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on their functions due to domestication
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Abstract

Background Asparagus L., widely distributed in the old world is a genus under Asparagaceae, Asparagales. The
species of the genus were mainly used as vegetables, traditional medicines as well as ornamental plants. However,
the evolution and functions of mitochondrial (Mt) genomes (mitogenomes) remains largely unknown. In this study,
the typical herbal medicine A. taliensis and ornamental plant A. setaceus were used to assemble and annotate the
mitogenomes, and the resulting mitogenomes were further compared with published mitogenome of A. officinalis for
the analysis of their functions in the context of domestication and adaptative evolution.

Results The mitochondrial genomes of both A. taliensis and A. setaceus were assembled as complete circular ones.
The phylogenetic trees based on conserved protein-coding genes of Mt genomes and whole chloroplast (Cp)
genomes showed that, the phylogenetic relationship of the sampled 13 species of Asparagus L. were not exactly
consistent. The collinear analyses between the nuclear (Nu) and Mt genomes confirmed the existence of mutual
horizontal genes transfers (HGTs) between Nu and Mt genomes within these species. Based on RNAseq data, the Mt
RNA editing were predicted and atp1 and ccmB RNA editing of A. taliensis were further confirmed by DNA sequencing.
Simultaneously homologous search found 5 Nu coding gene families including pentatricopeptide-repeats (PPRs)
involved in Mt RNA editing. Finally, the Mt genome variations, gene expressions and mutual HGTs between Nu and Mt
were detected with correlation to the growth and developmental phenotypes respectively. The results suggest that,
both Mt and Nu genomes co-evolved and maintained the Mt organella replication and energy production through
TCA and oxidative phosphorylation .

Conclusion The assembled and annotated complete mitogenomes of both A. taliensis and A. setaceus provide
valuable information for their phylogeny and concerted action of Nu and Mt genomes to maintain the energy
production system of Asparagus L. in the context of domestication and adaptation to environmental niches.
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Highlights

enzyme genes.

Mitochondrial genomes of A. taliensis and A. setaceus were assembled and annotated, and phylogenetic
trees of 13 sampled species in the genus Asparagus based on both mitochondrial and chloroplast genomes
showed that A. officinalis, A. taliensis and A. setaceus are represented species of Asparagus L.

Independent horizontal gene transfers (HGTs) between the mitochondrial and nuclear genomes were
detected with reduction in dioecious species, while Mt RNA editing rate was higher in dioecious species
with consistency of their higher copies and higher expression levels of involved nuclear coding RNA editing

Detected different gene copies and expression levels of both pathways of tricarboxylic acid cycle(TCA) and
oxidative phosphorylation genes indicates the different efficiency of citric acid accumulation and ATP synthesis
due to adaptation and/or domestication among species of A. officinalis, A. taliensis and A. setaceus.

Keywords Asparagus L., Mitochondrial genome, Phylogenetic analysis, RNA editing, Energy production system

Background
Mitochondria, as energy factories, exists in almost all
eukaryotic cells providing energies to power cells by con-
tinuously producing adenosine triphosphate (ATP) using
both TCA cycle and oxidative phosphorylation pathways
to maintain the energy requirements of all biological
activities [1]. With the development of DNA sequencing
and bioinformatic technologies, both whole genomes of
Nu and organelle of many important species were gradu-
ally sequenced, assembled and annotated with increas-
ing speed. However, due to lots of repeats accumulation
which enlarges the size of Mt (range 0.1~4 Mb), the
number of plant species with assembled Mt genomes
are still far less than that of assembled plastid genomes
[2]. The Mt genome size of plant species are extremely
large compared with that of animals and fungi [3] hav-
ing a size larger than 100 kb, and in some gymnosperms
species even reaching 1-4 Mb [4, 5]. Additionally, most
eukaryotic Mt genomes are considered as singular circu-
lar genomes, while some higher plants show more com-
plex configurations of Mt (e.g., Y-type, H-type as well as
multi-circular structures) [6—8]. With their enlarged size,
the non-coding region of plant Mt genomes are much
larger than their coding region making the assembly of
complete Mt genomes difficult, which normally need the
long reads sequence data obtained by ONT or PacBio
platforms. Additionally due to adaptive evolution, fre-
quent gene rearrangement and mutual HGTs between
Nu and organelle genomes normally occur to make the
Mt genomes contain many different originating frag-
ments from Nu and/or plastid genomes [9-11].
Asparagus L. contains more than 200 species distrib-
uted across the old world [12, 13] with southern Africa
being the center of origin, and southwestern China,
regarded as a center of diversity for dioecious species.
There are 8 dioecious species including, A. taliensis
being endemic in Yunnan province of China [14]. Garden
asparagus (A. officinalis) is cultivated globally as a high
value vegetable crop for thousands of years [15]. Other

species such as A. cochinchinensis (dioecious) [16] and A.
racemosus (hermaphrodite) [17] are traditional medicinal
plants used in China and India respectively. A. setaceus
and A. densiflorus are hermaphrodite species originating
from Southern Africa and are used as ornamental plants
cultivated and distributed worldwide [18, 19]. Aspara-
gus L. species having both hermaphrodite and dioecious
species, are traditionally classified into 3 subgenera, in
which the hermaphrodite species are grouped into the
subgenera of Protasparagus and Myriphyllum, while the
dioecious species are only classed into the subgenus of
Asparagus [20]. The typical dioecious plant, A. officina-
lis is not only rich in a variety of essential amino acids,
vitamins and minerals but also accumulate healthy com-
pounds including steroids and flavonoids having various
physiological activities [21]. After continuous cultivation
and domestication by humans for thousands of years,
compared with other plants in the genus Asparagus L.,
A. officinalis grows relatively faster, with higher yields of
young stem as harvesting organs cultivated as cash crops.
A. taliensis is also dioecious and has been used for a long
time, but has recently been cultivated as an herbal medic-
inal plant (by natives of Yunnan) having higher content
of steroidal saponins accumulated in its roots system. A.
setaceus belonging to Protasparagus is cultivated as an
ornamental plant, mainly growing in gardens or contain-
ers as a household plant, with tolerance to shading and
relatively weaker resistance to stress, having slow growth
and biomass accumulation. The Nu genomes of both A.
officinalis and A. setaceus have been reported [22, 23],
and we recently sequenced, assembled and annotated the
Nu genome of A. taliensis (unpublished data) providing
the basis for analysing the evolution of the energy pro-
ducing system via TCA and oxidative phosphorylation
pathways. However, only the Mt genome of A. officinalis
is currently available [24] limiting the functional analy-
ses of the energy producing system between Nu and Mt
genomes of these representative species of Asparagus L.
In this study, we assembled the Mt genomes of A.
taliensis and A. setaceus, aiming to (i) comparatively
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analyze the assembled Mt genomes of A. officinalis and
use them to reconstruct the phylogenetic relationships
between species of Asparagus L; (ii) collinearly analyze
the Mt and Nu genomes inferring the mutual HGTs
between Nu and Mt genomes within each of the 3 spe-
cies; (iii) predict and validate possible RNA editing sites
of some genes in the Mt genome, and find out the main
candidates involved in Nu coding gene families for Mt
RNA editing; and (iv) detect the Mt genome variations,
differential expression genes (DEGs) and changed HGTs,
correlating to metabolism and phenotypes, for analyzing
the co-evolution of Nu and Mt genomes.

