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Abstract

The sweet chestnut (Castanea sativa Mill.) is one of the most widespread cultivated temperate trees
in Europe, valued both for its edible nuts and high-quality timber. Due to its ecological, economic,
and cultural importance, it has been the focus of extensive genetic studies. However, its mitochondrial
genome has remained largely unexplored. Here, we present the first complete mitochondrial genome
of C. sativa (cultivar ‘Marrone di Chiusa Pesio’), assembled using high-throughput sequencing and
characterised through comparative analyses with closely related species. The final assembly consists
of six contigs with a total length of 402,729 bp, comprising 35 protein-coding genes, 33 tRNA genes,
and 3 rRNA genes. Compared to the congeneric C. mollissima, C. sativa shows a relatively low repeat
content in terms of both number and length. Codon usage patterns were found to be highly similar
among C. sativa, C. mollissima, and C. henryi. Additionally, homologous fragments between the
plastid and mitochondrial genomes were identified, totaling 4,671 bp (1.16% of the mitogenome),
and including several tRNA genes. A phylogenetic analysis based on mitochondrial coding sequences
from C. sativa and 11 other Fagaceae species confirmed its close relationship with C. mollissima, C.
henryi, and Castanopsis carlesii. Discrepancies observed among mitochondrial, plastid, and nuclear
gene trees likely reflect either inherent genomic characteristics or extensive hybridisation, particularly
within the genus Quercus.

Keywords: Castanea sativa Mill., gene transfer, mitochondrial genome, organellar DNA,

phylogenetic analysis, sweet chestnut.

Key Message: Complete assembly of Castanea sativa mitogenome is presented, along with

comparative and phylogenetic analyses.
Introduction

The sweet chestnut Castanea sativa Mill. (Fagaceae) is the only species of the genus native to Europe,
where it grows in temperate deciduous forests. The species has a noticeable economic value as an
important source of food and high-quality timber across centuries (Conedera et al. 2004). Along with
other congeneric species, C. sativa is one of the most widely cultivated temperate tree species in the
northern hemisphere, as also suggested by the specific epithet (sativa means "cultivated by humans™).
It is native of Southern Europe, Asia Minor and Transcaucasia (Krebs et al. 2019), with an East-West

range extending from the Northern Iberian Peninsula to the Caspian Sea; however, its current range
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has been strongly shaped by direct and indirect anthropic pressure (Conedera et al. 2016). Based on
palynological data, the spread of sweet chestnut trees is hypothesized to have benefited from large-
scale forest clearings for the cultivation of other plant species, as early as 8,600 years before present
(B.P.). Direct, human-mediated diffusion of the species, that can be interpreted as evidence of
cultivation, dates back to around 3,700 B.P., in several regions of the Anatolian peninsula, North-
eastern Greece and South-eastern Bulgaria (Conedera et al. 2004). It was, however, during the Middle
Ages that the species range started to significantly increase in Europe, as witnessed by evidences of
systematic tree planting (Conedera et al. 2004; 2016). This close, millenary relationship between
humans and sweet chestnut has led to the selection of several cultivars, on which the economy of vast
regions in Europe and Turkey is based (https://www.fao.org/faostat/en/#data/QCL). Because of its
economic, environmental and cultural value, it is also a target for genetic and genomic studies, along
with other Asian and American chestnut species. Recently, the de novo assembly at chromosome-
level of the nuclear genome of C. sativa cv. ‘Marrone di Chiusa Pesio’ has been published, as the first
reported genome assembly of sweet chestnut (Bianco et al. 2024), while in 2021, the complete plastid
genome of C. sativa was released (Xu et al. 2021). Nevertheless, a complete assembly of the sweet

chestnut mitochondrial genome has never been published to date.

