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Abstract

Ribes genus from the Grossulariaceae family, have been used in the food industry and for medicinal purposes for years.
Despite the valuable medicinal values and the widespread occurrence of Ribes, many species remain understudied. One of
these is the alpine currant Ribes alpinum L., which occurs natively in Europe. The study aimed to thoroughly understand
and characterize the organelle genomes of R. alpinum, conduct their comparative analysis with available data for other
representatives of Grossulariaceae and, in the case of the chloroplast genome, also with Saxifraga insolens Irmsch., a
representative of the closely related Saxifragaceae family. The analysis of plastome interspecific variation revealed several
hotspots of variation which could be useful as potential phylogenetic markers or specific DNA barcodes. The phenom-
enon of sequence transfer between the chloroplast and mitochondrial genomes and the relative synonymous codon usage
between the plastome and mitogenome were also analyzed. A phylogenetic inference based on the chloroplast genome
sequence questioned earlier reports of a close relationship of R. alpinum to R. rubrum and confirmed its affiliation with
an early-diverged phylogenetic line together with R. fasciculatum. Analysis of hotspots of variation in chloroplast genome
allowed us to indicate petN-psbM and trnS-trnG as high-utility barcode sequences, competitive with standard barcodes
and the ycfl gene.
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Introduction

Currants (Ribes L., Grossulariaceae) have long been used in
the food industry and traditional medicine for their valuable
properties. Currant fruits are characterized by high vita-
min content compared to other plants. Black currant (Ribes
nigrum), the most widely used and best described in the
industry, can contain up to 250 mg of vitamin C per 100 g
of fresh fruit, fully meeting an adult’s daily requirement
for this vitamin. In addition, it has been shown that seeds
of many species can be used to extract unsaturated fatty
acids, with black currant having a rich fatty acid profile,
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including linolenic acid and alpha-linolenic acid, which
may positively affect immunity and have anti-inflammatory
properties. Moreover, these plants contain high levels of
compounds beneficial to human health, such as anthocya-
nins, flavonoids, and phenolic acids, which act as antioxi-
dants and protect cells from oxidative stress.

The family Grossulariaceae includes more than 160 cur-
rant species found worldwide. Despite the valuable medici-
nal properties and widespread occurrence of Ribes, many
species remain understudied. One such species is the alpine
currant (Ribes alpinum), which occurs natively in Europe,
mainly in its northern and central regions in mountainous
areas. While this shrub is primarily ornamental, it also holds
potential for the food sector. Its use in traditional medicine,
particularly for making infusions, has also been reported.

So far, various infrageneric classifications of Ribes
have been proposed in the literature which varied - from
four to even eight. The latest classifications recognize two
subgenera and up to six sections: Ribesia, Ribes griffithii,
Coreosma, Grossularia, Berisia, and Hemibotrya. Alpine
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currant is placed in the Berisia section, along with Ribes gla-
ciale (Zhang et al. 2023a). This division was partially con-
firmed by the results of studies on the phylogeny of currants
based on the variation of the nuclear ITS region. This study,
covering 66 species of the genus Ribes, is the most exten-
sive study of the phylogeny of this genus to date. However,
a recent attempt to reconstruct the phylogenetic relation-
ships within the Ribes genus, based on complete chloroplast
genome variation, questioned the validity of this classifica-
tion, showing a very fragmentary, because it concerns only
eight species, but nevertheless significantly different picture
of the phylogeny of currants (Sun et al. 2023). Consider-
ing the phylogenetic informativeness of the complete chlo-
roplast genome compared to the information contained in
the ITS region variability, and the observed incongruence
between the phylogeny pictures obtained from these two
data sets, allows us to hypothesize that the phylogeny of
Ribes based on ITS requires verification. Ribes alpinum was
not included in the recent phylogenomic studies and to date,
neither the complete chloroplast genome nor the mitoge-
nome of this species has been described.