Materials and methods

Plant material

The green variety “Guelph Millennium” of A. officina-
lis (Aof_G) and the male of A. taliensis (Ata_M), were
planted in the field of Yunnan Agricultural Univer-
sity. The roots, stems and flowering twigs of Aof G and
Ata_M samples, named Aof_GR, Aof_GS & Aof GF and
Ata_MR, Ata_MS & Ata_MF respectively, were sampled
with 3 biological replicates. The Herbarium voucher
samples of A. dauricus, A. filicinus, A. longifiorus, A.
neglectus, A. oligoclonos, A. persicus, A. angulofractus, A.
setaceus, A. cochinchinensis, A.meioclados and A, lycopo-
dineus were obtained from the Herbarium of the Kun-
ming Institute of Botany, Chinese Academy of Sciences.
The detail informations are listed in sample sheets of
Table S1.

DNA sequencing and data processing

The genomic DNA were extracted using the plant
genomic DNA kit (TianGen, Beijing, China), while the
total RNA which were extracted using the plant RNA-
Prep pure plant kit (TianGen, Beijing, China) were
reverse transcribed to cDNA using kit of GoScript™
Reverse Transcription Mix, Random Primer (Promega,
Beijing China) following the manufacturer’s protocols.
Genomic DNA or ¢cDNA (~10 pg) was sequenced using
the Illumina Genome Analyzer II platform (Illumina, San
Diego, CA, USA) with libraries of 150 bp x 2 paired-end
(PE) reads. In addition, long reads were generated using
the Oxford Nanopore Technologies (ONT) PromethION
platform (ONT, Oxford, United Kingdom). All Illumina
raw data were evaluated with FastQC [25] then filtered
with Fastp [26] to get clean data with default param-
eters resulted in each clean data of ~6 GB from cDNA
for RNAseq analyses, while~30 G from genomic DNA
for organelle genomes assembly respectively. The ~75
GB ONT raw data was checked with longQC (https://
github.com/yfukasawa/LongQC) with average Q value
of 8.27 which were used for mitogenome assembling.
Finally, Illumina and ONT data of A. setaceus (with proj-
ect ID: PRINA564485) were downloaded from NCBI
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for mitogenome assembling of A. setaceus. All the
sequencing data are available on China National Cen-
ter for Bioinformation (CNCB) with Project IDs of both
PRJCA011431 and PRJCA020872. The detail information
about these data (including stored website) are listed in
the sequencing data sheet of Table S1 and part of “Avail-
ability of data and materials” (below).

RNAseq data processing

The transcriptome data (SRR10177391,SRR10186988
and SRR10187001) of A. setaceus were downloaded from
NCBI. All raw data, both sequenced (A. officinalis and A.
taliensis) or downloaded (A. setaceus RNAseq data), were
evaluated with FastQC and then filtered with Fastp with
default parameters to get clean data. The clean reads were
further mapped to the corresponding species reference
Nu and Mt genome using hisat2 v2.2.1 [27]. Expression
quantification was performed through script of featu-
reCounts [28] to obtain TPM (standardized expression
units per million mapped fragments per thousand base
exons) matrixes. All gene expression analysis was based
on the TPM matrix. The predicted protein sequences of
A. officinalis, A. taliensis, and A. setaceus genomes were
submitted to eggNOG (http://eggnog-mapper.embl.de/)

for functional annotations.

De novo assembly of A. Setaceus and A. taliensis mt
genomes

GSAT [29] were used for Mt genome hybrid assembling
with both Illumina and third generation DNA sequenc-
ing data. GetOrganelle v.1.7.5.2 [30] was used to assem-
ble Mt draft genomes from the Illumina clean data,
when the third generation DNA sequencing data were
not available. Racon v1.4.21 [31] was used to self-correct
the assembled contig, using Nanopore sequencing data.
Tthe entire process was iterated three times, and pilon
v1.24 [32] was used to align the Illumina data to the cor-
rected sequence. The entire process was iterated twice.
Finally, genome function annotation and mapping were
performed using the online source of Geseq (https:/
chlorobox.mpimp-golm.mpg.de/OGDraw.html) with
the Mt genome of A. officinalis as reference and default
parameters.

Phylogenetic analyses

Based on the assembled or downloaded Mt and Cp
genomes of the genus Asparagus L., 19 Mt complete
single copy protein-coding genes sequences (atpl, atp4,
atp6, coxl, nad3, nad7, rpsl, rps2, rps4, rps7, rpsi2,
rpsl9, rpl5, rpll6, ccmB, ccmC, ccmFn, matR, cob) from
13 species of the genus Asparagus L. were obtained by
OrthoFinder analyses [33], which were linked together
as pseudogene sequence of each species respectively to
perform multiple sequence alignments using mafft [34].
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After, trimming the gap using trimAlI [35], the Mt phylo-
genetic tree was finally constructed using the maximum
likelihood method of RAxML [36] with 1000 bootstrap
replicates. Simultaneously based on whole Cp genome,
the Cp phylogenetic tree was constructed using RAxXML.
Both Mt and Cp phylogenetic trees were ultimately beau-
tified with iTOL online website(https://itol.embl.de/).

Collinearity analysis of mt genome among species

Based on the General Feature Format (GFF) annotation
file and protein-coding genes sequences, the Mt genome
of each species was directly analyzed for collinearity
using MCScanX [37] with default parameters, and the
results were visualized using the Advance Circos module
of TBtools [38].

Analysis of metabolism pathway of mt genome
homologous nu genes

Alignment analysis between Mt and Nu genomes were
conducted with BLAST v.2.11.0+ [39], the results were
then visualized using jcvi (https:/github.com/tanghaibao/
jevi), then their protein sequences of homologous Nu
genes and their five upflanking and downflanking genes
were extracted. The eggNOG-mapper website (http:/
eggnog-mapper.embl.de/) was used for protein func-
tional annotation, the clusterProfiler package v.4.0 [40]
was used for kyoto encyclopedia of genes and genomes
(KEGQG) enrichment analysis and the pheatmap package
of R (https://cran.r-project.org/web/packages/pheatmap)
was used to visualize the genes expression patterns.

