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Abstract: Eleven published articles (4 reviews, 7 research papers) are collected in the Special Issue
entitled “Organelle Genetics in Plants.” This selection of papers covers a wide range of topics related
to chloroplasts and plant mitochondria research: (i) organellar gene expression (OGE) and, more
specifically, chloroplast RNA editing in soybean, mitochondria RNA editing, and intron splicing in
soybean during nodulation, as well as the study of the roles of transcriptional and posttranscriptional
regulation of OGE in plant adaptation to environmental stress; (ii) analysis of the nuclear integrants
of mitochondrial DNA (NUMTs) or plastid DNA (NUPTs); (iii) sequencing and characterization of
mitochondrial and chloroplast genomes; (iv) recent advances in plastid genome engineering. Here
we summarize the main findings of these works, which represent the latest research on the genetics,
genomics, and biotechnology of chloroplasts and mitochondria.

In plant cells, most DNA is located in the nucleus, although chloroplasts and mitochon-
dria also contain part of the genetic material. The organization and inheritance patterns of
this organellar DNA are quite different to that of nuclear DNA. The presence of DNA in
chloroplasts and mitochondria reveals their evolutionary origin. Considerable phyloge-
netic evidence supports the hypothesis that both organelles come from ancestral free-living
prokaryotes, which established an endosymbiotic relationship with a primitive eukaryotic
cell [1-3]. The vast majority of the genes of ancestral prokaryotes were transferred to the
nucleus of the host cell during the course of evolution. Consequently, present-day chloro-
plast and mitochondrial genomes contain only between 100 and 200 genes that encode
proteins required for ATP synthesis, photosynthesis, and gene expression, including RNA
synthesis, processing, and translation. Nevertheless, chloroplasts and mitochondria harbor
several thousands of proteins, and most are encoded by the nucleus, translated in the
cytoplasm, and transported to their target organelle. As a result, the expression of nuclear
and organellar genomes has to be very precisely coordinated, which is achieved mainly in
the organelles at the posttranscriptional level [4].

In this Special Issue “Organelle Genetics in Plants,” 11 articles were accepted with
four reviews and seven original research articles covering outstanding advances in dif-
ferent chloroplast and plant mitochondria research fields (Table 1). These works focus
on topics related to organellar gene expression (OGE) (chloroplast RNA editing in soy-
bean [5], mitochondria RNA editing and intron splicing in soybean during nodulation [6]
and the roles of transcriptional and post-transcriptional regulation of OGE in responses
to environmental stress [7,8]); the analysis of nuclear integrants of mitochondrial DNA
(NUMTs) or plastid DNA (NUPTs) [9]; the sequencing and characterization of organellar
genomes (the mitogenomes of common bean [10] and four Trifolium species [11], and the
chloroplast genomes (plastomes) of Trentepohlia odorata [12], three Utricularia amethystina
morphotypes [13], and three plant parasitic Macrosolen species [14]); and finally, the most
recent advances in plastid genome engineering [15]. In this editorial, we sum up the main
findings of these eleven insightful manuscripts.

Int. ]. Mol. Sci. 2021, 22, 2104. https:/ /doi.org/10.3390/ijms22042104
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Table 1. Contributors to the Special Issue “Organelle Genetics in Plants”.

Authors Title Type
Zhu et al. [5] Mutation of YL Results in a Yellow Leaf with a Chloroplast RNA Editing Defect in Soybean Research
Sun et al. [6] Differential RNA Editing and Intron Splicing in Soybean Mitochondria during Nodulation Research

Transcriptional and Post-transcriptional Regulation of Organellar Gene Expression (OGE) and Its

Robles and Quesada [7] Roles in Plant Salt Tolerance Review
Zhang et al. [8] The Role of Chloroplast Gene Expression in Plant Responses to Environmental Stress Review
Zhang et al. [9] Nuclear Integrants of Organellar DNA Contribute to Genome Structure and Evolution in Plants Review

. Characterization and Analysis of the Mitochondrial Genome of Common Bean (Phaseolus vulgaris)
Bietal. [10] X . Research
by Comparative Genomic Approaches
Choi et al. [11] Comparative Mitogenome Analysis of the Genus Trifolium Re\{eals Independent Gene Fission of Research
ccmFn and Intracellular Gene Transfers in Fabaceae
Zhu et al. [12] Characterization of the Chloroplast Gepome .Of Tn’n'tepohlm odorata (Trentepohliales, Chlorophyta) Research
and Discussion of its Taxonomy
Silva etal. [13] Intraspecific Variation within the Utricularia amethystina Species Morphotypes Based on Research
Chloroplast Genomes
Nie et al. [14] Gene Losses and Variations in Chloroplast Qenome Qf Parasitic Plant Macrosolen and Phylogenetic Research
Relationships within Santalales
Yuetal. [15] Plastid Transformation: How Does it Work? Can it Be Applied to Crops? What Can it Offer? Review

RNA editing is a posttranscriptional process that changes the RNA sequence of land
plant chloroplasts and mitochondrial transcripts insofar as the information in genomic
DNA differs from that in mature RNA. Two research papers in this Special Issue ana-
lyze RNA editing in soybean chloroplasts [5] and mitochondria [6]. In the first article,
Zhu et al. [5] report the characterization of the soybean yellow leaf (yl) mutant which
displays chlorophyll defects and abnormal photosynthesis. Fine mapping of the YL gene re-
veals that it encodes the chloroplast-located Organelle RNA Recognition Motif-Containing
Protein 1 (GmORRM]1), orthologous of the characterized Arabidopsis AtORRM1 and maize
ZmORRM]1 proteins, which strongly suggests that YL functions in RNA editing. To advance
the function of YL, Zhu et al. [5] report performing DNA resequencing and RNA sequenc-
ing (RNA-seq); they identified in the wild type (WT) 44-predicted soybean chloroplast
editing sites, most of which lead to alterations to the encoded amino acids. By comparing
RNA editing between WT and y! leaves, Zhu et al. [5] found alterations in the editing levels
of 19 sites distributed in 12 chloroplast transcripts, and encoding components of the Clp
protease proteolytic subunit, NADH dehydrogenase-like (NDH) complex, cytochrome
bgf complex, photosystem II (PSII) complex, RNA polymerase, and ribosomal proteins.
These findings suggest that the effect of the y/ mutation on editing is site-specific, but not
transcript-specific. Zhu et al. [5] propose that reducing the RNA editing of petB-611 and
psbL-2, respectively encoding one of the major subunits of the cytochrome bgf complex
(mediating electron transfer between PSII and I) and a conserved low-molecular-weight
protein of PSII, would be the major contributors to the yI phenotype. Therefore, soybean
YL protein influences photosynthesis, possibly by its function in chloroplast RNA editing.

Following this crop, soybean has the ability to perform symbiotic nitrogen fixation in
root nodules. In the second work, Sun et al. [6] examine how the levels of RNA editing
in soybean mitochondrial transcripts are affected by nodule formation to investigate
its possible biological purpose. To this end, RNA-seq was performed using total RNA
extracted from collected nodules (N) after rhizobium inoculation, stripped roots (SR), and
uninoculated roots (UR). These authors identified 631 RNA editing sites with at least 15%
edited transcripts in all three biological replicates of any one of the tested tissues (N, SR
and UR), but only 12% of these sites were differentially edited between any two of the
three samples. One of the mitochondrial transcripts that underwent extensive RNA editing
was the matR transcript, which encodes an intron maturase that mediates group-II intron
splicing. The splicing efficiencies of 20 mitochondrial introns were analyzed by qRT-PCR
among the N, SR, and UR samples. Sun et al. [6] found that nad1 introns 2/3/4, nad4 intron
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3, nad5 introns 2/3, cox2 intron 1, and ccmFc intron 1 splicing efficiencies were higher in the
N and SR than in the UR samples. Moreover, the splicing efficiency of nad4 intron 1 was
more greatly enhanced in N than in UR and SR. Consistently, higher protein levels of NAD4
were observed in the N samples than in the other two, which affected I+III2 mitochondrial
supercomplex formation during nodulation. The greater abundance of matR transcripts in
the N and SR samples than in the UR samples prompted Sun et al. [6] to propose that the
enhanced splicing efficiencies of the aforementioned introns could be due to an increase in
the levels of matR transcripts and/or to changes in RNA editing. Nevertheless, a causal
relationship between these observations requires further investigation.

Two reviews are about the emerging importance of OGE processes in plant responses
to environmental stress. Quesada and Robles [7] and Zhang et al. [8] compile the results
hitherto published from analyzing plant mutants, mainly in Arabidopsis and rice, reveal-
ing a connection between OGE and tolerance to environmental stress. Our review [7]
summarizes the works reporting the phenotypic and molecular analyses of plant mutants
exhibiting altered sensitivity to salinity that are affected in nuclear genes involved in OGE
regulation at transcriptional or post-transcriptional levels. We conclude that the detailed
characterization of these mutants strongly supports a link between OGE and plant salt
tolerance, likely through organelle-to-nucleus signaling, and highlights the important role
of chloroplast and mitochondrion homeostasis in plant adaptation to salinity. Following a
similar approach, Zhang et al. [8] focus on the published works reporting a link between
plant environmental stress responses and: (i) the transcriptional control of chloroplast
gene expression; (ii) RNA metabolism in chloroplast; (iii) translation in this organelle.
Together these studies indicate that chloroplast gene expression is important for plant
stress responses, and the authors propose that novel tools like CRISPR/Cas9, RNA inter-
ference, and artificial RNA editing systems for carrying out the RNA editing of specific
sites in chloroplasts should be developed to better investigate the molecular mechanisms
of chloroplast gene expression in response to environmental cues.