Understanding the structure of organellar genomes in
plants is crucial for uncovering evolutionary breakthroughs
and studying the functions of specific plant genes. Advances
in sequencing technology are making it easier to explore the
structure of new plastomes and mitochondrial genomes of
plants. The frequent use of chloroplast genomes in phyloge-
netic inference is dictated by the fact that they are haploid
structures, usually inherited uniparentally (Palmer 1985; Li
et al. 2015; Chung et al. 2023). In addition, they are char-
acterized by their relatively small size, as in land plants the
chloroplast genome reaches a size of 120 to 160 kb (Zhang
et al. 2023) and contains about 100 genes, but this num-
ber can vary between species (Wang et al. 2024a). The lack
of recombination between molecules and the slow rate of
mutations are other features of the chloroplast genome pre-
destinate it to be used not only in phylogenetics, but also
in the study on biodiversity, the development of markers
for molecular breeding and DNA barcoding (Palmer 1985;
Dobrogojski et al. 2020; Tan et al. 2020).

The size of the mitogenome varies considerably between
species, covering a range from 66 kb in Viscum scurruloi-
deum (Caryophyllaceae) to as much as 11,300 kb in Silene
conica (Caryophyllaceae) (Sloan et al. 2012). They con-
tain up to dozens protein-coding genes - the number usu-
ally ranges from several or so in Viscum minimum to more
than 50 in Marchantia polymorpha; (Petersen et al. 2015;
Wang et al. 2024a). Mitochondria are responsible for plant
development and reproduction. They control, among other
processes, the plant’s response to stress, apoptosis or per-
forming defense functions against microorganisms (Zer-
vas et al. 2019). They undergo independent replication and
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encode many essential peptides. In most plant species, mito-
chondrial genome sequences undergo slow evolutionary
change and are relatively rarely affected by mutations, mak-
ing them good candidates for molecular studies (Gualberto
et al. 2014; Wynn and Christensen 2019). Genome research
(including nucleotide variation) can provide a lot of infor-
mation about the evolution of mitochondria, encoded traits
or interactions between the nucleus and cytoplasm, making
the genome of these organelles exceptionally interesting
(Kitazaki and Kubo 2010). The phenomenon of gene trans-
fer between organelles is also being reported (Wang et al.
2007), which needs to be better understood for the poten-
tial use of mitochondrial sequences in molecular evolution
studies. The growing number of sequenced and described
mitogenomes indicates the transfer of genes from the chlo-
roplast to the mitochondrion, and from the mitochondrion to
the nuclear genome (Cusimano and Wicke 2016; Filip and
Skuza 2021). The most common is gene transfer from the
chloroplast to the mitochondrion, where cpDNA sequences
can account for 1 to 12% of the entire mitochondrial genome
(Mower et al. 2012).

Given the insufficient knowledge of the organellar
genomes of Ribes alpinum, conducting a comparative anal-
ysis of these genomes with other known genomes from the
Ribes genus is essential. Such research would not only fill the
gaps in knowledge by clarify the phylogenetic relationships
of Ribes alpinum within the Ribes genus but also provide
insights into the phenomenon of plastid-to-mitochondrial
gene transfer. Both chloroplast and mitochondrial genome
in detail described in the study will be a valuable resource as
a genetic basis for further studies, including phylogenomics,
DNA barcoding, population genomics, adaptive evolution
and many others.

Materials and methods
Plant material and DNA extraction

The fresh leaves of alpine currant (Ribes alpinum L.)
were collected on the territory of north-eastern Poland
(53°45°32.8"N 20°27°26.1"E). The material was frozen at
—20 °C until DNA extraction. 0,2 g of sample was grated in
a homogenizer VWR Mini Bead Mill in order to grind the
material. Total DNA was isolated using DNeasy Plant Mini
Kit (250) (Qiagen, Hilden, Germany) following the manu-
facturer’s instructions. DNA concentration was measured
using fluorometric dyes with the Qubit dsSDNA HS Assay
Kit (Invitrogen) following the manufacturer’s instructions
on Qubit 4. DNA concentration in the sample was 36,2 ng/
ul. The purity of the DNA extracts was measured on Cary
60 UV-Vis (Agilent) at a wavelength 230, 260 and 280 nm,
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where the 260/280 nm ratio was 1,675 and the 260/230 ratio
at 1,99.

