0.3960 < 1), indicating a weak purify-
ing selection.

The functional gene category ribosomal proteins exhib-
ited significant differences in dN/dS ratios compared
to genes involved in photosystem, light harvesting and
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chlorophyll biosynthesis (p=0.001, p=0.009) (Fig. 4a).
The highest average dN/dS ratio (0.1595) in riboso-
mal proteins indicates a much weak evolutionary pres-
sure. The lowest average dN/dS ratios (0.0626, 0.0632)
detected in genes involved in light harvesting, chloro-
phyll biosynthesis and photosystem categories suggest
the strongest signature of purifying selection.

Among the 35 mitochondrial genes, the highest dN/dS
ratio occurred in ribosomal protein genes: rpl5 (0.2825),
rps10 (0.2853), rpsi1 (0.2952), rps2 (0.3071), and rpl31
(0.4309) (Fig. S6b, Table S4), suggesting their relatively
accelerated evolutionary rates. The lowest ratio was
found in atp9 (0.0168). The dN/dS ratios for four func-
tional groups in mitogenome (ATP synthase, cytochrome
¢ oxidase, NADH dehydrogenase and ribosomal pro-
teins) (Fig. 4b), detected significantly high values in ribo-
somal protein genes compared to cytochrome c oxidase
(p=0.009) and NADH dehydrogenase genes (p =0.001).

Significant differences in dN and dS values were
observed between the mitochondrial genes and chloro-
plast genomes of brown algae (p=0.001). The dN val-
ues of chloroplast genes ranged from 0.0001 to 0.3385,
whereas those of mitochondria ranged from 0.0062 to
0.4213 (Tables S3-S4). The dS values of chloroplast genes
ranged from 0.3506 to 1.1051, whereas the mitochon-
drial ones ranged from 0.9423 to 2.0364 (except atp9,
dS=0.3697). Most mitochondrial genes generally showed
higher dS and dN values than the chloroplast genes
(Fig. 5), indicating that mitochondrial genes had higher
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mutation rates than the chloroplast genes in brown
algae. The dN/dS values of chloroplast genes ranged
from 0.0098 to 0.4401 (except petN (AN/dS=0.0001) and
psbL (AN/dS=0.0002)) and those of mitochondrial genes
ranged from 0.0168 to 0.4309 (Fig. S6). This statistically
non-significant difference (p=0.724) manifests that they
both experienced potential purifying selection at similar
levels.

Codon usage

RSCU values revealed the use preferences of 61 codons
(excluding three stop codons) in brown algae. AUU was
the most frequent codon for Leu in chloroplast and
mitochondrial genomes. Approximately 25-27 codons
(RSCU>1) were preferred in organellar genomes.
RSCU > 1.6 is considered as over-preference for codons,
while RSCU<0.6 expresses that codons are under-pre-
ferred [29]. Accordingly, 13 codons were identified as fre-
quently used codons (RSCU > 1.6, average RSCU=2.00)
whereas 27 codons were underused (RSCU<0.6, aver-
age RSCU=0.28) in chloroplast genomes (Fig. S7). In
mitogenomes, there were four over-preferred codons
(RSCU> 1.6, average RSCU=2.26) and eight under-pre-
ferred codons (RSCU<0.6, average RSCU=0.30) (Fig.
S8). The codon bias of the chloroplast genome is stronger
than that of the mitogenome in brown algae and the third
position of frequently used codons was predominantly A
or U.
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Fig. 4 Boxplots of dN/dS values of major functional group of genes in chloroplasts (a) and mitochondria (b) of 24 brown algae.n"represents

the number of genes in each functional group
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Fig. 5 Non-synonymous (dN) and synonymous (dS) substitution rates for 115 chloroplast common PCGs (orange dots) and 35 mitochondrial