Prediction and verification of RNA editing sites

The coding gene sequence of each Mt genome was sub-
mit to PREP-mt online prediction software for RNA edit-
ing prediction [41]. To eliminate the impact of mutation
(as much as possible), the DNA sequence and transcrip-
tome data of the species were aligned with the predicted
results of PREP-mt using BWA v0.7.17 [42] and hisat2
v2.2.1 respectively. The results were then viewed using
Integrative Genomics Viewer (https://igv.org/). Finally,
atpl and ccmB genes of A. taliensis were selected for
amplification using templates of both DNA and cDNA,
respectively, to verify the prediction results of RNA edit-
ing with PCR primer listed in Table S7.

Nuclear RNA editing enzymes gene family analyses

The hmm model corresponding to PentatricoPeptide-
Repeat (PPR), Multiple Organellar RNA Editing Factors
(MOREF), Organelle RNA Recognition Motif (ORRM),
Organelle Zinc-finger (OZ) and ProtoporPhyrinogen IX
Oxidase 1 (PPO1) gene family were obtained from Pfam
(https://pfam.xfam.org/) and screened with hmmsearch
v.3.3.1 (filtered by e-value<le-3, http://hmmer.org/),
while the protein sequences of RNA editing gene families
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with known functions in Arabidopsis and other plants
were downloaded from NCBI to screen the candidates
with BLAST v.2.11.0+. MUSCLE v3.8.1551 was used
to perform multiple sequence alignments between the
protein sequences and the functional known proteins in
Arabidopsis [43]. RAXML was used to construct a phy-
logenetic tree with 1000 bootstrap replicates. The pro-
tein sequences under the same branch were obtained to
conduct motif analysis using MEME Suite v5.5.1 (https://
meme-suite.org/meme), while the localization of sig-
nal peptide prediction was performed using Predotar
v.1.0.4 [44] (https://urgi.versailles.inra.fr/predotar/) on all
nuclear proteins. The eggNOG was used to annotate the
gene function, and the expression was visualized using
pheatmap package of R.

Genes related to mt function and their expression analyses
All genes related to Mt reproduction, oxidative phos-
phorylation and citrate cycle were selected from the
KEGG pathway of Arabidopis thalianta (https://www.
kegg.jp/kegg-bin/show_organism?menu_type=gene_
catalogs&org=ath), Oryza sativa ssp. Japonica (https://
www.kegg.jp/kegg-bin/show_organism?org=osa) and
A. officinalis (https://www.genome.jp/kegg-bin/show_
organism?menu_type=pathway_maps&org=aof) to
obtain their respective proteins ID. Then the protein
sequences of both Mt and Nu genomes of A.thalianta,
O. sativa and A. officinalis were obtained with seqkit
(https://github.com/shenwei356/seqkit) and were used
as a database for BLASTP analyses. The Nu and Mt
genomes coding proteins of A. officinalis, A. taliensis
and A. setaceus were used as queries to screen candidate
homologous genes respectively with critical selection
standards of identity rate>0.4, coverage rate>0.8 and
evalue<le-6. The gene list related to Mt reproduction,
oxidative phosphorylation and citrate cycle of A. offici-
nalis, A. taliensis and A. setaceus were obtained for com-
parison and gene expression analyses among the three
species.

Result and analysis

Mitogenomes structure and phylogenetic analyses

The complete circular Mt genomes of A. taliensis (with
a total 512,823 bp) and A. setaceus (521,341 bp), which
were assembled using both Illumina and ONT data
(Fig. 1A and C, Table S2), had a size 3 ~4-time that of
their assembled complete circular Cp genomes (Fig. 1B
and D). The assembled Mt genomes of A. taliensis and
A. setaceus were annotated with 53 and 52 genes respec-
tively, which is similar to the 53 genes reported in the
Mt genome of A. officinalis (Table S3, Fig. 1A and C).
The additional 10 sampled species assembled with par-
tial Mt genomes contained 39 annotated genes excluding
tRNA genes, but had all complete circular Cp genomes
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assembled from Illumina sequencing data using Get-
Organelle (Fig. 1E, Table S2). The GC contents of the
assembled Mt genomes of Asparagus L. species ranged
between 46.58%~46.62%. Choosing the hermaphrodite
species A. setaceus as the outgroup, the phylogenetic
trees were constructed using the available complete
conserved 19 protein-coding genes of Mt genomes (i.e.
atpl, atp4, atp6, coxl, nad3, nad7, rpsl, rps2, rps4, rps7,
rps12, rpsl9, rpl5, rpll6, ccmB, ccemC, ccmFn, matR, cob)
and their whole Cp genomes. The Mt phylogenetic tree
showed that, the sampled dioecious species of Aspara-
gus L. were grouped into 2 major clades, one consisting
of 4 species (i.e. A. dauricus, A. longifiorus, A. persicus,
A. oligoclonos), and the other consisting of all other dioe-
cious species, in which, A. officinalis and A. taliensis were
grouped into two independent smaller clades (Fig. 1E).
The Cp phylogenetic trees also showed that all dioecious
species were grouped into 2 major clades, one includ-
ing A. lycopodineus, A. meioclados, A. taliensis and A.
cochinchinensis, while the other contained the left dioe-
cious species. In this second clade A. filicinus was an
independent group which was sister to that consisting
of the other dioecious species including A. officinalis
(Fig. 1F). According to the traditional taxonomy, A. seta-
ceus belonged to the subgenus Asparagopsis of Asparagus
(labeled as green) is a hermaphrodite species, while all
dioecious species are classified into the subgenus Aspara-
gus with 2 branches of sect. Archiasparagus lljin (labeled
as light blue) and sect. Asparagus (labeled as red). Com-
parison of the Mt and Cp genomes phylogenetic trees
showed that the limited sampled species of sect. Archi-
asparagus lljin were grouped into a single clade, which
was sister to the clade belonging to sect. Asparagus (A.
neglectus, A. officinalis and A. angulofractus). However,
the phylogenetic tree based on Cp genomes showed that
sect. Archiasparagus lljin was paraphyletic, while sect.
Asparagus was monophyletic. It is interesting to note
that species of A. filicinus which belongs to sect. Archi-
asparagus lljin was sister with all species of sect. Aspara-
gus as an independent smaller clade in Cp tree. The Mt
phylogenetic trees also showed that A. taliensis and A.
filicinus within sect. Archiasparagus lljin grouped into a
group which was sister the clade consisting of A. meio-
clados and A. lycopodineus, while in the phylogenetic
tree of Cp genomes, A. taliensis and A. filicinus were not
merged into one clade. Based on the Mt tree, A. officina-
lis, A. angulofractus and A. neglectus were grouped in a
sister clade to that of sect. Archiasparagus lljin. However
based on Cp tree, only A. officinalis and A. neglectus were
grouped into a smaller clade besides all other species of
the sect. Asparagus. Both Cp and Mt trees showed that
A. setaceus, A. taliensis and A. officinalis were represent-
ing the hermaphrodite and dioecious species of the sect.
Archiasparagus and sect. Asparagus. Simultaneously
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these 3 species were representative species of orna-
mental, herbal medicine and vegetable of Asparagus L.,
respectively. Analyzing the co-evolution and adapta-
tion of genes in both Nu and Mt genomes related to the
energy producing systems via TCA and oxidative phos-
phorylation pathway is important for both basic and
applied researches of Asparagus L.