Plant mitogenomes have become a valuable tool for studies in phylogenetics and population
genetics (Hiesel et al. 1994; Wu et al. 2022; Tang et al. 2023, Lin et al. 2025). The release of plant
mitogenomes assemblies has increased exponentially in recent years (with almost 30 papers published
in 2024), also thanks to the enhanced availability of dedicated tools (Al-Nakeeb et al. 2017; Jin et al.
2020; Fischer et al. 2022; He et al. 2023; Bi et al. 2024; Storchovéa and Kriiger 2024). Among the
growing number of bioinformatics tools designed for assembling mitochondrial genomes from
whole-genome sequencing (WGS) data, some leverage long-read sequencing. Notably, GSAT (He et
al. 2022) combines long and short reads, while two recent tools, PMAT (Bi et al. 2024) and the more
recent Oatk (Zhou et al. 2025), are specifically designed for long-read data. However, the complexity
of the mitochondrial genome architecture makes de novo assembly rather challenging in plants. In
contrast to metazoa, plant mitogenomes, especially in angiosperms, can reach considerable sizes,
exceeding 2 Mb in some families such as Cucurbitaceae (Alverson et al. 2010). Despite their larger
size, mitochondrial genomes in plants do not contain significantly more genes than in animals.
Mitochondrial genes in land plants encode for tRNAs, rRNAs and proteins involved in the respiratory
chain and in the cytochrome c biogenesis (Unseld et al. 1997; Burger et al. 2003; Morley and Nielsen,
2017). Plant mitogenome size is increased by intron gains, the extension of non-coding intergenic
regions and copies of plastid or nuclear sequences, also gained through horizontal gene transfer

(Bergthorsson et al. 2003; Richardson and Palmer 2007). Mitochondrial non-coding regions undergo
3
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frequent rearrangements, and are supposed to play a role in genomic functions, although this still
remains a subject of debate (Han et al. 2024; Wang et al. 2024). Interestingly, mitochondrial genome
size can vary considerably in angiosperms, ranging from 66 kb in Viscum scurruloideum Barlow to
over 11.3 Mb in Silene conica L. (Sloan et al. 2012; Skippington et al. 2015). This heterogeneity can
also be found between strongly related species: within the same genus Silene, differences of more
than four orders of magnitude can be observed, such as between the same Silene conica and Silene
latifolia Poir. (253 kb; Sloan et al. 2010). In flowering plants, mitochondrial genomes can assume a
variety of alternative configurations, e.g. linear, circular, sigma-like, fragmented, branched or multi-
chromosomal, and are frequently characterised by a multipartite organisation and high rates of
recombination among repeated sequences, which are common and varied (Kitazaki and Kubo 2010;
Mower et al. 2012; Chen et al. 2017; Gualberto and Newton 2017). For these reasons, a ‘master-
circle’ representation in a single circular molecule is likely a stretch and a simplification of the real

complexity of the plant mitogenome (Bendich 1993).

Among Fagaceae, complete mitogenomes were assembled and published for Fagus sylvatica
(Mader et al. 2020), some oak species (Bi et al. 2019, Liu et al. 2022), Castanopsis carlesii (Tu et al.
2024), the Chinese chestnut Castanea mollissima (Guo et al. 2023), and Henry's chestnut Castanea
henryi (Tu et al. 2024). Among Fagales, the use of mitochondrial genes for phylogenetic
reconstructions is challenging, due to their high conservation level, the plasticity of the genomic
structure and the poor inter-specific synteny (Feng et al. 2021). Moreover, mitochondrial genes are
characterized by high levels of RNA-edited sites, which may contain homoplasious signals leading
to artefactual phylogenetic inferences (Bowe and dePamphilis, 1996; Small et al. 2020). Finally,
mitochondrial genomes in Fagales show evidence of mosaicism due to receptivity to foreign genes
from other seed plants (Feng et al. 2021). The target genomic region could strongly affect the result
of the phylogenetic survey. Phylogenomic conflicts are a widespread and well-known phenomenon,
whether considering nuclear rather than organellar datasets, or plastid rather than mitochondrial
genomes (Som 2015; Vargas et al. 2017; Li et al. 2019; Tyszka et al. 2023; Xue et al. 2024). The aim
of the present study was to provide the first complete mitochondrial genome assembly and
characterisation for C. sativa. Different methods of assembly, based on Illumina short reads and
Oxford Nanopore Technologies (ONT) long reads were tested and discussed. Comparative analyses
were performed to evaluate key genomic features in C. sativa and related species. In addition, we
reconstructed the phylogenetic relationships within Fagaceae using protein-coding genes from both

the mitochondrial and plastid genomes.