The transfer of genetic material from plastids and mitochondria to the nucleus respec-
tively gives rise to NUPTs and NUMTs. The comprehensive review paper by Zhang et al. [9]
analyzes and summarizes the recent advances made in the characterization and distribution
patterns of organellar DNA-derived sequences in the plant nuclear genomes, the genetic
consequences and fate of plant NUPTs/NUMTs, their effects on the nuclear genome struc-
ture and evolution, as well as mechanisms of organellar DNA integration. Zhang et al. [9]
report the important role that integrated organellar DNAs play in increasing genetic diver-
sity, promoting gene and genome evolution, and sex chromosome evolution in dioecious
plants. Notwithstanding, these authors also highlight the still unanswered questions about
NUMTs/NUPTs, such as the precise mechanism of organellar DNA transfer, the effects of
organellar DNA transfer on gene activity regulation, and the caused genome instability
and the defense mechanisms elicited by organellar DNA transfer to the nucleus.

Two research manuscripts report the sequencing and assembly of the complete mi-
togenomes of the common bean (Phaseolus vulgaris) [10] and four Trifolium species from
subgenera Chronosemium (T. aureum and T. grandiflorum) and Trifolium (T. meduseum and
T. pratense) [11]. All these species belong to Fabaceae, an economically and ecologically im-
portant family of flowering plants. In these works, the authors analyzed the gene content,
size, and repeat structure of assembled mitogenomes and performed different phylogenetic
analyses. The sequencing of the P. vulgaris mitogenome by Bi et al. [10] reveals differential
selective pressure on protein-coding genes (PCGs) and 486 predicted RNA-editing sites in
the PCGs, all of which are C-to-U conversions, which may generate initiation, termination,
or internal codons with totally unpredictable functions. This work paves the way to con-
duct further genomic breeding studies in common bean, and provides valuable information
for future evolutionary and molecular studies of leguminous plants. The sequenced mi-
togenomes of Trifolium allowed Choi et al. [11] to perform comparative analyses of genome
evolution for three plant cellular compartments (mitochondrion, nucleus, and plastid) to
improve our understanding of how these genomes evolved in Trifolium. Choi et al. [11]
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also identified in Trifolium an independent and novel gene fission event of the ccmFn gene
caused by a 59 bp deletion, as well as intracellular gene transfer events in Fabaceae.

Three works in the Special Issue take advantage of chloroplast genome sequencing
and ulterior analyses, such as the determination of plastome structure, gene content and
genetic diversity, and RNA editing and phylogenetic studies. This allows an in-depth
identification, classification, and evolution of species with limited reports to date.

Zhu et al. [12] report for the first time, the whole chloroplast genome of a species of the
Trentepholiales order of Chlorophyta algae, Trentepohlia odorata. T. odorata plastome is circu-
lar, 399,372 bp long, with the typical quadripartite structure. It harbors 63 protein-coding
genes as well as 31 tRNA and 3 rRNA genes. This is the largest plastome currently identi-
fied in the Ulvophyceae class of green algae. These authors also performed phylogenetic
analyses based on the chloroplast genome to shed light on the evolution of Ulvophyceae.
They report that Trentepohliales are nested with Bryopsidales and Dasycladales, and are
closely related to the latter.

Silva et al. [13] sequenced the complete genome of three morphotypes with different
colored flowers (yellow, white, and purple) of Utricularia amethystina, a terrestrial species
belonging to the Lentibulariaceae family of carnivorous plants. The three plastomes are sim-
ilar in size, about 150,000 bp, show the archetypal quadripartite structure of angiosperms,
and have a similar number of annotated genes (137). In addition, the different number of
repeats and chloroplast microsatellites among the three morphotypes, and the exclusive
inversion of the petN and psbM genes position in the yellow one, reveal intraspecific genetic
variability. The phylogenetic analysis of 15 chloroplast genomes of Lentibulariaceae speci-
mens showed that the Utricularia genus is monophyletic, being the yellow morphotype,
sister to the purple, and sharing a common ancestor with the white one. This work also
sheds light on the evolution of photosynthesis in the Lentibulariaceae family. Although
it had been previously proposed that terrestrial species of Utricularia might have lost the
ndh complex genes, which occur in U. reniformis, the fact that the three U. amesthystina
morphotypes retain all the ndh genes refutes this hypothesis, and suggests that ndhs in
terrestrial Utricularia were independently lost and regained.

In the last work on plastome characterization, Nie et al. [14] focus on three species of
the plant parasitic genus Macrosolen (M. cochinchinensis, M. tricolor, and M. bibracteolatus)
that have extremely similar morphologies, but different medicinal effects. The three
plastomes exhibit the classic quadripartite structure, are similar in size ranging from
126,621 (M. tricolor) to 129,570 bp (M. cohinchinensis), and include 111 genes (68 protein
coding, 35 tRNAs, and 8 rRNAs) and 2 pseudogenes (ycfl and rpl2). The phylogenetic
analyses using 58 common protein-coding genes of 16 species or the matK genes from
15 species of the Santalales order gave similar results: the three Macrosolen species are
gathered in one branch, whereas the Loranthaceae, to which the Macrosolen genus belongs,
and Viscaceae families are monophyletic clades.

Finally, Yu et al. [15] review the current status of plastid transformation, a technical
approach that is drawing more attention in order to develop new genetically engineered
crops. Among the benefits of chloroplast transformation vs. nuclear transformation,
the many copies of the plastome that chloroplasts contain, and the many chloroplasts that a
plant cell usually harbors, must be highlighted. Hence higher protein accumulation levels
can often be achieved when transgenes are inserted into the plastome and not into the
nuclear genome. However, several technical difficulties make the process more challenging.
This article reports the current methods and recent advances in the three main steps to
achieve plastid transformation: (i) DNA delivery to the chloroplasts of plant cells by
biolistic transformation, PEG-mediated transfection or, more recently, by nanoparticles;
(if) DNA insertion into the plastome through homologous recombination, which can be
stimulated by using recent genome editing tools, such as CRISPR-Cas; (iii) regeneration of
transplastomic cells and plants. The authors finally reviewed the agronomic traits hitherto
engineered in crops by this approach and its potential applications.
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Overall, the contributions published in this Special Issue (Table 1) illustrate recent
advances and diverse insights into the field of organelle genetics in plants. We wish to
thank all the authors for their contributions and the reviewers for their critical assessments
of these articles. We also thank the assistant editor Ms. Chaya Zeng for giving us the
opportunity to serve as guest editors of the Special Issue “Organelle Genetics in Plants.”
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Abstract: RNA editing plays a key role in organelle gene expression. Little is known about how
RNA editing factors influence soybean plant development. Here, we report the isolation and
characterization of a soybean yl (yellow leaf) mutant. The y! plants showed decreased chlorophyll
accumulation, lower PS II activity, an impaired net photosynthesis rate, and an altered chloroplast
ultrastructure. Fine mapping of YL uncovered a point mutation in Glyma.20G187000, which encodes
a chloroplast-localized protein homologous to Arabidopsis thaliana (Arabidopsis) ORRMI. YL is mainly
expressed in trifoliate leaves, and its deficiency affects the editing of multiple chloroplast RNA
sites, leading to inferior photosynthesis in soybean. Taken together, these results demonstrate the
importance of the soybean YL protein in chloroplast RNA editing and photosynthesis.

Keywords: soybean; yellow leaf mutant; photosynthesis; chloroplast RNA editing

1. Introduction

Photosynthesis is a vital process in which plants convert light energy into chemical energy [1,2].
In higher plants, chlorophyll a and b are the two major pigments located in the thylakoid membrane
of photosynthetic organisms [2]. These chlorophyll molecules play essential roles in harvesting light
energy and transferring that energy to reaction centers of the photosystem [2,3]. In the past few
decades, tremendous research has been conducted on chlorophyll-deficient mutants in model plants,
but the molecular genetic mechanisms underlying these soybean chlorophyll-deficiency mutations are
not well understood.

For soybean, 15 chlorophyll-deficient mutant genes were reported to be mapped to
chromosomes [4]. Of these genes, six lethal yellow mutant genes, including Y11, Y18/Y18_1, Y18_2,
YL_PR350, PsbP, and CD-5, were mapped to chromosomes 13, 14, 17, 15, 3 and 15, respectively [5-9].
The other nine viable yellow mutant genes, including Y9, Y10, Y12, Y13, Y17, Y20, Y23, Tic110, and Cd1,
were mapped to chromosomes 15, 3, 6, 13, 15, 12, 13, 2, and 10, respectively [8,10-16]. However, only
the function of Y11 and Y9 genes in yellow foliage was validated by complementary analysis [6,9].