common PCGs (blue dots) across 24 brown algae

Repeat sequences

A total of 105 (Padina usoehtunii) to 157 (Chorda asiat-
ica Sasaki & Kawai) simple sequence repeats (SSRs) were
detected in 14 chloroplast genomes, including 81-113
mononucleotides (mono-), 4-16 dinucleotides (di-),
3-13 trinucleotides (tri-), 4—15 tetranucleotides (tetra-),
0-5 pentanucleotide (penta-), and 0-2 hexanucleotide
(hexa-) (Fig. S9). In 14 mitogenomes analyzed, there are
22 (P usoehtunii) to 52 (E. siliculosus and Scytosiphon
lomentaria (Lyngbye) Link) SSRs, and the numbers of
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide are
20-47, 0-3, 0-2, 0—4, 0-1, 0-1, respectively (Fig. S9).
The most numerous mononucleotides repeats are of
the A and T type. P usoehtunii had the least numbers
of SSRs among brown algae. We identified the forward
(F), reverse (R), palindromic (P), and complementary
(C) repeat sequences in chloroplast and mitochondrial

P EMFMHC

genomes of brown algae (Fig. 6). Palindromic repeats
are the most frequent in chloroplast genomes, while for-
ward repeats are the most frequent type in mitogenomes.
Complementary repeats are the least frequent type in
both organelle genomes. The amount of these long repeat
sequences was highly variable in mitogenomes, with 38
forward repeats and 6 palindromic repeats in Protohalop-
teris sp., 20 forward repeats and 15 palindromic repeats
in P. usoehtunii. In chloroplast genomes, the numbers of
different repeat types is more conserved within the same
brown algal order.

Discussion

When codon bias, number and types of repeat sequences,
and particularly genome size and structure, were mapped
on the phylogenetic tree of the Phaeophyceae, varying
degrees of diversity at the order level became apparent

Chloroplast Mitochondrion
Padina usoehtunii 10 32
Dictyopteris divaricata
Protohalopteris sp.
Desmarestia aculeata
Chorda asiatica
Alaria marginata
Laminaria ephemera
Saccharina japonica
Macrocystis pyrifera
Ectocarpus siliculosus
Endarachne binghamiae
Scytosiphon lomentaria
1 8 27 Fucus spiralis
4 4 EE] Coccophora langsdorfii 7 20 7
Sargassum serratifolium 8 24 3
Sargassum plagiophyllum
Sargassum hemiphyllum

Fig.6 Numbers of different repeated sequence types in organellar genomes of the Phaeophyceae species
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(Fig. S1-S2). The structural differences in chloroplast
genome primarily reflected on the size and types of genes
at the IR boundary region and the rearrangement of the
SSC region, which may mechanically be related to gene
replication. In brown algae, chloroplast genomes are
more variable in structure, while mitochondrial genomes
exhibit higher sequence variation. This pattern is simi-
lar in red algae [30, 31], but contrasts that in land plants
and green algae [18, 32]. The rate of sequence evolution
is likely influenced by the extent of organellar genome
modification as observed in terrestrial plants [33].

Organelle genome size and gene loss

The Dictyotales with divergence time around 155 Ma
[5] has a smaller chloroplast genome size, compared
to the late-diverged lineages within the BACR clade,
except Fucales (Fig. 1), which has a similar chloroplast
genome size as Dictyotales (around 125 kb). Previous
researches showed a positive correlation between chlo-
roplast genome size and the total length of non-coding
sequences in the subclass Fucophycidae [34], suggesting
that the accumulation of non-coding regions contrib-
utes to larger chloroplast genomes. There are possibly
significant positive correlations between the chloroplast
genomes in the brown algal SSDO-BACR clades and the
total length of non-coding sequences, indicating that
non-coding sequences possibly contributed to the emer-
gence of new chloroplast genes.