Materials and Methods
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The C. sativa mitogenome was assembled from the reads of Cv. Marrone Di Chiusa Pesio, publicly
available on GenBank (ONT: SRA Accession ID SRX24152490; Bianco et al. 2024). ONT reads
were corrected and trimmed using Canu v2.2 (Koren et al. 2017).

Several assembly strategies were tested (see Supplementary Information for details), but the final
mitochondrial genome assembly was obtained using Oatk (Zhou et al. 2025). The coverage threshold
(-c) was set to 80, corresponding to five times the nuclear sequence coverage, while all other
parameters were left at their default values. Based on Bandage visualization (v0.9, Wick et al. 2015),
only six nodes were retained (u7, ug, u9, ul0, ull, and ul2).

Annotation of the assembled contigs was performed by using the GeSeq online tool (Tillich et
al. 2017, available at: https://chlorobox.mpimp-golm.mpg.de/geseq.html), selecting Fagus sylvatica
mitogenome as NCBI RefSeq. To compile the complete gene composition of C. sativa mitogenome,
the annotation automatically performed by Oatk was also considered. In particular, the tRNA genes
were detected more efficiently by the Oatk annotation than the GeSeq annotation. Thus, tRNA genes
annotated directly by Oatk but not detected by GeSeq were added to the gene list. Since the Oatk
annotation does not distinguish complete gene sequences from fragments, only the sequences with
length in accordance with the reference sequence were retained. Assembled mitogenome was
visualised both with the OGDRAW online tool (Greiner et al. 2019, available at:
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) and Bandage (Wick et al. 2015).

Relative Synonym Codon Usage (RSCU) in mitochondrial protein-coding sequences was
calculated for C. sativa, C. mollissima and C. henryi. The assembled mitogenome of the three chestnut
species was imported in Phylosuite (Zhang et al. 2020) and protein-coding sequences were extracted,
aligned, manually trimmed and concatenated. Finally, RSCU for each species was calculated by using
MEGA11 (Tamura et al. 2021) and visualised with ggplot2 (Wickham 2016). To compare the
synonymous codon usage in C. sativa and other congeneric species, differences in RSCU values for
all codons in C. sativa, C. mollissima and C. henryi were calculated. Finally, differences between
RSCU values found in C. mollissima and results from Guo et al. (2023) were calculated to compare

results from the same assembled mitogenome.

Simple sequence repeats (SSRs) were identified by using the MISA web-service with default
settings (Thiel et al. 2003; Beier et al. 2017). Tandem repeats longer than 6 nucleotides were
identified by using Tandem Repeats Finder with default settings (Benson 1999). Finally, dispersed
repeats (forward, reverse, palindromic and complement) were detected by using REPuter, setting
minimal repeat size = 20, Hamming distance = 2 and e-value > 107 (Kurtz et al. 2001). The number

of repeats of each class was finally visualised with ggplot2 (Wickham 2016).
5
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Homologous DNA fragments between C. sativa plastid and mitochondrial genome were detected
with the BLASTN online tool (Zhang et al. 2000; last accessed 20 February 2025), setting the
assembled mitochondrial contigs as query sequences and the complete plastid genome (GenBank ID:
NC_054204) as search set. Homologous regions were visualised by using Circos (Krzywinski et al.

2009) implemented in the online platform Galaxy (The Galaxy Community 2024).

Phylogenetic analyses

The phylogenetic trees were built with sequences of C. sativa and other species of Fagaceae available
on GenBank, also including Betula pendula as outgroup (see Table 1 for the list of species and
GenBank IDs). The plastid genome of Q. ilex was assembled from raw reads available on GenBank
(accession ID: ERX13410334) by using GetOrganelle (Jin et al. 2020).