RNA editing is a post-transcriptional modification process that changes the sequence of RNA
molecules so that the information in the mature RNA differs from that defined in the genome [17]. In land
plants, RNA editing occurs in transcripts of chloroplasts and mitochondria. There are 20-60 chloroplasts
and over 300 RNA mitochondrial editing sites in most flowering plants [17,18]. RNA editing is
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performed by an editosome that is assembled via protein-protein/RNA interactions [19]. Several organelle
RNA recognition motif-containing (ORRM) proteins are known to be essential RNA editing factors.
ORRM1 controls 62% of chloroplast editing sites in Arabidopsis and 81% of editing sites in maize, with
the Zm-orrm1 mutant exhibiting a pale green phenotype [20]. ORRMS is primarily required for editing
psbF-C77 and accD-C794 sites in Arabidopsis chloroplasts [21]. In addition, ORRM2, ORRM3, ORRM4
and ORRMS5 are mitochondrial RNA editing factors [22-24]. Moreover, pentatricopeptide repeat (PPR)
proteins, multiple organellar RNA editing factor (MORF)/RNA editing factor interacting proteins (RIPs),
organelle zinc finger 1 (OZ1), protoporphyrinogen oxidase 1 (PPO1), and genomes uncoupled 1 (GUNT1)
have been identified as components of the plant RNA editosome [19,25-30].

Here, we report the characterization of a soybean yellow leaf (yl) mutant with chlorophyll
deficiency and impaired photosynthesis. Fine mapping and DNA sequencing showed that YL encodes
a GmORRM1. We showed that multiple chloroplast RNA editing sites were changed in yl mutants.
Our findings provide new insight into the function of YL in soybean photosynthesis.

2. Results

2.1. yl Plants Show Yellow Leaves and Abnormal Photosynthesis at the Seedling Stage

The yl mutant was identified from the soybean cultivar Jindou 23 mutagenized with ethyl methane
sulfonate (EMS). The yl mutant plants exhibited conspicuous yellow leaves (Figure 1A). Chlorophyll
(Chl) analysis revealed that the Chl g, b and total Chl contents of wild type (Jindou 23) leaves were
1.15 mg/g, 0.89 mg/g and 2.04 mg/g, respectively (Figure 1B). In contrast, the Chl g, b and total Chl
contents of yl leaves were 0.86 mg/g, 0.34 mg/g and 1.20 mg/g, respectively (Figure 1B). In addition,
the Chl a/b ratio of yl leaves was significantly increased compared to that of the wild type (Figure 1C).
To evaluate whether the photosynthesis of yl leaves was affected, we measured the maximum
photochemical efficiency of photosystem II (PSII), defined as the Fv/Fm and net photosynthesis rate.
The yl leaves displayed obviously decreased Fv/Fm values (wild type, 0.73; yl, 0.62) (Figure 1D).
Moreover, the net photosynthesis rate of y! leaves was 9.03 umol CO, m~2s~!, which was only 60%
that of wild type leaves (14.93 umol CO, m2s71) (Figure 1E). Therefore, the mutation in y/ causes not
only a reduction in chlorophyll contents but also abnormalities in photosynthesis.

(mg/g FW)

Chl a/b ratio
Fv/Fm
Net photosynthesis rate
(umol CO,mi%s™)

Figure 1. Phenotypic characterization of the wild type and y/ mutant plants. (A) Two-week-old wild
type (left) and yI (right) seedlings. (B) Chlorophyll contents of the third leaf of the wild type (left) and
yl (right) plants. (C) The Chl a/b ratio of the wild type (left) and y! (right) leaves. (D) The maximum
photochemical efficiency of PSII measured by the Fv/Fm chlorophyll fluorescence ratio in the wild type
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(left) and yI (right) leaves. (E) The net photosynthesis rate of the wild type (left) and y! (right) plants.
Error bars (B-E) represent the mean + SD (1 > 3); ** indicates a significant difference at the 0.01 level.
The p values were calculated by Student’s t-test. Bar =5 cm in (A).

We further performed transmission electron microscopy (TEM) to compare the chloroplast
ultrastructure between wild type and yl leaves. No differences in the number of chloroplasts per cell or
chloroplast size were detected between the wild type and yl. However, the number of grana (stacked
thylakoids) were slightly reduced in the y!/ chloroplasts (Figure 2A-D), indicating that y! chloroplasts
were probably less functional than wild type chloroplasts.

Figure 2. Chloroplast ultrastructure in the wild type and yl leaves. (A,B) Transmission electron
micrographs (TEM) of chloroplasts in the wild type (A) and y! (B) leaves. (C,D) Magnified images of
a chloroplast in the wild type (C) and y! (D) leaves. Arrows show grana. Bar = 0.5 pm in (A,B) and
200 nm in (C,D).

2.2. Fine Mapping of the YL Gene

To unravel the molecular mechanism of the y/ phenotype, we performed genetic mapping to
isolate the YL gene. The yl mutant was crossed to two soybean cultivars with normal green leaves,
Williams 82 and Zhonghuang 13, and three F, mapping populations were produced by reciprocal
crosses, yl X Williams 82, yl X Zhonghuang 13 and Zhonghuang 13 X yl. The leaf color of all F; plants
was normal green. The segregation ratio of green to yellow leaves appeared to be 3:1 in F, populations,
indicating that the yl phenotype is controlled by a single recessive nuclear gene (Table 1).

Table 1. Segregation pattern and chi-square tests for green/yellow leaves of F, progeny from the crosses
between yl and Williams 82 or Zhonghuang 13.

Number of F, Plants

C F 2 (3:1 P
rosses ! Wild Type Mutant Total X GD
yl X Williams 82 Normal 679 227 906 0 >0.9
yl X Zhonghuang13 Normal 440 163 603 1.221 0.50~0.25
Zhonghuang13 X yl Normal 448 132 580 1.437 0.25~0.10

The yl mutation was primarily mapped on chromosome 20 between microsatellite markers Satt162
and Sat_155, which were 9.9 centimorgans (cM) and 1.1 cM from yl, respectively (Figure 3A). The YL
locus was ultimately fine mapped into a 28-kb interval between single nucleotide polymorphism
(SNP) markers S3 and S7-3 (Figure 3A). According to the soybean gene annotation database (www.
phytozome.net) [31], there were three putative open reading frames (ORFs) within this 28-kb region
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(Figure 3A). We sequenced the 28-kb sequences between the wild type and y/ mutant and found a C to
A transition at the eighth exon of Glyma.20G187000 (Figure 3B).

A Q @
= |
© ©
Markers 0 %]
5cM
Chr 20 C DI |
N wn
e o o O
£ S S .3 Iy |
© =] Sm NS =] ©
Markers o © E0 0w ] » 100 kb
L 3 P /) 3 3
I I LILLL I 1 I |
Recombinants 99 69 3 1‘2‘3 14 24
o
Markers 3 % 2kb
p— ~ . | H
Recombinants 1 2
B

¥ (CIA)

Figure 3. Fine mapping of the YL gene. (A) The YL locus was initially mapped to a region between
markers Satt162 and Sat_155 on soybean chromosome 20. The gene was finally delimited to a 28 kb
region between markers S3 and S7-3. Three predicted open reading frames (ORFs) were within this
region. (B) YL (Glyma.20G187000) structure indicating nine exons (gray boxes), eight introns (line
segments between the exons), and 5" and 3’ untranslated regions (white boxes with black frame).
Start (ATG) and stop (TGA) codons are marked. The yl mutation in the YL gene is shown.

2.3. YL Encodes an Organelle RNA Recognition Motif-Containing Protein 1 (GmORRM1I)

The YL gene (Glyma.20G187000) encodes a protein of 390 amino acids with a C-terminal RNA
recognition motif (Figure 4A). The y/ mutation occurred in the RNA recognition motif and resulted
in the substitution of an alanine with a glutamic acid (Figure 4A). The alignment of amino acid
sequences homologous to YL from several plant species showed that this alanine residue in the
RNA recognition motif was highly conserved (Figure 4B). In addition, the YL sequence shared 62.3%
similarity with Arabidopsis ORRM1 (AtORRM1, At3G20930) and 58.2% similarity with maize ORRM1
(ZmORRM1, GRMZM5G899787), suggesting that YL (GmORRM1) and its homologs might have
conserved functions.

2.4. Expression Pattern and Protein Subcellular Localization of YL

We performed quantitative real-time RT-PCR (qRT-PCR) to examine the expression of YL among
various tissues. YL was expressed in all tissues tested, with the highest expression in trifoliate leaves,
intermediate expression in meristem, nodules, expanded leaves, cotyledons, and young pods and
weak expression in roots, stems, flowers, and young seeds (Figure 5A). The expression pattern of YL
was consistent with the function of YL in affecting leaf color.