Collinear analyses of mt genomes among the 3 species

The MCScanX was used for collinear analyses, and the
results showed that, the three Mt genomes have simi-
lar structures and collinear regions (blocks) (Figure. S1)
inferring the similar functions of Mts among the 3 spe-
cies. In detail, the Mt genome of A. setaceus (ASMT)
have 14 collinear blocks with A. taliensis Mt genome
(ATMT) and A. officinalis Mt genome (AOMT) respec-
tively, while ATMT and AOMT had 15 collinear blocks.
Further analyses of these block containing genes related
to energy production by TCA and oxidative phosphory-
lation in AOMT showed that Aof-cox2, Aof-ccmFc, Aof-
atp8, Aof-cox3 and Aof-nadl were specific to AOMT and
ATMT, while genes: Aof-cox1, Aof-atp6, Aof-nad9, Aof-
ccmC were specific to AOMT and ASMT. Comparing
ATMT with AOMT and ASMT respectively, the genes:
Ata-atpl, Ata-ccmFn, Ata-ccmB were specific to ATMT
and AOMT, while genes: Ata-nad4, Ata-nad6, Ata-
coxl, Ata-cox3 and Ata-atp4 were specific to ATMT and
ASMT. Similarly, the genes for direct energy production:
Ase-atpl, Ase-atp9, Ase-atp8, Ase-ccmFn, Ase-ccmB were
specific to ASMT and AOMT, while Ase-cox2, Ase-cox3,
Ase-nad4 were specific to ASMT and AOMT. It is inter-
esting to note that ccmFc (which are encoding proteins
for assembly of heme with c-type apocytochromes [45])
only existed in dioecious species of both A. officinalis
and A.taliensis but was not detected in the Mt of herma-
phodite species A. setaceus. However, 3 ccmFc homolo-
gous genes (i.e., Ase-ccmC, Ase-ccmFn and Ase-ccmB),
and 3 additional homologous genes in both ATMT (i.e.,
Ata-cemC, Ata-ccemB and Ata-ccmFn) and AOMT (i.e.,
Aof-cemC, Aof-ccemFn and Aof-ccmB) were detected
in the three species (Table S3). The results also showed
inversions or rearragements of gene clusters between Mt
genomes among species, for example, ATMT and ASMT
had a similar four genes cluster of cob-nad7, while they
differ from that of the AOMT block (Figure S1). These
different blocks and rearrangments among the mitoge-
nomes of the 3 species may be related to the different
energy production requirements for survival and adapta-
tion to their environmental niches.

Collinear analyses between mt and nu genomes among the

3 species

For detecting mutual HGTs between Mt and Nu genomes
among the 3 species of Asparagus L., the collinear region
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analyses between the Nu and Mt were conducted. It was
found that ASMT had 6 collinear blocks with its Nu
genome, in which 4 blocks were found in chromosome 01
(AseChr01, same as below) and 1 collinear block in Ase-
Chr03 of A. setaceus. AOMT had 1 block in AofChr01, 2
blocks in AofChr08 and 1 block in AofChr09 of A. offici-
nalis Nu genome, while ATMT had 2 blocks in AtaChr04
and 2 blocks in AtaChr05 of A. taliensis (Figure S2 A, B
and C). The Nu genomes of the 3 species also had collin-
ear regions of chromosomes in which Chr01 ~ Chr10 of
A. officinalis were more homologous with Chr01 ~ Chr10
of A. taliensis, while the fragments of Mt genome inte-
grated chromosomes (MGICs) (i.e. AseChr01 and Ase-
Chr03) were more homologous with Chr04 and Chr03
of both A. officinalis and A. taliensis respectively (Fig-
ure S2 D). It is interesting to note that, only the MGICs
in AtaChr04 (A. taliensis) had the integrated gene rps7
identical to the rps7 in AseChr01(A. setaceus), while all
HGTs between Nu and Mt genomes among the 3 species
were found to be independent. The results also showed
that the hermaphrodite species A. setaceus, which is phy-
logenetically closer to the dioecious common ancestor
of both A. taliensis and A. officinalis (Fig. 1E), had more
HGTs between Mt and Nu genomes, while the dioe-
cious species A. taliensis and A. officinalis were found
to have independent but reduced HGTs which may be
due the evolution and/or domestication under different
contexts of energy requirement depending on environ-
mental niches. These collinear blocks containing genes
in Nu genomes of each species, including 5 genes each
flanked to its 5’ (up) and 3’(down) blocks, were combined
for further KEGG enrichment analyses. The enrichment
analyses showed that these genes were mainly classi-
fied into pathways related to Mt functions (e.g., redox
metabolism, oxidative phosphorylation, ribosome bio-
synthesis, assemble and replication of Mt as well as ther-
mogenesis), the other genes corresponding to multiple
specific metabolic or signaling pathways. It is to note that
4 enriched genes including 2 CYP450s (Ata04G040340
and Ata05G023230) and 2 transcriptional factors
(Ata05G011840 and Ata04G040190) of A. taliensis were
involved in biosynthesis of secondary metabolites (e.g.,
isoflavonoids and steroids). These enriched genes were
found in A. taliensis which was recently cultivated as a
medicinal plant that has accumulated more secondary
metabolites such as steroidal saponins and isoflavonoids
(Fig. 2, Figure S2 and Table S4). It is also interesting to
note that, 1/3 of the 24 genes in A. officinalis (i.e., Aof-
Chr08.983, AofChr08.970, AofChr08.981, AofChr03.1816,
AofChr03.1814, AofChr03.1819, AofChr09.700 and Aof-
Chr09.702) were annotated to relate to the metabolic
and signal transduction pathway, and included 6 genes
involved in plant growth and development of plant
organs (e.g. Mitogen-activated protein kinase (MAPK)
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as well as signaling pathway). As for A. setaceus, exclud-
ing the Mt function related genes, the richen pathway
genes were found to mainly relate to purine metabolism
and phytohormone biosynthesis and signaling. Interest-
ingly 1 gene of this species (Ase03G2815) was annotated
for Ultra Violet (UV) damage repair like gene involved
in DNA repair which may contribute to A.setaceus occa-
sionally grows under high light intensity or direct sun-
light conditions repairing DNA damage caused by UV
radiation.

After comparing the expression levels of both Mt genes
and their corresponding homologous Nu genes within
species (Figure S2), it was found that some Nu genome
genes for Mt function had relatively low expression lev-
els, while the corresponding homologous genes in Mts
exhibited relatively high expressions, so that the average
overall expression level tends to stabilize among species.