Annotated mitochondrial and plastid genome sequences were imported in Phylosuite (Zhang et
al. 2020; Xiang et al. 2023) directly from GenBank when available; otherwise, were previously
annotated by using GeSeq, setting Fagus sylvatica as reference for mitochondrial genome, and C.
henryi, C. mollissima, F. sylvatica, Q. acutissima, Q. robur, Q. variabilis and B. pendula var.
‘carelica’ as reference for plastid genome. Protein coding sequences for both the organellar genomes
were extracted, setting the standard code and the Bacterial, Archaeal and Plant plastid code as code
table for mitochondrion and chloroplast, respectively. rRNAs, tRNAs and non-coding regions were
excluded. Coding sequences common to all the 13 species were used to construct the phylogenetic
trees. The sequences of each gene were aligned by using MEGA11 (ClustalW option; Tamura et al.
2021) and manually edited. In particular, for the plastid gene NAD1 two partial sequences were
retained, discarding the central part with alignment mismatches. Sequences of each organelle were
concatenated, imported in Phylosuite, and trimmed with trimAL (no-gaps trimming option; Capella-
Gutiérrez et al. 2009). Maximum likelihood phylogenetic trees were calculated with 1Q-Tree v2.2.0
selecting B. pendula as outgroup and leaving the other settings as default (‘auto’ option and 5,000
ultrafast bootstrap; Minh et al. 2013; Nguyen et al. 2015). Finally, the output treefile was visualised
with iTOL v.7.0 (last access February 2025; Ciccarelli et al. 2006; Letunic and Bork 2024)

Results

Although different assembly strategies were tested (see Supplementary Information), all

produced assemblies with the same predicted coding capacity. The assembly obtained with Oatk was
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the most accurate, as it had the lowest number of contigs - indicating larger and more continuous

sequences - and a total length (402,729 bp) very close to that of the Castanea mollissima mitogenome.

The mitogenome of C. sativa was assembled into six contigs and deposited in the European
Nucleotide Archive (ENA, accession number: ERZ26184703). The six contigs have a total length of
402,729 bp (average coverage = 180x%), with single molecules spanning for 183,905 bp (u7), 37,466
bp (u8), 33,834 bp (u9), 86,453 bp (ul0), 46,386 bp (ull) and 14,685 bp (ul2). Gene annotation
found 56 genes, including 35 protein-coding genes, 33 tRNA genes (of which 22 present in multiple
copies) and 3 rRNA genes (Fig. 1, Table 2).

Analysis of codon usage in protein-coding genes revealed differences in the relative abundance
of synonym codons, but consistent results in the three chestnut species under investigation (Fig. 2).
The stop codon TAA exhibited the highest RSCU value (2.1), followed by GCT (alanine,
RSCU = 1.79). The less represented codon was TAG (stop, RSCU = 0). Moreover, the preference for
NNA and NNT codons with respect to NNG and NNC is evident in almost all the aminoacids. Similar
RSCU values for all codons were found in the three analysed Castanea species, with differences in
RSCU values ranging from 0 to 0.08. A difference of 0.08 in the RSCU values was due to the higher
and lower usage of the stop codons TAA and TGA, respectively, in C. mollissima compared to the
other species. As for C. mollissima, the comparison between the RSCU values found in the present
work and in Guo et al. (2023) revealed generally a slight difference, comprised between 0 and 0.26,
except for the two stop codons TAA and TAG, with the first one being found over-represented in our
analysis (RSCU = 2.18) and the second one under-represented (RSCU = 0).

Analysis of SSRs revealed 5 monomeric and 9 dimeric repeats (Fig. 3). Analysis of tandem
repeats revealed the presence of 11 repeats, with length ranging from 15 bp to 24 bp. Finally, the most
abundant class of repeats was represented by dispersed repeats, distributed as follows: 40
palindromic, 25 forward and 2 reverse. No complementary repeats were found. Length of dispersed

repeats ranged from 22 to 918 bp.