In comparison with other orders of Phaeophyceae, Dic-
tyotales exhibits distinctive gene losses in its chloroplast
genome: rbeR and rpl32 (Fig. S1). rbeR is a potential tran-
scriptional regulator of Rubisco and its absence has not
been observed in other brown algal lineages. Endosymbi-
otic gene transfer likely occurred between the organelles
and the nucleus in Dictyotales, leading to the presence of
rbeR in the nucleus [35]. This hypothesis requires further
validation in some targeted taxa (e.g. Syringodermatales
and Sphacelariales) that are phylogenetically close to Dic-
tyotales [5]. rpl32 has been found to be lost in 21 algal
chloroplast genomes, mostly belonging to the Strepto-
phyta, like some seed plants: eudicots, gymnosperms,
magnoliids, and monocots [36]. Gene loss events within
chloroplast genomes have been observed in other Ochro-
phyta lineages such as Dictyochophyceae and Synuro-
phyceae [37, 38], suggesting that these gene loss events
are not uncommon during the course of evolution. How-
ever, it is not clear that is gene loss or transfer responsible
for the absence of rbcR. The absence of rbcR and rpl32
genes happened after the SSDO-BACR split, because sec-
ondary gain of these genes in the BACR clade is highly
unlikely. We do not know whether these genes were lost
early during SSDO evolution or whether it happened
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later, because no SSDO chloroplasts other than those
from the Dictyotales have been sequenced.

Variation of organelle genome structure

Structural comparison of chloroplast genomes between
Padina usoehtunii and other orders revealed clear differ-
ences across the phylogenetic tree of brown algae. The
BACR orders Laminariales, Fucales, and Desmarestiales
showed large structural differences compared to Dictyo-
tales in chloroplast genome organization (Fig. S3). Nota-
bly, Dictyotales displayed a smaller number of inverted
regions compared to the Laminariales than to the Fucales
and Ectocarpales (Fig. S3). A certain degree of chloro-
plast genome structural instability can generate adaptive
and recovery mechanisms to cope with environmen-
tal changes, accelerating the evolutionary trajectory of
brown algae and aiding their expansion into a wide range
of geographical environments [39].

The IR region is crucial in terrestrial plants as it stabi-
lizes chloroplast genome organization, mediates intra-
molecular recombination, and increases the copy number
of rRNA genes [40]. The expansion and contraction of
the IR region are linked to the addition or reduction of
boundary genes (Fig. 1). The size of the IR region varies
significantly among different Ochrophyta algae, such as
Raphidophyceae and Bacillariophyceae, which have IR
sizes of 18—22 kb, approximately three times larger than
that in brown algae (5-9 kb). The IR region in brown
algae includes rRNA and tRNA genes, while in the Raphi-
dophyceae and Bacillariophyceae it also contains riboso-
mal protein genes such as rpl32, rpl21, rpl34, as well as
photosystem II genes psbA, psbY, and psbC [41, 42]. The
IR region structure in oogamous (with maternal chloro-
plast inheritance) Dictyotales, Laminariales, and Fucales,
is relatively conserved, while substantial structural vari-
ation is observed among different species of isogamous
Ectocarpales (with biparental chloroplast inheritance),
which accumulate more variation compared to ooga-
mous brown algae, leading to a higher rate of structural
rearrangements [34].

rpl21 is a common gene between the IR and SSC
boundary regions in brown algae. The contraction or
expansion of the IR region can affect the location of
rpl21 (Fig. 1). When the IR region is large, the rpl21
gene and its replicates are present in the IRa and IRb,
as in the Dictyotales (IR: 5.8-6 kb), Sphacelariales (IR:
5.9 kb), and Ectocarpales (IR: 7.3-8.6 kb). As an excep-
tion, S. lomentaria (Ectocarpales) possessed a complete
rpl21 with a relatively small IR region (5.5 kb). When
the IR region is small, rp/21 will span the IR and SSC
regions, as in the Desmarestiales (IR: 5.3 kb), Fucales
(IR: 5.2-5.4 kb) and Laminariales (IR: 5.4-5.5 kb). The
inversion of the entire SSC region happened two times,
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the first occurred between 144.6—-54.6 Ma, after the split
of the Fucales from the Desmarestiales, and the second
occurred between 125.0-51.5 Ma, after the split of the
Ectocarpales from the Laminariales. (Fig. S5) [5]. Such
an inversion has been found in many plant taxa, such as
Centaurea diffusa (Asteraceae) [43], Phaseolus vulgaris
(Fabaceae) [44] and Buxus microphylla (Buxaceae) [45].
Recombination within the reverse repeat can lead to
polarity reversal in the SSC region that appears to occur
frequently in the chloroplast genome [44]. Mechanisti-
cally, this recombination may be related to the content of
G +C [46] and the presence of tRNA in the IR region [47]
in which high G+ C content is more prone to mutation
[48].