The DNA library preparation and sequencing

To prepare the DNA library about 500 ng of gDNA of Ribes
alpinum was used. The library was constructed using Liga-
tion sequencing kit V14 (LSK-SQK114) and NEBNext®
Companion Module for ONT Ligation Sequencing (New
England Biolabs) following the manufacturer’s protocol.
Sequencing was performed on the Minl[ON Mk1C portable
device using Flow Cell R10.4.1 (ONT). To ensure the best
quality of the sequences, the raw reads were basecalled in
Dorado v 0.4.3 using the SUP model.

Assembly and annotation

Reads were assembled into contigs using the Flye v1.9.1.
The contigs were mapped to the Ribes nigrum reference
genome (chloroplast genome: NC_080517.1, mitochondrial
genome: NC 082306.1) in Geneious Prime 2023.2. soft-
ware (Biomatters, Auckland, NZ). Sequences that resulted
from mapping were then verified manually. Genes were
annotated onto the complete genomes using the annotation
transfer option in Geneious Prime. Analysis of the presence
of structural variants of plastomes within analyzed species
was carried out using the Cp-Hap pipeline (Wang et al.
2019).

Visualization and comparative genomic analysis

A physical map of Ribes alpinum genomes was obtained
using OGDraw (Greiner et al. 2019). The precise boundar-
ies of individual chloroplast genome elements (large copy
region, small copy region, inverted repeats) were obtained
using IR Scope (Amiryousefi et al. 2018). The reference
genome of Ribes nigrum (GenBank: OR296460.1) was
visualized on a genome map (Figure S1).

To verify the structural homology of the R. alpinum
mitogenome with the previously described mitogenome
of its close relative R. nigrum, the sequences of these two
species were aligned by MashMap3 (Kille et al. 2023) tool
implemented in SYNY software (Julian and Pombert 2024).
The synteny of these two genomes was visualized using cir-
cos (Krzywinski et al. 2009), being also part of SYNY. The
potential gene transfers between plastome and mitogenome
of R. alpinum have been revealed by Blastn (Camacho et
al. 2009) tools with cut-offs: e-value < 10> and minimum
alignment score>100. The organelle sequence transfers
were highlighted on circos plot.

The ratio of the Relative Synonymous Codon Usage
(RSCU) was calculated by seqinr 4.2 R package (Charif

and Lobry 2007). The RSCU algorithm determines the
observed/expected frequency of each synonymous codon
encoding a particular amino acid. The expected RSCU
metric assumes a uniform distribution across all codons for
each amino acid. The RSCU values for each species were
computed independently. The distribution and correlation of
RSCU values within and between organelle genomes were
calculated and visualized by smplot2 (Min and Zhou 2021)
and ggplot2 (Wickham 2011) packages in R.

Plastome diversity and diagnostic nucleotides

Diagnostic nucleotides and nucleotide variation (7 diver-
sity) were analyzed to determine variation in the genus
Ribes. For further analysis alignment of 11 sequences of
chloroplast genomes were used (R. alpinum, R. rubrum
R. rubrum var. alba, R. glaciale, R. mandshuricum, R.
nevadense, R. nigrum, R. uva-crispa, R. roezlii, R. odora-
tum, R. fasciculatum var. chinense), which was 133,725 bp
long. The spider R package was applied to calculate diag-
nostic nucleotides, which are positions in the sequence
alignment that are unique to a given species and allow it to
be distinguished from other species studied. Both diagnos-
tics nucleotides and nucleotide diveristy () were calculated
in a 500 bp sliding window, as well as for individual coding
and non-coding regions. The computations of both diver-
gence parameters were focused on the LSC, SSC and one
IR region. The Ribes alignment was also used to identify the
SNPs (Single Nucleotide Polymorphism) and indels variant
using Variant Calling subprogram in Geneious Prime. All
divergence variables were visualized using circos (Krzy-
winski et al. 2009).