The analysis of homologous regions revealed 15 fragments homologous between the
mitochondrial and plastid genome, for a total length of 4,671 bp (1.16% of the entire mitogenome;
Fig. 4; Supplementary Information Table S2). Fragments length spanned from 29 to 1,149 bp, and
comprised complete sequences of 7 tRNA genes (trnD-GUC, trnH-GUG, trnl-CAU, trnM-CAU,
trnN-GUU, trnP-UGG, trnW-CCA), in addition to the protein-coding genes: petL, petG, ndhC, and
the incomplete sequences of psbC, psbD, psbE, ndhF, ndhK, rps11, rrnl6, ycfl.
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Phylogenetic analysis

The phylogenetic tree based on mitochondrial protein-coding sequences was constructed considering
12 genes shared by the 13 target species as extracted by Phylosuite (atp6, atp8, coxl, cox2, cox3,
cytb, nadl, nad2, nad3, nad4, nad5, nad6). Best substitution model according to BIC was TIM+F+I
(BIC =36,700.2; AICc = 36,478.3). The resulting tree showed a sharp distinction among B. pendula,
F. sylvatica and species of the subfamily Quercoideae, comprising the genera Quercus, Lithocarpus,
Castanea and Castanopsis (Fig. 5A). Within this branch, two main clusters were observed: the first
comprising Q. petraea, Q. robur, Q. ilex and L. litseifolius, and the second comprising oak species of
the subgenus Cerris (Q. cerris, Q. variabilis and Q. acutissima), Castanopsis carlesii and species of
the genus Castanea. However, this partition was poorly supported, as indicated by the ultrafast
bootstrap support percentages of the two branches (44 and 42%, respectively). Within the first group,
a further partition separated Q. petraea and Q. robur (98% bootstrap support) from Q. ilex and L.
litseifolius. Again, this latter branch was poorly supported (40% bootstrap support). Within the second
group, the branch comprising oak species of the subgenus Cerris is well supported (97% bootstrap
support), while the branch with chestnut species and C. carlesii showed only the 54% of bootstrap

support.

The plastid gene tree was built considering 65 genes (atpA, atpF, atpH, atpl, ccsA, cemA,
clpP1, matK, ndhA, ndhB, ndhD, ndhE, ndhG, ndhH, ndhl, pafl, pafll, pbfl, petA, petB, petD, petG,
petL, petN, psaA, psaB, psaC, psald, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK,
psbL, psbM, psbT, psbZ, rpl2, rpl14, rpll6, rpl20, rpl23, rpl32, rpl33, rpl36, rpoA, rpoB, rpoCl,
rpoC2, rps2, rps3, rps7, rps8, rpsll, rpsl2, rpsl4, rpsls, rpsl9, ycfl, ycf2). Best substitution model
according to BIC was TVM+F+G4 (BIC = 184,678.5; AlCc = 184,403.2). The resulting tree showed
again a sharp separation between B. pendula, F. sylvatica and the Quercoideae species (Fig. 5B).
Among Quercoideae, a highly supported branch (100% bootstrap support) grouped Q. ilex, Q. robur
and Q. petraea together, while a less supported branch (71% bootstrap support) comprised the other
species. This latter branch exhibited a further partition with oaks of the subgenus Cerris again
grouped together (100% bootstrap support) and separated from Castanea spp., Castanopis carlesii
and L. litseifolius (84% bootstrap support). Finally, L. litseifolius was separated from Castanea spp.
and Castanopis carlesii, further grouped in the following couples: C. mollissima with C. henryi and

C. sativa with C. carlesii (100% bootstrap support, in both cases).

Discussion
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Although often depicted as a circular molecule (‘master circle model’), plant mitochondrial DNA is
highly complex and dynamic, existing in multiple forms even within a single individual (Sloan 2013).
The challenges associated with assembling plant mitochondrial genomes arise not only from the
presence of repeats, which complicate bioinformatic analyses, but also from genuine genomic
rearrangements that are best represented as graph-like structures (Sloan 2013; Kozik et al. 2019). For
these reasons, we considered the output of the C. sativa mitochondrial genome assembly in the form
of assembly graphs and focused on genes presence without considering orientations and copy number.
Among the tested assembly tools, Oatk demonstrated superior performance in C. sativa compared to

other software.

Mitochondrial genome size was found to be slightly greater in the sweet chestnut, C. sativa
(402,729 bp) than in the Chinese chestnut, C. mollissima (388,038 bp; Guo et al. 2023), but still
smaller than in Fagus sylvatica (504,715 bp; Mishra et al. 2021). Gene annotation revealed high
similarity between the mitochondrial genomes of C. sativa and C. mollissima. In both species, the
rpsl0 gene sequence is interrupted by multiple internal stop codons, raising questions about its
functional status. Although annotated as present in C. mollissima, the similar sequence pattern in C.

sativa suggests that rps10 may be truncated or non-functional in both genomes.