Phylogenetic analysis showed that the cbbx gene origi-
nated in cyanobacteria [35]. The CbbX protein can func-
tion as an activase of inhibited red-type Rubisco [49]. Bi
et al. (2000) found that cbbx in the brown alga Saccha-
rina japonica exists in the nuclear and in the chloroplast
genome [49]. The nuclear-encoded cbbx (cbbx-n) exhibits
higher enzyme activity compared to the plastid-encoded
cbbx (cbbx-p). cbbx-n can interact with cbbx-p to form a
heterohexamer, promoting higher catalytic efficiency of
Rubisco, thereby accelerating the rate of carbon assimi-
lation in photosynthesis [49]. The rearrangements of the
cbbx gene in certain brown algal lineages may affect the
catalyzing efficiency of Rubisco, thus influencing the rate
of carbon assimilation in photosynthesis. However, this
hypothesis requires further experimental validation.

Variation of organellar genome sequence

We found a significantly higher non-synonymous (dN)
substitution rate in mitochondrial genes compared to
chloroplast genes, which is consistent with the previous
research on the evolutionary rate in brown algae [18]. The
average synonymous (dS) substitution rate in mitochon-
dria is higher than in chloroplasts, although this distinc-
tion is not clearly discernible in the scatterplot in Fig. 5.
This observation may be attributed to the inclusion of
Dictyotales and Sphacelariales. Nevertheless, when con-
sidering the entire organellar genome dataset, it is evi-
dent that brown algal mitochondrial genes have a faster
mutation rate than chloroplasts genes (Tables S3-S4).
This was also observed in the phytoplankton Phaeocystis
(Haptophyta) and the red alga Porphyra [50, 51], but this
trend was in contrast to most land plants, where the dS
value of mitochondria were three times lower than the
chloroplasts [52].

For both chloroplast and mitochondrial genomes,
the average dN/dS values for all protein coding genes
(PCGs) are less than 1, suggesting that these genes
have undergone potential purifying selection. However,
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genes from different functional categories showed
variable dN/dS values. Notably, the ribosomal protein
genes, whether in chloroplasts or in mitochondria,
exhibited the highest average dN/dS values, suggest-
ing much weaker signature of purifying selection. In
the chloroplast genomes, the strongest signature of
purifying selection is observed in the photosystem
genes, consistent with the predicted dN/dS values for
the primary functional groups of 23 brown algal species
reported recently [18]. These differences of the dN/dS
values with different function genes reflected variation
in the strength of purifying selection.

Highly preferred codons in both chloroplast and
mitochondrial genomes all ended with A/U, while less
preferred codons ended with C/G (Figs. S7-S8). Codon
preference analysis indicates that codon usage patterns
are similar among different brown algal species. How-
ever, codon bias in the brown algal chloroplast genome
is higher than in the mitochondrial genome. Selec-
tive pressure and gene mutations are likely important
factors to influence codon usage [53], possibly due to
the high AT content in organellar genomes which can
potentially lead to a bias towards AU in codons. In sum,
this study confirmed some early observed essential
findings such as the more prevalent structural inver-
sions across chloroplast genomes than mitochondria,
though mitochondrial genes evolved at a faster rate
than chloroplast. Boundary genes, particularly their
positions and the changes in the number, likely con-
tributed to the IR regions in chloroplast genome and
hence accounted for the gain or loss of chloroplast
genes. These results, together with other sequenced
and sequencing organellar genomes can substantially
improve our understanding of phylogenetic diversity
and molecular evolution of the brown algal tree of life.