RNA editing of mt genes and their involved enzymes coding
gene families of nu genome

The RNA editing sites of Mt RNA were predicted and
the results showed that 36 out of 39 coding Mt genes in
AOMT and ATMT had RNA editing with different aver-
age sites per gene (SPG) of 15.7 and 14.7 respectively,
while 35 out of 38 coding Mt genes in ASMT had RNA
editing with average SPG of 15.1 (Table S5). The results
also showed 11 genes (i.e., atpl, atp9, ccmFc, coxl, cox2,
nadl, nad2, nad5, nadé6, rps4 and rps7) with different
RNA editing sites among species (Table S5). The RNA
editing was mainly classed from C to U editing type, in
which the editing sites mainly occurred in the second
nucleotide (Nt) of the codon, followed by the first Nt of
codon and without detecting the third Nt of the codon
(Table S5). Two mitochondrial genes of both atpl and
ccmB were detected to have 11 and 35 editing sites in
both A. taliensis and A. officinalis, while A. setaceus had
2 and 35 editing sites (Table S5 & Table S6). To check the
results of RNA editing sites, the Ata_atpl and Ata_ccmB
of A. taliensis were sequenced for both Mt genomic DNA
and RNA derived cDNA. CDS of Ata_atpl in 1168, 1178
&1262 sites and CDS of Ata_ccmB in 313, 338, 392, 406,
424 & 428 sites were checked to conduct the C to U edit-
ing (Fig. 3). For predicting the possible gene families of
Nu genome involved in Mt RNA editing enzymes cod-
ing, the genes of 5 families which were reported to be
involved in RNA editing were used as queries to search
homologous candidates of RNA editing gene families
of Nu genomes among the species. The following criti-
cal standards were used: (i) coding proteins having more
than 35% homology and the length of candidate cod-
ing proteins have at least more than the average length
of the functionally confirmed Mt RNA editing pro-
teins of pentatricopeptide-repeats (PPRs) [46], multiple
organellar RNA editing factors (MORFs) [47], organella
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RNA recognition motifs (ORRMs) [48], organella zinc-
fingers(OZs) [49] and protoporphyrinogen IX oxidase
1(PPO1) [50], (ii) the candidate genes have expressions (at
least 1 TPM) of the sampled organs among species, and
(iii) the candidate proteins contains Mt location signals
peptide. The results showed that 56, 67 & 60 PPRs; 2, 7 &
4 MORFs and 3, 1 & 2 ORRMs were found in Nu genomes
of A. officinalis, A. taliensis and A. setaceus respectively.
The results also showed that 2 OZs were found in both A.
officinalis and A. taliensis but not in A. setaceus, and only
1 candidate PPOI was detected in A. taliensis (Fig. 4,
Table S8). The obtained RNA editing enzymes were used
for further conserved motifs analyses and the results
showed that all PPRs, MORFs, OZs and PPOls had 3
consistent conserved motifs in all three species (Fig. 4A,
B, D & E); MOREFs in both A. officinalis and A. setaceus
had 2 conserved motifs while only one copy of MORFs
(Ata04G034700) with one conserved motif in A. talien-
sis was detected (Fig. 4C). These results infer that MORF
(Ata04G034700) in A. taliensis may be pseudogenes
which encode a partial protein sequence with lost or neo-
functionalization compared to A. officinalis and A. seta-
ceus. Further gene expressions of PPRs showed that, the
PPRs of A. officinalis (AofChr05.1937, AofChr07.869, Aof-
Chr04.9, AofChr01.3520 and AofChr01.2935), A. talien-
sis (Ata02G024190, Ata03G001970, Ata08G001000,
and Atal0G006670), and A. setaceus (e.g., Ase02G3097,

Ase03G1206, Ase03G1835, Ase05G2973 and Ase08G0092
) were detected with relatively higher expression levels in
all sampled organs. Thus, these genes may be key partici-
pants in the editing of Mt RNAs including the RNAs of
atpl and ccmB, even though their molecular mechanism
still remains unknown.

The functions of Nu and Mt genomes for replication and
maintainability of mt organelles, TCA and oxidative
phosphorylation

All genes of KEGG pathways involved in replication and
maintainability of Mt organelle, TCA and oxidative phos-
phorylation in Arabidopsis thaliana, Oryza sativa ssp.
Japonica and A. officinalis, were used as database for the
homologous search of genes in the 3 species of Aspara-
gus L. using BLAST. The results indicate that the gene
numbers related to Mt biosynthesis and assembly in A.
setaceus (with total 196) were less than both counter-
parts of A. officinalis (207) and A. taliensis (258) (Table
S9). ASMT, AOMT and ATMT encoded 35, 36 and 36
proteins, respectively, which had expressions at least
in 1 sampled organ (Table S9). The major expansion or
contraction of gene or gene families were detected with
expressions in Nu genome encoded with 80 mtDNA
quality control factors (MTQFs) and 91 mtDNA replica-
tion factors (MTRFs) in A. officinalis, 93 MTQFs and 129
MTREFs in A. taliensis, and 84 MTQFs and 77 MTRFs in



Wu et al. BMC Genomics (2024) 25:857

A Name pvalue Motif Locations
AofChr05.1937  207e:53 m__mm ofohas 1437 IS
 mm =m
AofChr08.1071 60462 Aofoh08 1071
AofChr08205  701e68 o = AofCH08.205 .
AofChr07.2117  451e71 =l u m AofChio7 2117
Aofchro7 1279 15185~ A M AofChO12I9
AofChro7.869  88%ds — ML E___ AofChil?.869
RofChrd7.1377 134650 mn0 0 AofCheo7A3T7
RofChro4381  150e:39 = . AofChr4 381
AofChro4.9 365e-46 = O = AofChi04.9 I R
AofChr03.2815  1.40e-74 u . ‘Aozhﬂ; ;H;
AofChr03.2250 166063 = - AofChr03.225
o AofChi03 113
RofChro3.413 115250
m m - AofChio2 1846
AofChro2.1845  468-47 e o0
- of
AofChr09.1620  112¢:51 ot 2520
- o
AofChr01.3520 44939 oot 1039
AofChr01.1039 166856 - - = Aofoh01673
AofChro1.673  137e63 = - u AclCIa1. 205
AofChr01.2935  727e54 L AofChro1.833
AofChr01.833  105e-41 0 ma AofChiO1.1550
AofChr01.1550 236650 B Aof GR  Aof_GS Aof_GF
Ata01G008180 27463 = - u
Ata01G010300 340639 | [ —1
218058 = = ] I
Ata01G011440 P ‘ o
Ata01G022860 542060 .
= am I Ata01G011440
Ata02G011920 201085 I 016022860
Ata026013940  456e-41 - Aa026011920
Ata026023100  297e-60 n m = Ata026013940
Ata02G024190 820060 o m _ me0Go2sto0 2
o T Aaozcneetso
Ata03G001970 200050 Autzoueetse
. mm '
Ata036023290 58958 Ata036023290 I
Ata03G029050 421664 a — | 12036029050
Ata05G006350  661e.56 B = -
Ata07G013450 12458 m = 3 I Aa076013450
prbomab . — P N o
Ata03G001000  1.480-43 u = eoarioon
Ata08G003010  7.16e-66 B = -
Ata08G015380  764e-69 -_m- 12086016830
Ata08G016830 39474 = LR Ata08G035790
Ata08G035790  1.19%-47 - = |
Atal0G006670 526657 - m_m Ata_MR Ata_MS Ata_MF
Ase01G0403  237e:50 L
Ase01G1459 33958 =2 mE I )
Ase0261799 4 11e72 = = - Ase01G0403 's
Ase0262715 43657 = o o Ase01G1459
Ase02G3097  231e-44 e !: ! Ase02G1799 .
Ase0263262 51258 = = Ase02G2715
[p—— Asetzo97
Ase03G0360 44960 2067
Ase03G1206 69954 - Ase03G0360
Ase03G1835 482639 - | Ase0361206 2
Ase04G0ss1 32155 m_m  m Ase0361835 I
Ase04G2192 111e70 | _mm Ase04G0551 1
= m m Ase0462192
Ase04G2568  175e:35 hsctictsz
Ase0562973 23357 L Ase05G2973
Ase06G1868 19350 O mn Ase06G1868
Ase0661915  580e61 - Ase0661915
Ase0662966  777e52 oom Ase0662966
m_ mm Ase0662981
Ase0662981 37470 sonis
Ase08G002  136e-42 - S Ase10G0991
Ase10G0991  370e56 m oo Ase1061298
Ase10G1298  148e51 - Ase_Leaf Ase_Stem Ase Flower