Relative synonymous codon usage (RSCU) analysis showed that synonymous codons did not
occur with equal frequencies, as evident for example in valine or leucine, with codons GTT and CTT
represented almost 4 and 6 times more than the synonymous GTG and CTG, respectively. Codon
usage bias, the non-random use of synonymous codons, arises from the interplay of natural selection,
mutation pressure, and genetic drift, and its pattern is often species-specific (Sharp et al. 1986; Novoa
and Ribas de Pouplana 2012). However, as expected in closely related species, the three Castanea
species examined here (C. sativa, C. mollissima, and C. henryi) exhibited very similar RSCU values,
suggesting a conserved codon usage trend (Tang et al. 2021). The preference for -A and -T ending
codons is a common feature in plant mitochondrial genomes and, being more pronounced in algae
and some bryophytes and less in vascular plants, is supposed to have an evolutionary meaning (Xu et
al. 2015). This bias also affects stop codons, with TAA (and TGA) usually favoured over TAG across
plant taxa (Xu et al. 2015). The ‘NNA”’ and ‘NNT” pattern was found to improve the efficiency of
transcription and translation during gene expression, at least in plastid and nuclear genome (Klump
et al. 1993; Tang et al. 2021). Finally, the recorded, slight differences between the RSCU values
found in C. mollissima by Guo et al. (2023), and those found in C. sativa in the present work, were

probably consequences of the manual editing phase, apparently lacking in Guo et al. (2023).
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Compared to C. mollissima (Guo et al. 2023), C. sativa mitogenome showed less and shorter
SSRs). Among the dispersed repeats, palindromic repetitive elements were the most abundant type
both in Chinese and sweet chestnut, although in the first were three times more abundant than in the
latter (n = 129 versus 40). Forward repeats were also widespread in C. mollissima (n = 119), while in
C. sativa only 25 were found. In both species, no complementary repeats were found. Contrary to the
Chinese chestnut, dispersed repeats found in sweet chestnut were rather short (20-25 bp) and thus
unlikely to be subjected to recombination (Wynn and Christensen 2019). Duplications and repeats
are partly responsible for the large size of mitogenome in angiosperms, together with frequent DNA
sequence capture from the chloroplast and, less commonly, nuclear genome through horizontal
transfer events (Marienfeld et al. 1999; Palmer et al. 2000).

Gene transfer from plastid and nuclear genome to mitochondrial genome is facilitated by the
readiness of these organelles to capture DNA from external sources, primarily due to their highly
dynamic nature and recombination activity (Koulintchenko et al. 2003). Transfer of tRNA genes from
chloroplast to mitochondrial genome is a common phenomenon in angiosperms (Michaud et al. 2011;
Yong et al. 2024). The overall length of fragments migrated from plastome to mitogenome, as well
as the percentage represented in the entire mitogenome was found to be slightly lower in the sweet
chestnut (1.16%) than in the Chinese chestnut (1.49%; Guo et al. 2023). All the tRNA genes found
in C. sativa mitogenome (trnD-GUC, trnH-GUG, trnl-CAU, trnM-CAU, trnN-GUU; Guo et al. 2023)
were also found in C. mollissima, in addition to trnP-UGG and trnW-CCA. We also found petL and
petG genes, encoding for subunits of cytochrome b6-f complex and ndhC, as recorded in the
mitogenome of some monocot species (Lin et al. 2015). Finally, incomplete mitochondrial sequences
of both tRNA and protein-coding genes were found in C. sativa. In particular, rps10 gene was present
with a truncated sequence, characterised by the presence of several stop codons. This is probably the
result of the transfer of this gene from the mitochondrion to the nucleus, as observed in other land
plants (Wischmann and Schuster 1995; Kan et al. 2021).