Phylogenetic analysis

To determine the phylogenetic position of Ribes alpinum,
all available chloroplast genomes of currant species were
used for analysis (R. rubrum, R. rubrum var. alba, R. gla-
ciale, R. mandshuricum, R. nevadense, R. nigrum, R.
uva-crispa, R. roezlii, R. odoratum, R. fasciculatum var. chi-
nense) belonging to the monotypic Grossulariaceae family.
Saxifraga insolens Irmsch., belonging to the Saxifragaceae
family, most closely related to Grossulariaceae, was used as
an outgroup. An alignment was obtained with the Geneious
Prime 2023.2.1 software with a length of 175,815 bp. For
the actual analysis, one of the genome’s repeat fragments
(IRa) was trimmed, which shortened the alignment length to
148,990 bp. The tree was calculated using the ML method
with the IQtree program. Bootstrap values above 50 were
considered significant. The final visualization was created
in R Studio (4.2.3.) with ggtree and ggplot2 R environment
packages (Yu et al. 2017).
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Results
The characteristics of Ribes alpinum plastome

For analysis, chloroplast sequences were downloaded from
the GenBank database, including ten representatives of the
genus Ribes (all available as of 26.01.2024) and Saxifraga
insolens as an outgroup (Table S1). The assembled plastome
of Ribes alpinum is 157,351 bp long and its structure was
typical for other known chloroplast genomes (Figs. 1 and

2). The number of genes was 131, of which 86 are protein-
coding genes, 37 tRNAs and eight rRNAs. The GC con-
tent of each sequence element was: 36.2% GC in the long
single-copy fragment (LSC), 33.3% in the short single-copy
fragment (SSC), and 43.1% in the repeat fragments (IRa and
IRD). IRa had seven protein-coding genes, four rRNAs and
seven tRNAs, while IRb had eight protein-coding genes,
four rRNAs and seven tRNAs. Both fragments shared the
ycfl gene with SSC. IRb shared with LSC the rps19 gene,
which was not present in IRa. The order of genes on the

peid . Ribes alpinum

chloroplast genome
157,351 bp

W photosystem |

[l photosystem |1

[ cytochrome b/f complex
@ ATP synthase

[ NADH dehydrogenase
[l RubisCO large subunit
[ photosystem assembly/stability factors
[l RNA polymerase

O ribosomal proteins (SSU)
[ ribosomal proteins (LSU)
W transfer RNAs

[ ribosomal RNAs

[ clpP, matk

[l other genes

[ hypothetical chloroplast reading frames (ycf)
@ ORFs

[X origin of replication

[l polycistronic transcripts

Fig. 1 Map of Ribes alpinum chloroplast genome. Genes outside and

inside the circle are transcribed clockwise and counterclockwise,
respectively. The legend at the bottom left indicates functions and
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Fig. 2 IRplot presenting the comparison of LSC, SSC and IR regions boundaries in the two Ribes chloroplast genomes and one Saxifragales
genome. JLB, JSB, JSA and JLA mark the boundaries between LSC and IRb, IRb and SSC, SSC and IRa, IRa and LSC, respectively

genome was the same as in the other plastomes described in
the genus Ribes.

The exact boundaries of the chloroplast genome ele-
ments of Ribes alpinum, the currant representative R. fas-
ciculatum var. chinense (GenBank: MH191388.1) and
Saxifragales representative — Saxifraga insolens (GenBank:
ON720893.1) are shown in Fig. 2.

Ribes alpinum and R. fasciculatum var. chinense had
identical genes lying on the boundaries of JLB, JSB and
JSA - they differed only slightly in the number of base pairs.
Saxifraga insolens was visibly different from the visual-
ized Ribes. In both currant species, the IRb and SSC repeat
region shared the ycfI gene (R. alpinum: 1110 bp belonged
to IRb, while 19 bp belonged to SSC), while in S. insolens
no gene was present at the JSB boundary. The short single-
copy region of SSC and IRa in Ribes shared the ycf1 gene,
while in S. insolens it was the ndhA gene.