Monl Symbol - Motit Consensus

= R R PPR gene family

Page 10 of 16

B Name pvalue  Motif Locations
AofChr07.1413 498e-115 e Aofchror 1413 Ne,
AofChr09.269 .
ofchozes 53001 [ — ol oR sol0s  AoroF %
Ata02G014630 550090 [
Ma07GO15530  491e115 ] — A02GOED | 7
. I ATGOIES30
Ata08G001160 693e-105 Ata08G001160
Ata09G003660 451e99 I Ata09G003660 s
Ata10G000650
Aat0G000650 442679 o — AwGe |
s
Ata0G006320 49te115 ] — I Ala0GI26650
Aa MR AtaMS At MF
Ata0G026650 3576103 I
Ase0262534 49%e-115 [ —
Ase0463196 238e-105 ] I— asenzczss |7
— pessindl M
Ase1060341 9980101 I asel0Gut ©
Aset0G1118 193078 [ — Asetstss |
Ase_Leaf  Ase_Stem Ase_Flower |
Motif Symbol Motif Consensus
TLAKVVGSEEEAKKKIYSVS TTTYFGF GCLIDEETSYKLKGLPGVLF
2 TILFOGCDYEHWLIVMDFPQDEKATEEEM
3 B8 'VLPDSYLDVPNKDYGGDLFIBGEIVHRPP
MORF gene family
C
Name p-value  Motif Locations ,
olch0B3STE 910663 ! | ocasss |7
o
AofChr06.18% 4 4de-41 - | AofChr10.263 [} s
sos
ooy 31055 m - AofGR  Acf.GS  Aof GF e
Ata04G034700 s
AROUGOUT  124e35 -
Aa MR AaMS  Ata MF Noss
Ase01G3434 266049 — NI '
Ase01G3434  T¢
Ase04G1110 astesy NN AseldG1t0 °
Ase_Leaf  Ase_Stem Ase_Flower :
Mot Symbol Mt Consensus !
_ TNLFVSGLSKRATEEELREAFAKFGZVSHVRLVTDRVIGYSKGFGFVRFATLEDA
2 GIKGLDGQYLDGRVITAEYARPRGPPSPPQGRSSQS
ORRM gene family
D Name p-value Motif Locations
AofChr08 3105 156e-175 e . " poe
AofChr08.3105
AofChr03. 1559 140e-71 I | AofChr03.1559 ¢
Aof GR  AofGS Ao GF ]
Ata03G020680 488e-171 | — | | '’
‘Auaasazasaa
Ata08G037830 148eA75 I . .
AMaMR A MS  AtaMF
Motif Symbol Motif Consensus
S, GOWJCEKCDFLNFAKNTVCLQCDEKPPKRQLLPGEWECPQCNYJNYRKNMVCFKCOWKRP
2 :I A(XNFGKDRFDJJWYFSKKD\VILVGAG(PSLDPKWFSGKRLRKNVGJDEGDV(SS(SL
3 SCERGYKAREDDCGRTLOIMRFLLTYGFORVIGALENKPLH
0Z gene family
E Name pvalue  Motif Locations R
os
At202G024630 133163 I -  Ata026024630
Ata MR AaMS  AtaMF 1
Motif Symbol MDM Cnnsgnsus
1 — SFOPSDPYLSMAYDSLKDELVFGOPOAPREVLANGILRPVPS
2 :I ESVEEFVRRNLGK “ERLIEPFCSGVYAGDPAKLSMKAAF GRVWKLEQN
3 APPGRVLLINYIGGATNTGITSKTEADLVKAVDRDLRGMLUINPNAED

PPO1 gene family

Fig. 4 Motif analysis and expression of 5 RNA editing gene families in the 3 asparagus species;A-E: the motifs and heatmap expressions of some genes
in the PPR, MORF, ORRM, OZ and PPO1 families of A. officinalis (Aof), A.taliensis(Ata)and A.setaceus(Ase)

A. setaceus. There were more expansions of MTRFs genes
in dioecious species (A. officinalis and A. taliensis) than
the counterparts of hermaphrodite species, suggesting
higher copy numbers of Mt organelles in cells of dioe-
cious species than hermaphrodite species. It is interest-
ing to note that the atpl and atp9 for coding subunit of
ATP synthase complex in Mt of A. setaceus had dupli-
cated copies in its Nu and Mt genome respectively, while,
atpl and atp4 (subunit of ATP synthase complex) had
duplication partial gene fragment (atpl) and complete
copies (atp4) in Nu and Mt genome of A. taliensis (Fig-
ure S2 and Table S9). However, no ATP synthase subunit
coding genes was detected in Nu genome of A. officina-
lis. Additionally, as described, atp4 of A. taliensis were
detected with no expression in both Mt and Nu genomes,
indicating that, the evolutionary context allowed the
progressive removal of copies of ATP synthase complex
enzyme genes either in Nu or Mt genome of Asparagus
L. Further analyses of gene expressions of MTQFs and
MTRFs based on RNAseq data showed that a total of