Using the Predotar and TargetP programs, the YL protein was predicted to localize in
chloroplasts [32,33]. To obtain experimental verification of this localization, we expressed a YL-GFP
fusion protein under the 35S promoter in Nicotiana benthamiana leaves. The green fluorescence signals
of the YL-GFP fusion protein were observed in the chloroplasts of epidermal cells (Figure 5B,C).
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A

1 MELLSVSVSLSKCQTLSFPKPKAPQIHELPLNIRLPNKTNHFSLSSSSSP

51 CCNWSITRVAAATTYPSFNPSTTQNPHWMVLMDTPPQGVNSKPQVIDYYV
101 KTLQTVLGSEKDAQMCIYDASWNTHFGFCCDIDEEISAQLASLPEVLLVR
151 PDLEFNSLKKDYSLSSGEAGHLSGLRTRTNMLFPAGNSKHWLVKMDKPGV
201 EAVTKAQIVDYYAQILTKVMGNEKDAQMCIYHVSWKTNFGFCCELDEDCA
251 OQELAGVLGVLSVQPDNNFESENKDYAGSNLENSWNVSNSSEASQEAPLKT
301 KKLFVTGLSFYTSEKTLRAAFEGFGELVEVKVIMDKI SKRSKGY;FVEYT

RNA recognition motif

351 TEEAASAALKEMNGKT INGWMIVVDVAKPNPPRYHRNHAG

* yl = GCA(Ala) to GAA(Glu)
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Figure 4. The YL protein contains an RNA recognition motif. (A) Amino acid sequence of YL. Position
of the y! (asterisk) mutation is exhibited. The RNA recognition motif is underlined. (B) Partial alignment
of the amino acid sequences of YL and its homologous proteins. The aligned sequences are from
Glycine max (YL, Glyma.20G187000), Arabidopsis thaliana (AtORRM1, At3G20930), Zea mays (ZmORRMI,
GRMZM5G899787), Oryza sativa (Os02g49820), Medicago truncatula (Medtr1g092860) and Phaseolus
vulgaris (Phvul.007G103400). The red rectangle represents the conserved alanine residue in the RNA
recognition motif.

A

Relative expression

YL-GFP Chlorophyll Merge

Vector Chlorophyll Merge

Figure 5. Expression pattern and subcellular localization of YL. (A) Relative expression levels of the
YL gene in various soybean tissues. The real-time RT-PCR assays were performed in three biological
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replicates. qQRT-PCR values for YL are normalized with the actin and ATP synthase genes. Error bars
represent the SD. (B,C) Subcellular localization of the YL-GFP fusion protein (B) and GFP (C) in
epidermal cells of Nicotiana benthamiana leaves. Bar = 20 um in (B) and 50 pm in (C).

2.5. Dramatic Defects of Chloroplast RNA Editing in yl

To further understand the function of YL, we performed DNA resequencing and RNA sequencing
(RNA-seq) for the wild type to screen out soybean chloroplast editing sites, obtaining 44 predicted sites
from 22 chloroplast transcripts (Table 2, Tables S1 and S2). In addition, the rpl23-89 site was identified
through comparative analyses with Arabidopsis chloroplast editing sites (Table 2). Most of these sites
were verified by direct sequencing of PCR products of transcripts or the corresponding genomic DNA
carrying them (Table S2). Among the 45 editing sites, 44 sites were C-to-U conversions, 43 sites were in
the coding regions of genes, and most of them caused alteration of the encoded amino acids (Table 2).

Table 2. RNA editing sites in soybean chloroplast transcripts.

Gene Position ? Codon Site ? Conversion
accD 617 2 S(uCg)—L(uUg)
atpF 92 2 P(cCa)—L(cUa)
clpP 559 1 H(Cau)—Y(Uau)
ndhA 341 2 S(uCa)—L(uUa)
1073 2 S(uCu)—F(uUu)
ndhB 9 3 W(ugG)—stop codon (ugA)
149 2 S(uCa)—L(uUa)
542 2 T(aCg)—M(aUg)
586 1 H(Cau)—Y(Uau)
737 2 P(cCa)—L(cUa)
746 2 S(uCu)—F(uUu)
830 2 S(uCa)—L(uUa)
836 2 S(uCa)—L(uUa)
1112 2 S(uCa)—L(uUa)
1255 1 H(Cau)—Y(Uau)
1481 2 P(cCa)—L(cUa)
ndhC 323 2 S(uCa)—L(uUa)
ndhD 2 2 T(aCg)—M(aUg)
383 2 T(aCa)—I(aUa)
674 2 S(uCa)—L(uUa)
878 2 S(uCa)—L(uUa)
1298 2 S(uCa)—L(uUa)
ndhE 233 2 P(cCg)—L(cUg)
ndhF 290 2 S(uCa)—L(uUa)
petB 611 2 S(uCa)—L(uUa)
psal 79 1 H(Cau)—Y(Uau)
psbE 214 2 S(uCc)—F(uUc)
psbF 6 3 T(acC)—T(acU)
77 2 S(uCu)—F(uUu)
psbL 2 2 T(aCg)—M(aUg)
rpl23 89 2 S(uCa)—L(uUa)
rpoA 200 2 S(uCa)—L(uUa)
rpoB 338 2 S(uCu)—F(uUu)
551 2 S(uCa)—L(uUa)
566 2 S(uCg)—L(uUg)
2000 2 S(uCu)—F(uUu)
rpoC1 41 2 S(uCa)—L(uUa)
488 2 S(uCa)—L(uUa)
rps2 134 2 T(aCa)—I(aUa)
248 2 S(uCa)—L(uUa)
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Table 2. Cont.

Gene Position ? Codon Site ? Conversion
rps12 554 ¢
rps14 80 2 S(uCa)—L(uUa)
rpsl6 499 ©

212 2 S(uCa)—L(uUa)
rps18 221 2 S(uCg)—L(uUg)

2 Position is given with respect to the initiation codon of each chloroplast transcript. ® Codon site is the order in the
amino acid codon. © RNA editing sites are in introns of the chloroplast gene. The position here is given with respect
to the initiation codon of each gene.

The RNA-seq method was combined with direct sequencing of PCR products of transcripts
carrying chloroplast RNA editing sites to compare the RNA editing between wild type and y! leaves.
The results showed that the editing was completely abolished for ndhB-737, ndhD-674 and rpoB-551
in the yl mutant (Figure 6A,B, Tables S1 and S2). These deficiencies caused changes in the encoded
amino acid residues from Leu, Leu and Leu in the wild type to Pro, Ser and Ser in the y/ mutant,
respectively. In addition, the editing of 14 sites was decreased by 10% to 90% in the yl mutant (Figure 6A,
Tables S1 and S2). However, the ndhF-290 and rpoB-566 sites exhibited higher editing levels in the y!
mutant compared with the wild type (Figure 6A, Tables S1 and S2).

A
B wr
> yl
£
(]
=
9 O A 10 oS A% AD D N LN O Dok D KD N
<2g@%&“&%’%&5%9’\&\%?%@@Qw\%;"ymy’b@@%&
L ¥ COELE PN
SIFTEFFIIFT ¢ L e e @
B
ndhB-737 ndhD-674 1poB-551 petB-611
WT
n
(o]

in yl mutant (%)

altered editing sites / transcripts

L RO E RS> D I D o 2
FEEFELL 0’&6&6 &L

%

< K

Figure 6. RNA editing at multiple chloroplast sites is impaired in the y/ mutant. (A) Eighteen sites
exhibit a significant alteration in editing of more than 10% in the y/ mutant through RNA-seq analysis.
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(B) The three abolished editing sites and petB-611 in the yl mutant. Rectangular frames indicate
defective editing sites. The corresponding amino acids are underlined. (C) Percentage of altered editing
sites/transcripts in the y/ mutant. Each bar shows a transcript color-coded in accordance with the
complex to which it belongs.

We then investigated the distribution of the affected editing sites in the y/ mutant. The 19 affected
editing sites were distributed in 12 chloroplast transcripts encoding components of the Clp protease
proteolytic subunit, NDH complex, cytochrome bsf complex, PSII complex, RNA polymerase or
ribosomal proteins. As shown in Figure 6C, the percentage of altered editing sites per transcript varied
from 36.4% to 100%, suggesting that the effect of the YL mutation on editing was site specific but not
transcript specific.

3. Discussion

In plants, characterization of yellow foliar mutants will present an interesting opportunity to
understand the complex photosynthesis process. The yl mutant reported here showed reduced Chl 4,
b and total Chl contents (Figure 1B). Our study identified a point mutation in the YL gene responsible for
the mutant phenotype (Figure 3B). In addition, we discovered decreased PSII activity and a decreased
net photosynthesis rate of yl leaves (Figure 1D,E). These results reveal that YL plays an important
role in the photosynthetic process. This conclusion is supported by two pieces of evidence: (1) Strong
expression of YL was detected in the trifoliate leaves; (2) The yl mutant lacked stacked thylakoids
in the chloroplast, where photosynthesis takes place. The YL protein was homologous to maize
ORRMLI. In addition, the Mu transposon insertional mutant in ZmORRM1 showed defects in the major
photosynthetic enzyme complexes [20]. However, it is not known whether YL could influence similar
photosynthetic proteins.