Hotspots of variation

The inverted repeat region (IR; the fragment from the rps19
gene to ycf1) showed the lowest genome-wide changes for all
analyses performed except for the ycf2 gene, where one peak
was observed. The highest number of SNPs was observed
inside two genes: ycf1 (228) and rpoC2 (112) (Fig. 3, Table
S3). When analyzing the number of indels (Fig. 3, Table
S3), the genes ycf1 (304), ndhA (95) and ycf2 (159), belong-
ing to the IR region, showed the highest analysis values. The
results of the nucleotide variation analysis (Fig. 3) showed
the highest peaks mainly in the intergenic regions, such as
ndhF-rpl32, petN-psbM, trnT-GGU-psbD, ndhD-ccsA or
yef3-trnS-GGA and on one gene (ycf1). The highest © value
was obtained in the ycf1 gene region (0,01942). For R. alpi-
num (Fig. 3, Table S4, S5), several interesting spots were
detected in diagnostic nucleotide analysis on the chloroplast
genome. Particularly high peaks were noted in the inter-
genic regions of the rps16-rnQ-UUG (two peaks —35 and
41, respectively), trnS-GCU-trnG-UCU (27), pefN-psbM

(30), petA-psbJ (28) and rpl32-trnL-UAG (25). Two char-
acteristic peaks appeared on the ycf1 gene, amounting to 14
and 16, respectively. The last analysis showed the mix of
indels and SNPs (Fig. 3, Table S3), which are positions in
the alignment where the observed mutation is of substitution
or InDel type. This type of variability again was the highest
in the ycf1 gene (32). A total of 4596 diagnostic positions in
alignment were observed, of which 1420 allowed the identi-
fication of R. alpinum from other Ribes representatives.

To analyze usefulness of particular chloroplast regions in
discriminiation of currant species, the number of diagnos-
tic positions in the alignment was verified. Three standard
barcodes: matK, rbcL and trnH-psbA were compared with
nine regions identified as hotspots of variation in Ribes.
Considering the number of diagnostic characters, the num-
ber of species for which it was impossible to identify based
on a given sequence, as well as the length of the analyzed
fragments, the standard matK and rbcL barcodes turned out
to be of little use in identifying currant species (Table S6).
The advantage of trnH-psbA is its short length, but its inter-
species variability is relatively low. Considering the sum of
diagnostic characters calculated for all the species, the ycf1
gene had the greatest power of species discrimination (524
diagnostic characters), but it is a very long gene with more
than 5.7 kb. The next regions with high species identifica-
tion efficiency were pefN-psbM and #rnS-trnG, having 354
and 333 diagnostic characters, respectively.

Codon usage (RSCU)

RSCU analysis (The Relative Synonymous Codon Usage)
allows comparison of the frequency of codons used to
encode individual amino acids between the chloroplast
and mitochondrial genomes (Fig. 4, Table S7). The highest
frequency was shown by isoleucine encoded by codon att
(1072) in both the mitochondrial and chloroplast. 31 codons
reached an RSCU value above 1, indicating a higher pref-
erence in usage, and as many reached an RSCU value less
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Fig. 3 The circos plot of the Ribes plastome comparison. The outer
layer shows SNPs for Ribes species (gray dots — number of SNPs per
100 bp, light blue dots — number of SNPs for genic and intergenic
regions). The second layer is presenting InDels (gray dots — number

than 1. Two codon usage of methionine and tryptophan was
unbiased with RSCU score 1. The correlation coefficient
obtained for mitochondrial and chloroplast genome was
very high (R=0.997), which indicates a very high similar-
ity in the frequency of use of individual codons between
organellar genomes.
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of InDels per 100 bp, green dots — number of InDels in genic and
intergenic regions). The next layers show the amount of diagnostic
nucleotides (color purple), nucleotide diversity (color red) and mix of
indels and SNPs (orange dots), respectively

Characteristics ofRRibes alpinum mitochondrial
genome

The constructed mitochondrial genome of R. alpinum
is 375,266 bp long (Fig. 5), indicating that it was much
shorter than that of the reference genome of R. nigrum
(450,227 bp). The GC content (%) of the alpine currant
mitogenome was 46.0%. It contained 61 genes, of which 38
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wise directions, respectively. The genes are color-coded based on their function. The inner circle visualizes the G/C content

were protein-coding genes, 20 genes were tRNAs and three
genes were TRNAs. Their order and location are illustrated
in Fig. 5 and precisely described in Table S2.