Phylogenetic trees based on organellar genes confirmed a closer relationship between the genera
Castanopsis and Castanea, in accordance with the phylogeny inferred by Zhou et al. (2022) based on
whole genome sequencing, although the latter analysis did not include C. sativa (Fig. 5). However,
in our plastome-based phylogeny Castanea sativa showed a stronger affinity with Castanopsis
carlesii, than with the two congeneric species (Fig. 5B). Organellar gene trees also agreed in the
topology of Quercus subgenus Cerris (Q. cerris, Q. acutissima, Q. variabilis), more related to
chestnuts and Castanopsis carlesii than to other Quercus species. Conversely, a clear distinction

between the Quercus clade and the Castanea-Castanopsis clade is evident from Zhou et al. (2022).
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Finally, L. litseifoilus was found to be more related to Q. ilex (although the branch is poorly supported)
and separated from chestnuts when considering mitochondrial genes, but it resulted to be closely
related to chestnuts and separated from oaks when considering plastid genes. Conflicts between
mitochondrial and plastid phylogenies, and the deviation of these from the nuclear tree (i.e.,
cytonuclear discordance) are common in Fagaceae (Zhou et al. 2022), particularly for the genus
Quercus, and may be the result of high hybridisation and introgression rates leading to a reticulate
evolution (Hipp et al. 2020), as observed also in other angiosperms families, such as Asteraceae
(Vargas et al. 2017). These interspecific evolutionary dynamics add complexity to the already
expected discordance between phylogenies obtained from genomic regions characterised by different
inheritance and molecular evolution patterns. Discrepancies between the mitochondrial and the
plastid tree may indeed be driven by the inherent features of the two genomes: the different
substitution rates, the heterogeneous substitution rate within plastome and RNA editing in
mitogenome (Bowe and dePamphilis 1996; Liu et al. 2014; Petersen et al. 2016; Wicke et al. 2016).
Mitochondrial genes exhibit lower substitution rates - and thus lower homoplasy -, and are likely
more effective in resolving deep and ancient relationships (Qiu et al. 2010; Richardson et al. 2013),
while plastid genes are more suitable in contexts of relatively recent speciation events. As a
consequence, discrepancies between nuclear and organellar gene trees are not surprising as they had
been found in a variety of plant taxa, both monocots and dicots (Vargas et al. 2017; Li et al. 2019;
Wang et al. 2023; Xue et al. 2024).

Conclusions

Mitogenome of the sweet chestnut was assembled and characterised for the first time. Mitochondrial
DNA was assembled in six contigs covering a total length of 402,729 bp, containing 35 protein-
coding genes, 32 tRNA genes and 3 rRNA genes. Comparative analyses of codon usage and repeated
regions showed similarities between the mitogenome of C. sativa and other congeneric species. As
expected and already observed in other flowering plants, homologous regions between plastome and
mitogenome included mainly tRNA genes. Phylogenetic analyses based on both mitochondrial and
plastid genes were consistent with the nuclear gene tree as regards the grouping of
Castanea/Castanopsis taxa and the Quercus subgenus Cerris species, but some discrepancies were
found in oaks topology. Conflicts in phylogenomic trees highlight the complex relationships within
the family of Fagaceae, and especially among oaks, more prone to hybridisation and introgression

gvents.
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List of captions

Fig. 1 Visualisation of mitogenome assembly of Castanea sativa. (a) Mastercircle representation
with gene annotation obtained from OGDRAW (Greiner et al. 2019) and (b) Bandage visualisation
of the six contigs (u7, u8, u9, ul0, ull, ul2; Wick et al. 2015)

Fig. 2 Random Synonym Codon Usage (RSCU) in Castanea sativa, C. henryi and C. mollissima.
RSCU values are reported on the x-axis, while codons and their respective amino-acids are listed on

the y-axis. Amino-acid names followed the three-letter code

Fig. 3 Sequence repeats abundance. Abundance of sequence repeats found in C. sativa mitogenome,

grouped as Simple Sequence Repeats (SSR), Tandem repeats or Dispersed repeats

Fig. 4 Homologous regions between plastid and mitochondrion. Homologous regions between the
plastome (cp, in green) and the six mitochondrial contigs (mt_u7, mt_u8, mt_u9, mt_ul0, mt_ull,
mt_ul2, in blue) obtained during the Oatk assembly. Red arcs link homologous regions and labels
indicate genes (both complete and incomplete) identified through annotation, with position along the
genome highlighted by bands. To make the diagram more readable, segments from 70 to 80 kb in the
plastome and from 75 to 85 kb in mt_u7 have been zoomed in by a factor of 7. Fragments details are

reported in Supplementary Information Table S2
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Fig. 5 Phylogenetic trees. Mitochondrial (a) and plastid (b) ML gene tree of 12 Fagaceae species

based on the coding sequences of conserved plastid protein-coding genes. Numbers on each node

indicate ultrafast bootstrap support (%). Betula pendula was included as outgroup