Based on bioinformatic analysis and protein subcellular localization experiments, we conclude
that YL encodes a 390-amino-acid chloroplast-localized protein (Figures 4A and 5B,C). Identification
of the C-terminal RNA recognition motif of YL and the high level of homology with AtORRM1 and
ZmORRM1 strongly suggest that YL functions in RNA editing. ORRMI controlled the extent of
editing in 62% of the chloroplast sites in Arabidopsis and 81% of sites in maize [20]. In our study,
YL was required for the editing of 42% of chloroplast sites in 12 chloroplast transcripts (Figure 6A,
Tables S1 and S2). Moreover, we compared RNA editing alterations in soybean, Arabidopsis and maize
orrm1 mutants. Notably, the three completely lost editing sites, ndhB-737, ndhD-674 and rpoB-551,
in the yl mutant also exhibited a pronounced reduction in editing in Arabidopsis or maize orrml
mutants (Figure 6A,B, Tables S1 and S2). In contrast, the editing of ndhF-290 exhibited no change in
the Arabidopsis orrm1 mutant, whereas we observed a slight increase in the editing of ndhF-290 in the y/
mutant (Figure 6A, Table S1). Consequently, it seems that ORRM1 showed species-specific functions in
plants. These results suggest that YL may be involved in chloroplast RNA editing.

Twelve chloroplast transcripts, which encode components of the Clp protease proteolytic subunit,
NDH complex, cytochrome bgf complex, PSII complex, RNA polymerase or ribosomal proteins,
could not be edited in the y/ mutant (Figure 6C). The RNA editing defect in transcripts encoding the
components of the Clp protease proteolytic subunit, NDH complex, and RNA polymerase or ribosomal
proteins may not be the main reason for the y/ mutant phenotype. Although the Arabidopsis orrm1
mutant exhibited severe editing defects in transcripts encoding these proteins, it did not show any
phenotypic deficiencies [20]. In addition, partial knockout of cIpP in tobacco resulted in an asymmetric,
slender leaf shape but normal leaf color [34]. Moreover, no obvious phenotype was observed in tobacco
mutants with disrupted NDH complexes [35].

The reduction in petB-611 and psbL-2 editing may have large contributions to the y! phenotype.
The petB gene encodes cytochrome by, which is one of the major subunits of the cytochrome bsf complex
mediating electron transfer between PSII and I [36-38]. In the yl mutant, defective editing at petB-611
resulted in a change from the wild type residue at position 204 (Leu) to Ser (Figure 6B). The Leu?%*
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residue belongs to the D helix span, which is involved in heme binding [37,39]. Leu?** to Ser?%*

alteration likely disrupts the assembly of cytochrome bsf complexes, as suggested by the behavior of
petB mutants in Chlamydomonas reinhardtii [37]. The yl mutant is phenotypically similar to a tobacco
petB mutant in which the portion of the petB coding region was replaced with an aadA cassette [38].
Both yl and petB mutants display yellow (pale green) leaf color and reduced chlorophyll contents and
grana stacks. The psbL gene encodes a conserved low molecular weight protein of PSII [40]. In wild
type soybean, the initiator codon (AUG) of psbL is formed by a C to U editing of the ACG codon. In the
present yl mutant, defective editing at psbL-2 may partially influence the formation of the initiator
codon (AUG). The lack of PsbL in tobacco has been implicated as impairing the assembly of PSII [41,42].
The reduced Fv/Fm in the yl mutant is similar to the behavior of Arabidopsis mutants deficient in RNA
editing sites in plastid transcripts encoding PSII proteins, including orrm6 mutants [21].

The cytochrome bgf and PSII complexes belong to the main components of the photosynthetic
electron transfer chain [2]. The y/ mutant, exhibiting RNA editing deficiency at pefB-611 and psbL-2,
may be unable to assemble functional cytochrome bgf and PSII complexes. Since the localization of
cytochrome bgf and PSII complexes is predominantly in the grana regions of the thylakoid membrane
system, this inference may account for lacked grana in y! chloroplast. In soybean, some mutants with
defects in photosynthetic electron carrier proteins display a yellow phenotype [4,8]. For instance, the
mutation in the PSII extrinsic protein GmpsbP leads to a lethal-yellow phenotype, extremely low Fv/Fm,
and failure of proplastid differentiation into normal chloroplasts with grana [8]. The yI mutant showed
reduced Fv/Fm, indicating that the y/ mutant cannot utilize the absorbed light in photochemistry as
effectively as the wild type. When more light energy is absorbed than is converted in plants, the
photosynthetic organism is subjected to photooxidative stress, known as photoinhibition, leading
to pigment bleaching, inactivation of electron transport and damage of the reaction center [43,44].
A recent study has shown that a leaf yellowing mutant phenotype in soybean may be largely due to
the abnormal light absorption in the photosynthesis process [45]. Thus, photoinhibition may also be
the cause of decreased Chl contents and net photosynthesis rate in the y/ mutant.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Seeds of soybean cultivar Jindou 23 (wildtype) were mutagenized with ethyl methane sulfonate
(EMS). The phenotypes of the second mutant generation (M, progeny) plants were observed and the !
mutant with yellow foliage was identified from the M, progeny. The y/ mutant has been continuously
self-pollinated and selected based on the yellow foliar phenotype. For phenotype characterization
of the yIl mutant, the simultaneous field trial consisted of three replicates per genotype, planted in
0.50 m row spacing and 0.10 m spacing in the rows. To analyze the inheritance pattern of the y/
mutant and fine-mapping of the YL gene, three F, populations were generated from reciprocal crosses
between the yl mutant and two soybean cultivars, Williams 82 and Zhonghuang 13 (yI X Williams 82,
yl X Zhonghuang 13 and Zhonghuang 13 x yl). All soybean materials were planted in the experimental
field at the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences (Beijing,
China), during the natural growing seasons (May to October). The common meteorological conditions
during soybean growing seasons in Beijing were as follows: (1) mean daily temperatures: about 24 °C.
(2) overall precipitation: 400 ~ 600 mm.

4.2. Chl Contents, Net Photosynthetic Rate and Photochemical Efficiency Analysis

The third true leaves from the top of five-week-old soybean plants were used to estimate Chl
contents, net photosynthetic rate and photochemical efficiency. The total Chl, Chl 2 and Chl b contents
were determined as previously described [46]. Fresh leaves (200 mg) were immersed into 10 mL of
95% ethanol for pigments extraction under dark conditions. Then the absorbance of supernatant
was quantified spectrophotometrically at 665 and 649 nm. Chlorophyll contents were calculated
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using the following formulas [46]: Chl a (mg/g) = [(13.950Dgs5 — 6.880Dg49) x 10]/(tissue fresh
weight (g) x 1000); Chl b (mg/g) = [(24.960Dg49 — 7.320Dge5) x 10]/(tissue fresh weight (g) x 1000);
Total Chl (mg/g) = Chla (mg/g) + Chlb (mg/g). Net photosynthetic rate was measured using an
Li-6400 instrument (LI-COR, Lincoln, NE, USA) under a CO, concentration of 250 pmol mol~! and
1000 pmol m~2s~! photosynthetically active radiation (PAR) between 9:00 and 11:00 in the morning.
The maximum photochemical efficiency of photosystem II was measured as the Fv/Fm using an
IMAGING-PAM Chlorophyll Fluorometer (Heinz Walz, Effeltrich, Germany).

Three to eight individual plants were examined for each material and the examination were
repeated at least three times. The experimental data for each material are reported as mean + standard
deviation (SD). Statistical significance of differences between y/ mutant and wildtype plants were
tested using independent sample Student’s t test algorithm. All statistical analysis were performed in
SPSS Statistics 17.0.

4.3. Transmission Electron Microscopy

The third leaves of 30-day-old wild type and y! plants were collected and fixed for at least 2 h at
4 °Cin 0.1 M phosphate buffer, pH 7.4, with 2.5% glutaraldehyde and washed with the same buffer.
The samples were fixed in 1% osmium tetroxide for 2 h and then dehydrated through an ethanol
gradient, infiltrated and embedded in epoxy resin. Ultra-thin sections were obtained using a diamond
knife and mounted on copper grids. Then the grids were stained with uranyl acetate and lead citrate,
and examined using a JEM-1400 (JEOL, Tokyo, Japan) transmission electron microscope.

4.4. Fine Mapping of the YL Gene

Three F, populations generated from reciprocal crosses between the yl mutant and two soybean
cultivars, Williams 82 and Zhonghuang 13 (y! x Williams 82, y/ x Zhonghuang 13 and Zhonghuang
13 x yl), were used for genetic analysis. In the F, populations, genomic DNA was isolated from selected
etiolated seedlings exhibiting mutant phenotype for gene mapping. The cetyl trimethyl ammonium
bromide (CTAB) method was used for genomic DNA extraction from the fresh young trifoliate leaf
tissue and for all subsequent DNA extractions using this method unless otherwise stated. Briefly,
frozen tissue was powdered and dispersed in 2 X CTAB extraction buffer, and incubated at 65 °C for
about 60 min. Chloroform/Tris-phenol, 1:1 (vol/vol), was added and mixed to form an emulsion that
was centrifuged for 10 min. The upper aqueous phase was transferred to a new tube, and 2/3 vol of
isopropanol was added for DNA precipitation. The extracted DNA was treated with RNase to remove
RNA contamination.

For primary mapping, 92 mutant individuals were selected from two F, populations between y!
and Williams 82 or Zhonghuang 13. The markers used for primary mapping were 71 published SSR
markers (http://soybase.org/) [47]. A total of 770 mutant individuals selected from the F, population
between the y/ mutant and Williams 82 were used for fine mapping. New molecular markers were
developed for fine mapping (Table S3). To identify the candidate gene, the corresponding DNA
fragments within the fine mapping region were amplified from the wild type and y/ mutant using
special primers (Table S3) and sequenced.