The analysis of structural homology between the mitoge-
nomes of two currant species revealed that R. alpinum
mitogenome structure is rearranged in comparison with
R. nigrum. The location of the homologous regions of the
compared mitogenomes is illustrated in Fig. 6. The differ-
ences between the analyzed mitogenomes concern not only
the order of gene arrangement, but also their orientation. In
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comparison to R. nigrum mitogenome, some genes are tran-
scribed in the opposite direction - these are protein-coding
genes atp9, nad3, rpsi2, rrn26, ccmB, rpl10, nadl, rps7,
matR, nadl, rps4, nad6, ccmFN, cob, rpsl4, rpl5, rpsl3,
trnQ-UGG, trnG-GCC, trnE-UUC, trnH-GUG, trnfM-
CAU, trnS-UGA, #rnK-UUU, trnP-CGG, trnM-CAU,
trnD-GUC, trnL-CAU and rrn26. The rpsl gene is absent
from the composition of the R. alpinum genome.

The evaluation of homologous sequences in mitochon-
drial and chloroplast genomes of R. alpinum indicated 11
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Fig. 6 Comparison of Ribes alpinum (right) and R. nigrum (left) mito-
chondrial genome structure and gene order. Genes inside and out-
side the outer circle are transcribed in counterclockwise and clock-

regions with high identity and blast score values (Table S8),
whose total length is 9,499 bp, which constitutes 2,53% of
the mitochondrial genome. Their length varies from 147 to
2,931 bp and they cover at least partially from one to five
coding regions. Nine of them are located in the LSC region
while two (copies of r7n16S) in the inverted repeat (Fig. 7).
Identity of homologous regions ranged from 73,87% to as
much as 99,08% (Table S8). Homology of genome frag-
ments located in LSC with mitogenome sequences probably
indicate sequence transfer events between organelles. How-
ever, similarity of 7#n16S genes from IRa and IRb regions

nadj

trnM-CAU

ccmB

wise directions, respectively. Gray ribbons depict the homologous
sequences between the analyzed species

to r7n18S in mitogenome seems to result directly from the
function of these genes and does not necessarily indicate the
MTPT (mitochondrial-plastid) transfer event.

Phylogenetic analysis

The result of the plastome-based phylogenetic analysis is
a well-resolved tree with very high degrees of reliability
(Fig. 8). All nodes reached a bootstrap value of 100%, indi-
cating the high significance of the clades with the excep-
tions are two branches that achieved a value of 77%. The

@ Springer



51 Page 10 of 14

Tree Genetics & Genomes (2024) 20:51

N3ad

coxl
rps10

2
nta\p 5

¢

v
5% 3
= Q

a
<
=

psbC

hadt

Fig. 7 Shared linear mapping of mitochondrial and chloroplast homologous fragments in Ribes alpinum. In the case of the chloroplast genome,

only genes located near the transferred sequences have been described

newly sequenced alpine currant plastome was classified into
one clade together with R. fasciculatum var. chinense, with
which it forms a clade sister to the other analyzed species of
the genus Ribes L. The exact bootstrap values and species
affinities are shown in the cladogram (Figure S2), attached
in a supplement.
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Discussion

The development of molecular biology and bioinformatics
tools has allowed for enormous progress in the sequencing
of plant genomes (Kersey 2019); (Wang et al. 2024b). This
makes it possible to learn about the evolutionary course of
given groups of plants and the development of biology and
phylogenetics thanks to various analyses.
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Fig. 8 Phylogenetics relationships of 12 species based on chloroplast genomes obtained using ML analysis. Bootstrap value lower than 100 is
written at the node. Visualization performed in R Studio using the ggtree package

Research conducted on the chloroplast genome of plants
from the genus Saxifragales, which also includes the Gros-
sulariaceae family, represented by the genus Ribes, has
shown high conservation of plastid genomes due to simi-
lar length, order and arrangement of genes and GC content
(Li et al. 2019; Chen et al. 2023). Ten complete chloroplast
sequences of Ribes have been described so far. The length
of the chloroplast genome of R. alpinum, despite minor dif-
ferences in the length of some regions, does not differ sig-
nificantly from data from the chloroplast genomes of other
species (~ 157,000 bp) (Sun et al. 2023; Wang et al. 2024a).
The GC content (~38%), gene order and genome composi-
tion is comparable to other Ribes species, which indicates
its conservativeness.