Materials and methods

Sample collection and DNA extraction

Padina usoehtunii was collected from the intertidal at
Pakarang Cape (8°44°17.9"N 98°13°05.5"E) in Phang-
nga province on the Andaman coast of Thailand in
December 2019, silica-dried and transported to Qing-
dao, China. Species identification was a posteriori
confirmed by comparing mitochondrial cox3 and chlo-
roplast-encoded rbcL gene sequences to the representa-
tive DNA sequences of the P usoehtunii type specimen
(Genbank AB512597 and AB512559, respectively). The
total DNA was extracted from young thallus using the
FastPure® Plant DNA Isolation Mini Kit (Vazyme Bio-
tech Co., China). The extracted DNA was purified using
a DNA Purification Kit (Vazyme Biotech Co., China)
according to manufacturer’s instructions.
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Genome sequencing, assembly and annotation

To obtain full-length chloroplast and mitochondria
genome sequences, we used the paired-end (Illumina
Hiseq) strategy in this study. First, approximately 1 pg of
purified DNA was made into libraries using the TruSeq
Nano DNA Sample Prep Kit from Illumina according to
the manufacturer’s protocol. Libraries were sequenced
using an Illumina Hiseq 4000 with 150 bp paired-end
reads length (Biozeron, Shanghai, China). The raw reads
(ca. 8.9x 10%) were checked with FastQC and trimmed by
Trimmomatic-0.39 [54]. Algal organellar genomes assem-
bly was performed using NOVOPlasty v2.7.2 software
(https://github.com/ndierckx/NOVOPlasty). The near-
source reference genome was used as the seed sequence,
with the remaining parameters set as default. Clean reads
(10°/1.3x10° Mb) were compared back on the Scaf-
fold obtained by assembly, and based on the paired-end
and overlap of reads, the assembly results were partially
assembled and optimized. GapCloser v1.12 (http://soap.
genomics.org.cn/soapdenovo.html) was used to repair
the internal holes in the assembly.

The mitochondrial and chloroplast genes were anno-
tated using the online GeSeq tool (https://chlorobox.
mpimp-golm.mpg.de/geseq.html) to predict protein
coding genes, ORFs, tRNA and rRNA, using following
parameters: Protein search identity: 60; rRNA, tRNA,
DNA search identity: 35; 3rd Party tRNA annotators:
tRNAscan-SE. The position of each coding gene was
determined using BLAST [55] searches against refer-
ence genes. Manual corrections of genes for start/stop
codons and for intron/exon boundaries were performed
in SnapGene Viewer. The circular maps of genomes were
displayed using the software OGDRAW (https://chlor
obox.mpimp-golm.mpg.de/OGDraw.html). Gene func-
tion annotation was performed with available protein
databases by BLASTp (evalue<107°), including NCBI
Non-Redundant Protein Sequence Database (NR), Swiss-
Prot, Clusters of Orthologous Groups (COGs), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) terms. Finally, we submitted the mito-
chondrial and chloroplast genomes of Padina usoehtu-
nii to the GenBank database with accession numbers
MW485979 and MW485982, respectively.