Table 1. List of species included in gene trees and relative accession 1D

GenBank accession ID

Species

chloroplast mitochondrion
Castanea sativa Mill. NC_054204 assembled de-novo
Castanea mollissima Blume NC_014674 OP895669, OP895670
Castanea henryi Rehder & E.H.Wilson NC_033881 PP856681, PP856682, PP856683
Castanopsis carlesii (Hemsl.) Hayata NC_057119 PP853255
Lithocarpus litseifolius Chun NC 063927 NC 065018
Quercus robur L. MG678035 owo028777
Quercus cerris L. 0Y770020 0OY770018, OY770019
Quercus ilex L. assembled de-novo 07205167
Quercus petraea (Matt.) Liebl. LT996899 0Z066324
Quercus variabilis Blume NC_031356 CP129458
Quercus acutissima Carruth. NC 039429 MZ636519
Fagus sylvatica L. NC_041437 07125618
Betula pendula Roth NC_072281 LT855379

Table 2. List of annotated genes in C. sativa mitochondrial genome. Genes are grouped by

function, numbers in brackets indicate the number of copies for each gene, and ‘x’ indicate the node

where genes were found. Asterisks indicate tRNA found only by Oatk direct annotation

Group of genes|  Gene name (183,335 bp) (374%2 bp) (33,8%%1 bp) (86,2513(’) bp) (46,51;; bp) (14,2815 bp)
atpl (3) X X X
atp4 X
ATP synthase | atp6 X
atp8 X
atp9 (2) X X
NADH nad1 (2) X X
dehydrogenase | nad2 (2) X X
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nad3 (2) X X
nad4 (2) X X
nad4L X
nad5 (2) X X
nad6 (2) X X
nad?
nad9
CYoimonec | o X
Ubiatinol ccmB X
B T x
reductase | CCMFC X
ccmFn (2) X
cox1l
Cytoc_hromec cox2 y
oxidase
cox3 X
Maturases matR X
Transport
membrane mttB (2)
protein X X
_Lrpl5 X
Large subunit
of ribosome rpl10 X
rpl16 X
rpsl X
rps3 X
Small subunit | rps4 X
of ribosome | rps12 X
rpsl4 X
rps19 (3) X X X
Succinate sdh3
dehydrogenase X
sdh4 X
rrn5 X
Ribosome RNA | rrnS X
rrnL (2) X X
trnA-UGC (4)* X* X* X* X*
trnC-GCA X
trnD-GUC (2) X X
trnE-UUC X
trnF-GAA (2) X
Transfer RNA | (MG-GCC X X*
trnG-UCC* X* X*
trnH-GUG X
trnl-CAU (4)* xX* X* X* X*
trnl-UAU (2) X X
trnK-UUU X
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trnL-CAA (2)* X* X*
trnL-UAA (2)* X* x*

trnM-CAU (2) X X

trnN-GUU (2) XX

trnP-GGG (3)* X* X* xX*

trnP-UGG (3) X X

trnQ-UUG X

trnR-ACG (4)* xX* xX* X* X*
trnR-CCG (2)* X* X*

trnR-UCG (4)* X* X* xX* X*
trnR-UCU (4)* xX* xX* X* X*
trnS-CGA (4)* X* X* X*
trnS-CGA (3)* xX* xX* X*
trnS-GCU X

trnS-GGA (4)* X* X* X* X*

trnS-UGA (2) X X
trnT-GGU (4)* X* X* X* X*
trnT-UGU (3) X X* X*

trnV-GAC xX*

trnV-UAC X*

trnW-CCA X

trnY-GUA (2) X X
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