The performed functional analysis identified the IR
region as more conserved than the LSC and SSC regions,
which coincides with data from analyzes on other species
of the genus Saxifragales (Wu et al. 2020; Sun et al. 2023).
Structural heteroplasmy of the plastome has been discov-
ered in species within angiosperms, gymnosperms, and pte-
ridophytes using long-read sequencing (Wang et al. 2019).
However, not in the case of R. alpinum, which possesses
only one plastome structural variant. Despite the high con-
servation of the chloroplast genome in terms of its structure,
composition and gene arrangement, comparison of plastome
sequences in Ribes showed some regions in the genome
with relatively high genetic variability. Part of observed

variable sites in the analyzed alignment are species-specific
mutations enabling the successful molecular identifica-
tion of R. alpinum from other representatives of the genus.
However, the observed number of 1420 diagnostic positions
in the alignment is not a very high value compared to the
results of research on the variability of Poales, where the
reported highest average value of observed molecular diag-
nostic characters among the 96 analyzed genera was 3071
(Eriocaulon, Eriocaulaceae) (Krawczyk et al. 2023).

Due to the still small number of known complete plastome
sequences for super-barcoding analyses, it is worth looking
for highly variable genome fragments to be used as spe-
cific barcodes or phylogenetic markers for a given group
of plants. A detailed analysis of the genetic diversity of
plastomes, taking into account individual functional regions
and separately from their functions, allowed us to select
regions in the chloroplast region with particular potential
as molecular markers, also as DNA barcodes. Variation
results from 11 available currant genomes revealed high
numbers of variable sites mainly in the intergenic regions
of the plastome, especially in ndhF-rpl32, petN-psbM, trnT-
GGU-psbD, ndhD-ccsA, which is consistent with the analy-
sis results for other Ribes species (Sun et al. 2023; Wang et
al. 2024a). The gene with the highest variability in studied
dataset was ycfl, the gene which two regions (ycfla and
ycf1b), according to literature show the highest nucleotide
variability among the chloroplast genomes of angiosperms
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(Dong et al. 2015). The above mentioned regions can be
used in molecular research on a large group of plants for
DNA barcoding.

The analysis of species-specific diagnostic nucleotides
distribution in the genome, as well as nucleotide varia-
tion analysis, proved that noncoding regions show higher
divergence than coding sites. In the chloroplast genome of
R. alpinum, several particularly variable sites were detected
in intergenic regions: rps16-trnQ-UGG, petA-psb], rpl32-
trnL-UAG, petN-psbM, and trnS-GCU-trnG-UCU. Three
of them: rps16-trnQ-UGG, petA-psbJ and rpl32-trnL-UAG
were previously described in the literature as markers with
the highest genetic diversity among various plant species
(Shaw et al. 2014; Guo et al. 2014). These are some of the
most informative regions and have been used to determine
intraspecific variability, among others, to determine the
phylogenetic structure, course of speciation or evolution
(Aguirre-Liguori et al. 2014; Guo et al. 2014). Also the
petN-psbM intergenic spacer, is a genetic marker previously
applied to determine interspecies variability (Adams et al.
2010, 2013). The trnS-GCU-trnG-UCU region appeared as
one of the hotspots. This region has not been used in studies
on Grossulariaceae so far, but has been successfully used
in phylogenetic studies, including Fabaceae (Zhang et al.
2009, 2015), Rosaceae (Vafadar et al. 2014) and Scrophula-
riaceae (Attar et al. 2011).

The highest nucleotide variability expressed with the
largest number of SNPs and InDels is characterized by ycf1,
yef2 and rpoC2. Research conducted on nine Ribes species
identified the same genes as the most diverse (Sun et al.
2023). The ycf2 gene, with one hotspot marked, is the larg-
est known plastome gene and can be used for phylogenetic
analysis (Zhong et al. 2019).