180 genes had differential expressions between the roots
(Rs), stems (Ss) and flowering twigs (Fs) of A. officinalis
and A. taliensis, in which 44 differential expression genes
(DEGs) were common in all organs, while, 13, 9 & 20
DEGs were specific to Rs, Ss and Fs respectively (Figure
S3). Among them, 21 differentially expressed genes were
upregulated in A. officinalis (Figure S4). From the expres-
sion level it can be seen that the overall expression level
of AOMT replication factor genes was higher than that of
A. taliensis and A. setaceus, indicating that the copy num-
ber of mitochondria in a single cell of A. officinalis may
be higher. Therefore, increasing the number of mitochon-
dria in a cell can improve energy metabolic efficiency to
meet A. officinalis growth and developmental needs. The
DEGs patterns of these organs between A. officinalis and
A. taliensis suggest that the Mt replication and maintain-
ability are constrained depend on the species and on the
energy requirements regulated by the physiological and
developmental status of organs.
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Similarly, both genes of Nu and Mt genomes related to
TCA cycle and oxidative phosphorylation have been pre-
dicted with high expression levels (Tables S10, S11). The
results showed that 50, 58 & 54 enzymes coding genes of
TCA pathway which are encoded by Nu genome, were
found in A. setaceus, A. taliensis and A. officinalis respec-
tively, in which 0, 3 & 5 of citrate synthases (CSs) (EC
2.3.3.1) genes, 4, 7 & 5 ATP citrate synthases (ACSs) (EC
2.3.3.8); and 7, 9 &10 malate dehydrogenases (MDHs)
(EC 1.1.1.37) were found in A. setaceus, A. taliensis and
A. officinalis respectively. Further analyses were con-
ducted based on the phylogenic tree (Figure S5) of CSs
and ACSs and their gene expression levels (Table S10). It
was found that, except 2 pseudogenes of CSs ( i.e., hav-
ing trunked protein length with no expression in all sam-
pled organs) in A. officinalis, there were 3 CSs & 4 ACSs,
3 CSs & 6 ACSs, and 0 CSs & 4 ACSs expressions in A.
officinalis, A. taliensis and A. setaceus respectively. A
total of 116, 122 & 120 enzyme genes was identified for
oxidative phosphorylation pathway, in which 2 genes (i.e.,
atp6 and atp8) coding for ATP synthase complex sub-
units were found from the Mt genome, while the other
genes encoded by Nu genome were present in all 3 spe-
cies. These coding enzymes were assembled into 5 super
molecular complexes noted I to V (Table S11). The gene
numbers of MDHs and CSs (Table S10) and the their
expression levels were compared and the results showed
that (Figure S6) the expression levels of MDHs and CSs
genes in A. officinalis were higher than those in A. talien-
sis and A. setaceus, suggesting that the generation of
citrate in A. officinalis was mainly based on OAA due to
oxidation of S-malate, and the number of genes encoding
the A. officinalis complex I for oxidative phosphorylation
(with 35) were more than that in A. taliensis (with 32)
and A. setaceus (with 31) (Table S11). The overall expres-
sion level of differentially expressed genes related to com-
plex I encoded by A. officinalis was higher than that of A.
taliensis and A. setaceus, but the number of genes encod-
ing complex II encoded by A. officinalis (with 4) was less
than that of A. taliensis (with 6) and A. setaceus (with 6),
in which two of the four genes had extremely low expres-
sion levels (Fig. 5).

Discussion

After a long-term endophytic process, the Mt genome
undergoes extremely complex changes in size and struc-
ture [51]. A. officinalis, A. taliensis and A. setaceus are not
only representative species of dioecious species of sect.
Asparagus and sect. Archiasparagus of the Subgenus of
Asparagus and hermaphrodite species of subgen. Aspar-
agopsis, but also represent species used as vegetable,
herbal medicine as well as ornamental plants. Only A.
officinalis had its whole Mt genome available, therefore
the A. taliensis and A. setaceus species were selected to
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assemble and annotate the Mt genomes for both phyloge-
netic and functional analyses.

Base on the phylogenetic trees constructed with par-
tial Mt genome encoding single copy genes (Fig. 1E) and
whole Cp genomes (Fig. 1F), the species of sect. Archi-
asparagus lljin, which form a single clade had A. talien-
sis and A. filicinus grouped into a branch in the Mt tree,
while Sect. Asparagus of the Cp tree grouped into a sin-
gle clade, and A. taliensis and A. filicinus did not group
into one clade. Bootstrap values of the Mt tree were
relatively lower (<50%) than that of the Cp tree (boot-
strap reaches 100%, Fig. 1), making Cp tree more reliable
than the Mt tree, especially the position of A. filicinus,
in accordance with the phylogenetic study of Bentz [52]
on plastome sequences, that of Norup [53] on DNA bar-
codes as well as that of Leebens-Mack’s group based on
1726 single nuclear loci for 318 accessions (represent-
ing 158 species of Asparagus L.) [54]. The inconsistency
between the Cp and Mt trees in our study may be due to
incomplete assembly of Mt genomes in certain species of
Asparagus L., paternal leakage of mitochondrial genome
[55], greater conservation of coding genes of Mt genome
during evolution, as well as inconsistent selection of
tree building genes during the construction of different
organelle genome phylogenetic trees. Our Mt phylogeny
indicates that using partial and whole Mt genomefor phy-
logenic analyses remains a challenge, and that developing
a suitable protocol including using the coding, non cod-
ing genes as well as conserved intergenic sequences for
phylogenetic tree construction may solve this problem.

HGTs in plant cells are commonly reported among Mt,
Cp and Nu genomes [56, 57]. In the Nu genome of higher
plants, sequences with similar or even identical frag-
ments in Mt and Cp can often be found due to mutual
HGTs [58]. The collinear analysis between Mt and Nu
genomes showed that the HGTs between Mt and Nu of
the three species were independent and reduced in dioe-
cious species. The Nu and Mt genome of hermaphro-
dite plants may be more compatible due to selfing with
less DNA variations in HGTs. However, we can hypoth-
esize that the lower number of HGTs in dioecious spe-
cies compared to the hermaphrodite species may result
from a first phase of cross between dioecious species
leading to more variations in genes of HGTs, followed
by purification selection in the context of niche adapta-
tion or domestication. Further KEGG enrichment anal-
yses showed that the genes found in A. officinalis were
related to organ development as well as signaling path-
ways, due to the fact that A. officinalis was domesticated
thousands years ago as a vegetable (whose young tender
stems are harvesting parts), having properties of quick
biomass accumulation and higher yields of tender stems,
these organ developments richen genes may have been
selected to meet the requirement of quick energy and
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organic compound accumulations for rapid growth and in A. setaceus for DNA repair may contribute to restoring
development of harvested organs (young stems), while A. DNA damage caused by occasional higher light with for
taliensis had genes related to saponin and flavonoid bio-  restoring the DNA damages on certain level.

synthesis in accordance with the selection for medicinal Based on the results of Mt and Nu collinear analy-
purposes in A. taliensis. The UV damage repair like gene  ses (Figure S2), it is reasonable to speculate different
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expression levels of homologous genes of both Mt and
Nu genomes among the 3 Asparagus L species. The dif-
ferent expressions may be due to (i) the occurrence of
incomplete HGTs genes among genomes, (ii) the redun-
dant duplication of homologous genes in the Nu or Mt
genomes accumulating more mutations and resulting
in variable expression levels and (iii) the overall gene
expression of both Nu and Mt concertedly contributing
to maintain the function of energy production. For exam-
ple atpl and atp4 are homologous genes, but both Mt
atp4 and Nu genomes atp4 (Ata04G040320) of A. talien-
sis were not expressed while the Mt atpl of A. taliensis
had a higher expression level, leading to hypothesize that
the atp4 of both Mt and Nu genomic coding are pseudo-
genes and that the function of atp4 in A. taliensis may
almost be replaced by the function of atp1 (Figure S2).