Phylogenetic analysis

We selected 27 and 25 species from 6 orders of Phaeo-
phyceae (Table 1) to construct mitochondrial and
chloroplast phylogenetic trees respectively, using Proto-
halopteris sp. (Sphacelariales) as outgroup. Sequences
of 35 and 115 shared genes from mitogenomes and
chloroplast genomes were aligned by maftt v7.313 [56]
and the sequences were removed highly divergent or
ambiguously aligned sites with Gblock 0.91b [57]. IQtree
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v.1.6.8 [58—60] and MrBayes 3.2.6 [61] were used to con-
struct Maximum likelihood (ML) and Bayesian infer-
ence (BI) trees, respectively. ModelFinder [62] was
used to select the best nucleotide substitution model
based on Akaike information criterion (AIC). The best-
fit models GTR+F+I1+G4 (G=0.232, 1=0.800) and
GTR+F+1+G4 (G=0.352, 1=0.853) were used for
mitochondria and chloroplast, respectively. For ML tree
construction, the parameters were set to 1000 ultrafast
bootstrap replicates with others as default [60]. For BI
tree, the Markov Chain Monte Carlo (MCMC) were set
to 1x 10° generations running with a tree sampling fre-
quency of every 1000 generations and the first 25% was
discarded as burn-in. Finally, FigTree v1.4.4 (http://tree.
bio.ed.ac.uk/software/figtree) was used to beautify the
tree files.

Genome synteny and gene arrangementanalysis

We used TBtools v1.108 to map the collinearity of chlo-
roplast genome structure between P usoehtunii and six
species from the Dictyotales, Sphacelariales, Desmares-
tiales, Laminariales, Ectocarpales, and Fucales, respec-
tively [63]. The species annotation order was manually
adjusted to be consistent to ensure correct collinear cor-
respondence. BLAST [55] was used to match synteny,
sequences with less than 100 bp were removed, and only
a pair of IR collinear information (IRa-IRa, IRb-IRb)
was retained. Mauve [64] was used to detect linear col-
linearity of chloroplast genomes, setting to align with
progressive Mauve. In order to explore the differences
of chloroplast LSC/IR/SSC region boundaries, we plot-
ted the genes between each partition by CPJSdraw v1.0.0
[65]. tRNAscan-SE v.2.0 [66] was used to predict the
number and location of tRNAs in the gene order of all
mitogenomes.

Base substitution rate estimation

To explore evolutionary rates of brown algal organelle
genomes, we extracted 35 and 115 shared PCGs from
24 species whose both organelles have been sequenced
using PhyloSuite v1.2.2 [67]. The genome datasets of
Phaeophyceae were obtained from GenBank (Table 1).
MAFFT [56] and Gblocks [57] were used for sequence
alignment and correction, respectively. The aligned
sequence was converted into pml format by PhyloSuite
v1.2.2 [67]. We used PAML v4.10 [68] to estimate non-
synonymous (dN) and synonymous substitution (dS) of
24 mitogenomes and chloroplast genomes. The param-
eters set to runmode=0 and CodonFreq=2. To avoid
data bias we calculated the median pairwise compari-
sons data of each gene. The histogram was drawn to
show dN/dS values of each gene. The scatter plot was
drawn to show the tendency of differences in dN/dS


https://github.com/ndierckx/NOVOPlasty
http://soap.genomics.org.cn/soapdenovo.html
http://soap.genomics.org.cn/soapdenovo.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree

Liu et al. BMC Genomics (2024) 25:747

values among chloroplasts and mitochondria. We used
the Kruskal-Wallis test in SPSS v26.0 software (IBM,
Armonk, NY, USA) to explore the diversity in dN/dS
values of different functional genes. The comparison of
substitution rate between the two organelles was also
tested using the method above.

Repeat sequences and codon preference analysis

Short Sequence Repeats (SSRs) were identified using
MISA [69]. The parameter settings were as follows:
mono-, di-, tri-, tetra-, pent-, and hexa-nucleotide
motifs have at least 8, 5, 4, 3, 3 and 3 repeats, respec-
tively. We used REPuter (http://bibiserv.techfak.uni-
bielefeld.de/reputer) to detect forward (F), palindromic
(P), reverse (R) and complementary (C) repeats with
Hamming distance equal to 3 and minimum repeat size
of 20 bp [70]. The PCGs of organelles were extracted by
PhyloSuite v1.2.2 [67]. CodonW v1.4.4 [71] was used to
calculate the relative synonymous codon usage (RSCU)
of each PCGs. RSCU =1 means no bias in codon usage.
RSCU«1 indicates less codon usage, while RSCU>1
shows more preference in codon usage [72].
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