4.5. RNA Extraction and Quantitative Real-Time RT-PCR

For analysis of the expression of YL in various soybean tissues, total RNA was isolated from root,
nodule, stem, cotyledon, expanded leaf, trifoliate leaf, meristem, flower, young seed and pod collected
from three individuals. For the analysis of chloroplast RNA editing in the y/ mutant and wild type,
total RNA was isolated from trifoliate leaves of five-week-old soybean plants. Fresh tissue was frozen
immediately in liquid nitrogen and ground to powder using a mortar and pestle. Total RNA was
extracted using 1 mL TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions. After ethanol precipitation, the RNA was dissolved in RNase-free water.
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Approximately 2 ug of total RNA were reverse transcribed using the Prime Script RT reagent
Kit with gDNA Eraser (TaKaRa, Beijing, China), according to the manufacturer’s instructions.
Quantitative real-time RT-PCR was performed in a 20 uL reaction mix containing 50 ng of cDNA,
1 x Light Cycler 480 SYBR Green I Master (Roche, Mannheim, Germany), 0.5 uM of each primer on a
Lightcycler 480 (Roche, Mannheim, Germany) machine using the following PCR profile: 2 min at 94 °C,
followed by 40 cycles of 15 s at 94 °C, 15 s at 60 °C, and 30 s at 72 °C. The dissociation curve analysis
was conducted to verify the PCR specificity. Three biological replicates with three technical replicates
were analyzed to quantify the levels of gene expression. The soybean actin and ATP synthase genes
were used as internal standards to normalize the expression of YL using the 22t method. The primers
used for quantitative real-time RT-PCR were designed using the Primer Premier 5 software (Premier,
San Francisco, CA, USA) and listed in Table S3.

4.6. Subcellular Localization

To determine its subcellular localization, the coding sequence of YL lacking its stop codon was
amplified by PCR in a 50 uL volume that contained 200 ng cDNA from wild type, 1 X PCR bulffer,
0.4 mM dNTPs, 1 U KOD EX Neo (Toyobo, Osaka, Japan) and 0.3 uM of both forward and reverse
primers of YL-GFP listed in Table S3. The sample was heated to 94 °C for 2 min, followed by 45 cycles of
denaturation at 94 °C for 15 s, annealing at 61 °C for 30 s, elongation at 68 °C for 1 min. The amplified
product was cloned into the pCAMBIA 1302 vector between the cauliflower mosaic virus 35S promoter
and the GFP-coding sequence. The construct of YL-GFP vector was sequencing confirmed by Sangon
Biotech (Shanghai, China).

For transformation of Agrobacterium, 1 ug purified plasmid DNA was added to competent cells
of thawing Agrobacterium tumefaciens strain GV3101 on ice. After ice bath for 30 min, the cell/DNA
mix was immersed in liquid nitrogen for 1 min and subsequently incubated at 37 °C for 5 min, then
ice bath for 2 min. By adding 900 uL liquid growth medium (no antibiotics), the cel/ DNA mix was
shocked for at least 120 min at 28 °C. After centrifugation, the cells were resuspended and plated on an
agar plate containing kanamycin (50 mg/L) for selection of transformants.

For infiltration of Nicotiana benthamiana, the Agrobacterium tumefaciens strains carrying the YL-GFP,
pCAMBIA 1302 and p19 of tomato bushy stunt virus plasmids were grown at 28 °C in liquid growth
medium with kanamycin (50 mg/L), rifampicin (50 mg/L) and gentamicin (25 mg/L) until ODggo
reached 1.0. The Agrobacterium tumefaciens strains containing the YL-GFP and p19 or pCAMBIA 1302
and p19 plasmids were mixed. After centrifugation of the strain mixtures, the harvested cells were
resuspended in 10 mM MES buffer containing 10 mM MgCl, and 100 mM acetosyringone to a final
ODg(p of 1.0, followed by incubation at room temperature for 120 min. Strain mixtures were infiltrated
into the abaxial surface of leaves of four-week-old Nicotiana benthamiana plants using a 1 mL syringe.
The transformed epidermal cells were detected using a Zeiss LSM710 confocal microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany).

4.7. Chloroplast RNA Editing Analysis

For chloroplast RNA editing analysis, total DNA and RNA were isolated from wild type and
yl leaves as described in Sections 4.4 and 4.5. Next, the DNA and RNA were submitted to Berry
Genomics (Beijing) for DNA resequencing and rRNA-depleted strand-specific RNA-seq, respectively.
For RNA-seq analysis, four cDNA libraries (two biological replicates per genotype) were constructed.
All sequencing data used in this research were deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive under BioProject ID PRINA616185.

Clean reads were quality checked using FastQC (version 0.11.3) (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) [48]. After quality control, reads were aligned to the soybean
chloroplast genome (ncbi.nlm.nih.gov/nuccore/DQ312375.1) [49] using HISAT (version 2.0.0) [50].
SNP calling was performed by GATK combined with Samtools [51,52]. SNPs with read numbers > 20
from the RNA-seq and the corresponding DNA resequencing data were compared and the different
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chloroplast allele bases between the two data sets were considered as the candidate RNA editing
sites. Because C-to-U editing in plastid and mitochondrial mRNAs appear to be ubiquitous in
land plants, the editing efficiency of each editing site was calculated using the following equation:
Editing (%) = U/(C + U) x 100. U represents the read number of SNPs that are different from DNAs in
plastid mRNAs. C represents the read number of SNPs that are identical as DNAs in the same plastid
editing site.

To experimentally validate the RNA editing sites derived from RNA-seq, the genomic and
transcript regions surrounding these sites were amplified from another wild type biological replicate
and y! mutant biological replicate using KOD FX High-Fidelity DNA polymerase (Toyobo, Osaka,
Japan). The PCR products were sequenced and compared to identify SNP changes resulting from RNA
editing. The RNA editing extent was estimated by the relative heights of the peaks of the nucleotide in
the sequence analyzed. The primer sequences are listed in Table S3.

5. Conclusions

In this study, we characterized one yellow leaf mutant and identified YL, a soybean homolog of
Arabidopsis ORRM1 that is involved in RNA editing. The yl mutant displayed yellow leaves, reduced
chlorophyll contents, impaired photosynthesis and an altered chloroplast ultrastructure. Through fine
mapping, the yl mutation was narrowed down to a 28-kb genomic region in chromosome 20 between
markers S3 and S7-3. DNA sequencing revealed that the YL mutation in the y/ mutant is a C to A
transition in Glyma.20G187000, which causes an amino acid alteration. Further function analysis of YL
uncovered that the point mutation in y/ influenced the editing extent in 42% of the chloroplast sites
surveyed. However, we speculate that only the decreased level of conversion of cytidine to uridine at
petB-611 and psbL-2 may affect normal photosynthesis in yl leaves. Together, our findings indicate that
soybean YL protein influences photosynthesis, possibly via its function in chloroplast RNA editing.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/4275/
s1. Table S1. Comparison of the extent of RNA editing of chloroplast sites between the wild type and yI/ mutant
by RNA-seq. Table S2. Verification of the extent of chloroplast RNA editing by Sanger sequencing. Table S3.
Primers used in this study.
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Abstract: Nitrogen fixation in soybean consumes a tremendous amount of energy, leading to
substantial differences in energy metabolism and mitochondrial activities between nodules and
uninoculated roots. While C-to-U RNA editing and intron splicing of mitochondrial transcripts are
common in plant species, their roles in relation to nodule functions are still elusive. In this study,
we performed RNA-seq to compare transcript profiles and RNA editing of mitochondrial genes
in soybean nodules and roots. A total of 631 RNA editing sites were identified on mitochondrial
transcripts, with 12% or 74 sites differentially edited among the transcripts isolated from nodules,
stripped roots, and uninoculated roots. Eight out of these 74 differentially edited sites are located
on the matR transcript, of which the degrees of RNA editing were the highest in the nodule sample.
The degree of mitochondrial intron splicing was also examined. The splicing efficiencies of several
introns in nodules and stripped roots were higher than in uninoculated roots. These include nad1
introns 2/3/4, nad4 intron 3, nad5 introns 2/3, cox2 intron 1, and ccmFc intron 1. A greater splicing
efficiency of nad4 intron 1, a higher NAD4 protein abundance, and a reduction in supercomplex
I + III, were also observed in nodules, although the causal relationship between these observations
requires further investigation.

Keywords: complex [; intron splicing; maturase; NDH; RNA editing; mitochondria

1. Introduction

Soybean is an important cash crop for protein and edible oil. Its ability to perform symbiotic
nitrogen fixation in root nodules makes it a nitrogen-rich food source. Root cells obtain photo-assimilates
from source tissues and catabolize these chemical compounds through root mitochondria to
generate the ATPs required for various physiological and biochemical processes. In eukaryotic
cells, cellular respiration mainly takes place inside mitochondria. The tricarboxylic acid (TCA) cycle
and mitochondrial electron transport chain (mETC) convert biochemical energy from nutrients into
ATP, which is an important energy currency of the cell.