RNA editing is an indirect and highly specific repair
mechanism of genetic variation which is extremely com-
mon in plant. The lack of RNA editing seriously affects
the function of organelles and make plants unable to
grow and develop well. The higher level of RNA editing
in dioecious species than in A. setaceus may be due to
the increase in DNA variation due to cross between dioe-
cious plants, which is consistent with their higher copy
numbers in Nu genes encoding RNA editing enzymes
and their relatively higher expressions in dioecious spe-
cies. While the RNA editing enzymatic system is encoded
by the Nu genome, the Mt (maternally inherited) and Nu
genome concertedly work on RNA editing in these spe-
cies. The PPRs, MORFs, ORRMs, OZs and PPO1 are 5
enzymes for RNA editing, with PPRs having the high-
est gene number with higher expressions, while reduced
gene numbers were detected in MORFs, ORRMs, OZs
and PPOls in all three species. This indicates that PPRs
play a major role, while other families play minor (sup-
plementary or complementary) roles in the Mt RNA edit-
ing [59, 60]. The changed RNA edition ratio, Nu coding
RNA editing enzymes gene copies and their different
expression levels may be partially related to the lower
HGTs between Nu and MT detected in dioecious than in
hermaphrodite species.

In membrane of Mt Complexes I to IV were used for
oxidation in reducing the force of NADH and FADH,
which were mainly derived from TCA reactions, while
Complex V was a Mt type ATP synthase complex for
ATP production powered by proton potentials. In plant,
Complex I is a NADH dehydrogenase that oxidizes the
NADH generated in the mitochondrial matrix, regener-
ating the oxidase form of NAD" to keep running TCA
reactions. Complex IJ, is a succinate dehydrogenase com-
ponent of the TCA, involved in the oxidation of succinate
to fumarate. Both complex I and complex II transfer elec-
trons to ubiquinone which is an abundant mobile elec-
tron transfer cofactor and used as shuttle for electrons
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transfer from complexes I and/or II to complex III. Com-
plex III transfers electrons from ubiquinol to cytochrome
C (cytC) which is the only protein in the electron trans-
port chain (ETC) (Figure S6) to connect to complex IV
(cytC oxidase), which is the terminal electron carrier in
the ETC. The Complex V is an ATP synthase complex
which use the proton potential to produce ATP. It was
detected that the number of genes per complexes varied
across species. We found that A. officinalis and A. talien-
sis accumulate more genes in complex I (NADH dehy-
drogenase complex), while A. officinalis has less genes in
complex II (succinate dehydrogenase complex) than both
A. taliensis and A. setaceus. This may indicate that they
produce energy with different reducing forces (NADH
and FADH,).

Citrate is a key substrate driving the TCA cycle, mainly
generated through two intermediate metabolites (acetyl-
CoA, and oxaloacetic acid (OAA) by catalyzing CSs (EC
2.3.3.1). Acetyl-CoA is mainly produced through decar-
boxylation of pyruvate or B oxidation of fatty acid, while
OAA is mainly produced by the oxidation of malic acid
to oxaloacetic acid catalyzing by MDHs (EC 1.1.1.37)
and, the processes of production of both acetyl-CoA, and
OAA can generate NADH. Through comparative analy-
sis of TCA cycle, and oxidative phosphorylation related
genes, we didn't find CSs enzymes coding genes in A.
setaceus, but only four ATP dependent citrate synthase
enzymes (ACSs, Table S10), which means that the transi-
tion from acetyl-CoA to citrate in A. setaceus is mainly
completed by ACSs in a non-efficient convertible reac-
tion. However, the detection of higher expression levels
and more copies of MDHs and CSs in A. officinalis sug-
gests that this species can efficiently accumulate citric
acid. Additionally, A. officinalis contains more genes with
a higher expression of Complex I proteins, but less cop-
ies with a lower expression of Complex II. On the con-
trary, the gene copies and expression level of complex I
is relatively low, but the gene copies and expression level
of complex II is relatively high in A. setaceus. The results
suggest that A. sefaceus may mainly transmit electrons
through the complex II with less efficacy for ATP pro-
duction. However A. officinalis is mainly using complex
I with higher efficiency for energy production, while A.
taliensis appears to be in an intermediate state, using the
balance of complex I and complex II to transfer electrons
for ATP production. Therefore it can be speculated that
A. officinalis mainly uses complex I for the electron trans-
ferring of oxidative phosphorylation, while A. talien-
sis has a high expression level and high number of gene
copies in both complexes I and II, which may be due to
the use of both balance of Complex I and Complex II to
transfer electrons in this species. However, the number
of Complex I genes in A. setaceus was the lowest among
the 3 species, while its number of genes in complex II was
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relatively high, indicating that the main way for electron
transferring in A. setaceus respiratory chain may be con-
ducted by complex II.

The energy released by the electrons transmitted by
Complex I is more efficient than that released by Com-
plex II under the same conditions, suggesting a decreas-
ing energy efficiency (ATP production) from A. officinalis
to A. taliensis and to A. setaceus. The different strategies
and enzymatic systems for ATP production via TCA
and oxidative phosphorylation among the three species
would be related to higher and efficient energy require-
ments in A. officinalis as a vegetable with quick biomass
accumulation in the context of ancient domestication,
less biomass accumulation and shading tolerance in A.
setaceus as a household ornamental plant, and second-
ary metabolites production in A. taliensis as a medicinal
plant with recent domestication. As a vegetable crop, A.
officinalis has been continuously cultivated and selected
for a quick growth and development, what would have
favoured the efficient Complex I pathway to obtain ATP
in the context of high levels of energy required. The less
efficient way to maintain the energy metabolism balance
in A. setaceus is compatible with an ornamental plant
which does not require intense energy consumption for
rapid growth. The result suggests that domestication may
affect the expression and variation of cytoplasmic genes,
thereby altering the growth phenotype of plants in the
same genus, as reported by Li et al. [61] who studied the
variation of the chloroplast genome between wild and
domestic ginseng.

Conclusion

The assembled and annotated circular Mt genomes of A.
taliensis and A. setaceus provide a basis for further study-
ing the evolution of energy production system of Aspara-
gus L. in relation to domestication and to the adaptation
to ecological niches.
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