The picture of phylogeny based on data from complete
chloroplast genomes differs significantly from the results
obtained based on ITS regions in terms of the position of
R. alpinum on the phylogenetic tree. Results based on ITS
variability indicated a close relationship between R. alpi-
num and R. rubrum, which grouped in a common clade, as
well as a more distant relationship with R. nigrum. Accord-
ing to these results, R. fasciculatum belongs to the early-
diverged lineage. In turn, phylogenetic inference based on
plastome variability shows that R. alpinum groups with R.
fasciculatum in a clade sister to the other studied Ribes rep-
resentatives, which includes R. nigrum and R. rubrum. The
relatively close relationship of R. alpinum to R. fascicula-
tum was also confirmed by Zhang and coauthors (2023) in a
study using the Rad-Seq sequencing method.

The mitochondrial genome of R. alpinum characterized
in detail in the study is the second genome in the Ribes
genus to be sequenced. Recent research showed that the
structure and less often the sequence of plant mitogenomes
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are subject to evolution (Wang et al. 2024a). The mitochon-
drial genome contains many repeated sequences and inser-
tion/deletion sites or single nucleotide polymorphism (SNP)
sites (Yang et al. 2022). Comparison of the mitogenome of
R. alpinum and R. nigrum showed high similarity of the
GC content, which amounted to 46% in alpine currant and
45.8% in black currant. High concordance of gene content
between these two mitogenomes was also observed. In the
mitogenome of R. alpinum, only the lack of rps1 was found,
the gene responsible for the biosynthesis of ribosomal pro-
teins. As reported in the literature, this gene is not always
present in mitochondrial genomes, which is attributed to
the transfer of 7psl to the cell nucleus or its replacement
by chloroplast analog genes (Hazle and Bonen 2007). The
order of the genes between analyzed mitogenomes highly
differs from each other. The location of genes on mtDNA
may differ between related species due to the susceptibility
of the genome to rearrangements (Gualberto and Newton
2017). Large non-tandem repeats, found in angiosperms,
are mainly responsible for the high recombination activity
(Zardoya 2020). Research on other groups of plants, includ-
ing genus Beta and Zea mays, have already shown changes
in the order of gene location among the same genus, which
the authors attribute to gene rearrangement (Allen et al.
2007; Darracq et al. 2011).

The high variability of mitogenomes is also influenced
by the transfer of sequences originating from the chloro-
plast genome. So far, in the order Saxifragales, this phe-
nomenon has been described in Sedum plumbizincicola
(Crassulaceac), where the analysis revealed four fragments
that were moved from the chloroplast genome to the mito-
chondrion (Ding et al. 2022). In turn, research on the same
species recently published by other researchers (Tang et al.
2024) showed the presence of 15 homologous regions. In
the same study the authors performed MTPT analysis for
seven species representing Saxifragales from genus: Lorop-
etalum, Heuchera, Paeonia, Rhodiola, Sedum and also for
R. nigrum. The number of observed MTPTs ranged from
15 in S. plumbizincicola to 34 in Loropetalum chinense.
In R. nigrum the analysis revealed as much as 20 genome
fragments transferred. This result differs significantly from
that obtained in our study for R. alpinum, which revealed
11 homologs which constitute 2.53% of the mitochondrial
genome. It should be noted, however, that the number of
regions described is significantly influenced by the adopted
methodology - the literature data on R. nigrum (Ding et
al. 2022) reported transfers of two trna genes and four
IGS regions, which were not included in our analysis due
to the high probability of obtaining false positive results.
After excluding these regions, there remain 14 transfers
observed in the black currant mitogenome. Interestingly, in
the case of both currant species, the MTPT sequences differ
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significantly in content. Of the ten protein coding genes
at least partially located within the transfer regions in R.
nigrum and 18 PCGs in R. alpinum, only four are common:
psbE, petL, ycf3 and psbC.
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supplementary material available at https://doi.org/10.1007/s11295-0
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