The energy demand in root nodules is much higher than in uninoculated roots, since nitrogen
fixation consumes a tremendous amount of energy [1]. Therefore, substantial differences in carbon
metabolism and mitochondrial activities between root nodules and uninoculated root cells are expected.
Sucrolytic activities (invertase and sucrose synthase) are found to be 3—4-fold higher in root nodules
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than in uninoculated roots and these enzymatic activities are restricted to the uninoculated cortical
tissue and are absent in the infected central tissue of nodules [2]. Bacteroids of the nodules were
shown to exhibit a limited capacity to utilize carbohydrates [3], with limited glycolytic activities and no
sucrolytic activities. It is reported that sucrose taken up by root nodule cells is converted into malate
and succinate as the main energy sources for bacteroids [1]. Hence, to facilitate the carbohydrate
supply to bacteroids, the physiology of soybean mitochondria in nodules is significantly different
from the uninoculated roots. Mitochondria in nodules were shown to oxidize malate at a rate 2-fold
higher than cotyledon mitochondria. However, the activities of TCA cycle enzymes, except malate and
succinate dehydrogenases, were lower in nodule mitochondria [4].

The vast majority of mitochondrial proteins from these crucial metabolic pathways are encoded
in the nucleus and, after their translation in the cytoplasm, are imported into the mitochondria [5,6].
There are 110 predicted open reading frames in soybean mtDNA and 36 of them can be translated
into proteins with known functions [7,8], including some subunits of the respiratory chain:
NADH dehydrogenase (complex I), cytochrome oxidase (complex IV), ATP synthase (complex V),
and cytochrome C biogenesis. Coordination of the expression and accumulation of mitochondrial
proteins derived from the nuclear and mitochondrial genomes are complex, especially in the
post-transcriptional regulation of mtDNA expression [9,10].

Some mitochondrial mRNA transcripts are subjected to C-to-U RNA editing, a house-keeping
post-transcriptional process in plants [11]. RNA editing is carried out by the editosome complexes,
which are composed of pentatricopeptide repeat (PPR) proteins, Multiple Organellar RNA Editing
Factors (MOREF), organelle RNA Recognition Motif-containing proteins (ORRM), and organelle zinc
finger editing factor family (OZ) proteins [12]. RNA editing is complex and energy-consuming.
The biological function and evolutionary significance of RNA editing in plants still remain
unclear [13,14]. RNA editing may lead to amino acid substitutions and affect the function of the
translated proteins [15]. Editing sites, which are edited with different efficiencies in different tissues,
have also been identified in the plastids of diverse species [16,17].

RNA editing has been shown to be crucial for nadl splicing in Oenothera [18] and nad7 splicing
in maize [19]. The genomes of plant mitochondria house about 20 group-II introns and their
splicing requires maturases [20-22]. In Arabidopsis thaliana, there is one maturase gene (matR) in the
mitochondrial genome and four nuclear maturase genes (nMat1-4) in the nuclear genome [23]. The four
nuclear-encoded maturases are imported into mitochondria after translation [24,25]. It has been
experimentally demonstrated that nuclear-encoded maturases [20,23,26] and MatR [27] are required
for the splicing of various group-II introns in Arabidopsis mitochondria and the assembly of functional
complex I. Here, we compare the degrees of RNA editing and intron splicing on mitochondrial
transcripts in soybean nodules and roots.

2. Results

2.1. RNA Sequencing and Differentially Expressed Mitochondrial Genes

To study the differences in mitochondrial transcripts between soybean nodules and uninoculated
roots, we collected nodule (N) samples 28 days after rhizobium inoculation. Stripped roots (SR),
main roots after the removal of nodules, and uninoculated roots (UR) of the same age were also
harvested. We extracted total RNA from N, SR, and UR for RNA sequencing (RNA-seq) analysis
(Table 1). The BioProject accession numbers of the RNA-seq data are PRINA627909 (UR) and
PRJNA626514 (N and SR), respectively. Here, we focused on mitochondrial gene expression and
identified 93 gene transcripts (Supplementary Table S1). Besides transcripts encoding for hypothetical
proteins, we identified 14 transcripts differentially expressed between N and UR, SR and UR, or SR and
N (fold change > 1.5, p-value < 0.05 using Student’s t-test). These include transcripts of cytochrome
¢ biogenesis C/Fy (ccmC, ccmFy), cytochrome c oxidase subunit III (cox3), NADH dehydrogenase
subunit 1/2/4L/5 (nad1, nad2, nad4L, nad5), and some ribosomal proteins (Table 2). Compared to UR,
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eight transcripts, including six nad transcripts and two ribosomal protein transcripts, were significantly
upregulated in SR, while the abundance of six transcripts including cox3, nadl, nad5, and three
ribosomal protein transcripts was significantly higher in N. On the contrary, ccmFy was significantly
down-regulated in N compared with UR. The abundance of four transcripts, including cytochrome c
biogenesis C/Fy (ccmC, ccmFy) and ribosomal proteins L5 and 514, was lower in N than in SR, whereas the
abundance of cox3 and rps12 transcripts was higher in N when compared with SR and UR.

Table 1. Summary of RNA-seq sequencing data.

Sample Read Length (bp) Read Count Total Length (bp)
D3 125 66,851,390 8,356,423,750
Stripped root E3 125 75,008,428 9,376,053,500
F3 125 70,072,218 8,759,027,250
D4 125 68,175,300 8,521,912,500
Nodule E4 125 63,858,336 7,982,292,000
F4 125 62,615,136 7,826,892,000
C08-Root1 150 111,230,354 16,684,553,100
Control Root C08-Root2 150 106,852,728 16,027,909,200
C08-Root3 150 115,102,338 17,265,350,700
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2.2. Differential RNA Editing in Root Nodules

RNA-seq reads were mapped to the mitochondrial genome. A total of 631 RNA editing sites,
with at least 15% edited reads in all three biological replicates of any one of the three samples, were
identified (Supplementary Table S2). The average editing degrees of the three groups (N, SR, and UR)
were compared, and 74 sites with > 15% differences in the editing degrees between any two of the three
tissues were identified (Supplementary Table S3). Out of these 74 editing sites, 12 sites were intronic,
23 sites were synonymous, and 39 sites were non-synonymous. There were a few observations: (i) UR
showed higher editing degrees in atp1-1, atp1-2, atp1-3, and atp1-4 than the other two samples, whereas
all these sites are synonymous; (ii) There were 29 differentially edited sites in nad transcripts (nad1,
nad2, nad4, nad4L, nad5 and nad7). Most of these sites were intronic (11 sites) or synonymous (nine sites).
Only six and three sites in nadl and nad4, respectively, could lead to amino acid substitutions; (iii)
There were 18 differentially edited sites in ribosomal protein transcripts (1pl5, rps1, rps4, rps10 and
rps12). Only one site was intronic (rps10), but all the other sites could lead to amino acid substitutions.
Comparing N to UR, 16 sites in ps 1, 4, 10, and 12 had higher editing degrees, while two sites in rpl5
had lower editing degrees.

2.3. matR Transcripts Underwent Extensive RNA Editing in Root Nodules

We identified 17 editing sites on matR, of which eight sites had been identified in A. thaliana [15]
(Table 3) and 11 sites had been reported previously in uninoculated soybean by comparing genomic
DNA and cDNA sequences [28]. Out of these 17 editing sites, the degrees of RNA editing of eight
sites were higher in the N than UR and SR, of which seven could lead to amino acid substitutions.
To confirm that these sites were actually edited, RT-PCR and Sanger sequencing were performed on
three biological replicates of each sample (Supplementary Figure S1). In general, the Sanger sequencing
data confirmed the next-generation sequencing (NGS) data, and both showed that N had a higher
degree of editing than UR and SR in multiple editing sites (Figure 1 and Table 2).
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Figure 1. Validation of matR RNA editing by RT-PCR and Sanger sequencing. N, nodule, SR, stripped
root, UR, uninoculated root. The numbers (e.g., N11) represented the editing site locates in the 11th
amino acid codon of the GlmaxMp73 (matR) transcript. The average percentages (with SD values) of
RNA editing of three biological replicates obtained by RN A-seq are shown below the Sanger sequences.

2.4. Identification of Nuclear-Encoded Mitochondrial Intron Maturases in the Soybean Genome

By using the protein sequences of the four Arabidopsis nuclear maturases as baits to search the
soybean genome, six homologous nuclear maturases were identified. Among these transcripts, two are
likely to have arisen from gene duplication (Figure 2). The expression levels of these six transcripts
are presented in Supplementary Table S4. Among these six transcripts, only a transcript homologous
to AtnMAT4 had a significantly higher (2X) expression in N than in UR. By contrast, four transcripts
homologous to AtnMAT1-4 expressed significantly higher in SR than in UR (Supplementary Table S4).

AT1G30010 nMat1

—|: Glyma.15G094350
AT5G46920 nMat2
|: Glyma.15G129400
Glyma.09G023300

| |: Glyma.16G222000
Glyma.16G116350

AT5G04050 nMat3
AT1G74350 nMat4

—|: Glyma.17G135400

— ATMG00520 MatR

L GlmaxMp73 MatR:

Figure 2. Phylogenetic tree of soybean intron maturases. Evolutionary analysis was conducted with
MEGA X using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method [29].

2.5. Intron Splicing of Mitochondrial Transcripts

Next, the splicing efficiencies of the 20 mitochondrial introns were analyzed among the samples
by qRT-PCR (Figure 3). The splicing efficiencies of several introns were higher in both N and SR
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than UR, such as nad1 introns 2/3/4, nad4 intron 3, nad5 introns 2/3, cox2 intron 1, and ccmFc intron 1.
While the nuclear intron maturases responsible for the splicing of some of these introns were identified
in A. thaliana [20,23,26], the scenario in soybean is complicated by the presence of six nuclear intron
maturases in the soybean genome (Supplementary Table S4). It should be noted that the splicing
efficiency of the intron 1 of nad4 was greatly enhanced in N than in UR and SR in the following order
(N > UR > SR).
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Figure 3. Quantitative RT-PCR analysis of splicing efficiency of mitochondrial transcripts. (a) Splicing
efficiencies of mitochondrial transcripts in nodule and stripped root samples were compared with
that of the root sample. The ratio of spliced mRNA to unspliced mRNA is designated as the splicing
efficiency. The splicing efficiencies of nodules or stripped roots were divided by the splicing efficiency
of roots. (b) The relative abundance of spliced mitochondrial mRNAs of nodule and stripped root
samples were compared with that of roots. The histogram shows the log) ratios of spliced transcripts.
Values are means SD of three biological replicates.

2.6. In-Gel Activity Assay and Western Blotting

Since qRT-PCR showed that there was more splicing of nad4 intron 1 in N, we examined the
abundance of NAD4 protein in our samples by Western blotting and in-gel activity assays (Figure 4).
In-gel activity assay showed that the activity of protein complex I was similar among the three samples,
and the complex I activity assay showed that while the activity of the monomeric complex I was similar
among the three samples (Figure 4a,b), the activities of the supercomplex composed of complex I and
dimeric complex III were lower in N (Figure 4a). In terms of protein abundance, while the level of
NAD?9 protein was similar among the three samples, a higher protein level of NAD4 was observed
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in the N sample in comparison to the other two samples. The N sample also had a higher protein
abundance of COXIII, which could be due to a 2X increase in its mRNA abundance (Table 2).

4 PR SR N b yrR SR N ¢ R SR N
v S -
I, —

| —>

ATPD — w— —
COXIT o S ——

cown [ -
NADY i - —

Figure 4. In-gel activity of the mitochondrial respiratory complexes separated by BN-PAGE. Complex I
activity (a), Complex II activity (b), and Western blotting (c). UR, uninoculated roots; SR, stripped
roots; N, nodules. I, complex I; I + III,, supercomplex composed of complex I and dimeric complex III;

II, complex II. For Western blotting, 10 pg mitochondrial proteins were separated by SDS-PAGE and
blotted with antibodies. Three biological replicates were run and the results were reproducible. The
representative images are shown in (a—c).

3. Discussion

RNA editing is a common biological process in the plastids and mitochondria of land plants [30].
It is believed to be a post-transcriptional correction mechanism to circumvent mutations in the
organellar genomes [11]. Since RNA editing is an energy-consuming and complex process, it must
serve important biological functions, or otherwise it should not be maintained in higher plants
during evolution. One possible advantage of RNA editing is to provide an additional regulatory
mechanism to organelle physiology. RNA editing was shown to play important roles in organellar tRNA
maturation [31] and intron splicing [18,19]. Several hundreds of RNA editing sites on mitochondrial
transcripts and differential RNA editing were observed in our previous study on A. thaliana [15].
We showed that overexpression of AtPAP2, a phosphatase dually targets the outer membranes of
chloroplasts and mitochondria [32,33] and plays a role in the import of pMORE3 into mitochondria [5],
might influence cyt c biogenesis by modulating RNA editing of ccm transcripts through its interaction
with the MOREF proteins [15].

Here, the objective is to examine how nodule formation affects the degrees of RNA editing in
soybean mitochondrial transcripts and investigate its possible biological purpose. We identified 631
RNA editing sites with at least 15% of edited transcripts in all three biological replicates of any one of the
samples (Supplementary Table S2). Only 12% of these sites were differentially edited between any two
of the three samples. One of the mitochondrial transcripts that underwent extensive RNA editing was
the matR transcript (Table 3), which encodes an intron maturase that mediates group-II intron splicing.
In a previous study, 510 RNA editing sites were identified in Arabidopsis mitochondrial transcripts and
124 sites were differentially edited between the wild-type and a high-energy, fast-growing, transgenic
line [15]. There are 12 RNA editing sites in Arabidopsis matR transcripts, but none of them were
differentially edited between the two lines [15]. Hence, the differential editing of mafR transcripts is
specific in our soybean samples and is likely to play a role in nodule function (Table 2). While plant
mitochondria have lost most of their intron-encoded ORFs, a single intron maturase gene (matR) is
retained in the fourth intron of nad1 in seed plants [21] (Figure 2). In addition to the mitochondrial
matR gene, phylogenetic analysis shows that the nuclear maturase genes are also conserved between A.
thaliana and soybean, since the homologous sequences of all four Arabidopsis nMat homologs could
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be found in the soybean genome (Figure 2). Among the six soybean nuclear maturases, only a gene
homologous to Arabidopsis nMat4 exhibited a 2X higher expression in N than in UR (Supplementary
Table S4).

By suppressing the expression of matR in Arabidopsis, the splicing efficiencies of nad1 introns 3
and 4, nad4 intron 3, cox2 intron 1, and ccmFc intron 1 were downregulated, indicating that AtMatR
carries out the splicing of these introns [27]. In soybean, the splicing efficiencies of these introns were
higher in N and SR than in UR (Figure 3a). It should be noted that the abundance of matR transcripts
were 27% and 38% higher in the SR and the N samples than in the UR sample (p < 0.005), respectively
(Supplementary Table S1). Hence, the changes in the splicing efficiencies of these introns could be due
to an increase in matR transcript abundance and/or due to the changes in RNA editing. The nad4 intron
1 was not identified as a mafR-mediated splicing site in Arabidopsis by matR knockdown experiments.
However, it was identified in the MatR-ribonucleoprotein complex in an RNA co-immunoprecipitation
experiment [27]. Hence, it is possible that RNA editing of MatR and the subsequent changes in its
amino acid sequence might affect the composition of its associated ribonucleoprotein complex, thus
affecting the splicing efficiency of nad4 intron 1 by the other maturases. Alternatively, MatR might have
an additional splicing activity toward nad4 intron 1 in soybean. A P-type PPR protein, MISF68, was
recently shown to be essential for the splicing of nad4 intron 1 in A. thaliana, but the maturase responsible
for its splicing has not yet been identified [34]. Nevertheless, several nuclear-encoded splicing factors
can independently regulate the intron splicing in plant mitochondria, such as nMat1-4, mitochondrial
transcription termination factors (mTERFs), and some PPR proteins. They are responsible for the
splicing regulation of multiple introns in the mitochondrial genomes [35,36]. However, the most
significant change between SR and N came from nad4 intron 1 in the qRT-PCR results, suggesting that
the splicing factor which targets the nad4 intron 1 may play a role in nodule function.

Several nad genes are retained in the mitochondrial genome but are not transferred to the nucleus
during evolution, probably because they encode the hydrophobic membrane subunits (NAD1-6) of
the complex I [37]. Some nad introns are subjected to RNA editing (Supplementary Table S3). The
latest research reveals that some RNA editing sites on the intronic sequences of maize mitochondrial
nad7 transcript can affect its intron splicing [19]. For example, in maize, it was previously shown that
splicing would be abolished without the C-to-U editing at a specific position in two nad7 introns [19].
In this study, 12 intronic RNA editing sites were identified, 11 of which were situated in nad1/2/4/5/7
introns, including a site located in nad4 intron 1 (base 102195, Supplementary Table S3). RNA editing
of these intronic sequences could potentially affect intron splicing in soybean.

We observed the highest splicing efficiency of the nad4 intron 1 in N compared to UR and SR
(Figure 3), which might, in turn, affect the NAD4 protein abundance and supercomplex formation
(Figure 4). In mammalian cells, spliced mRNA yielded more proteins than identical mRNA not
made by splicing, possibly due to an enhanced association of spliced mRNA with polyribosomes [38].
This phenomenon is also observed in viruses [39]. Likewise, a higher splicing efficiency of the first
intron of nad4 in nodule (Figure 3a) might enhance the efficiency of translation. Evidentially, we
detected a higher NAD4 protein abundance in nodule comparing to roots (Figure 4c) despite a similar
nad4 transcript abundance in all samples (Supplementary Table S1). NAD4 is a membrane component
of complex I. In a maize nad4 mutant (NCS2), while the missing NAD4 results in the destabilization of
the NDH complex, a smaller complex can still exhibit complex I activity in the in-gel enzyme assay [40].
In BN-gel, complex I has two forms, either alone or forming a supercomplex (I + III;) with dimeric
complex III, and their ratios are 40%/60% in plants, mammals, and fungi [41]. Our result showed
that the mitochondria in nodules contain less I + III, supercomplex, but contain a similar amount
of free complex I to that of the root samples (Figure 4). Factors such as differential intron splicing,
differential RNA editing of various nad transcripts and a change in NAD4 abundance could collectively
affect the formation of the I + III, supercomplex during nodulation. It was suggested that the I + III,
supercomplex may enable a more efficient electron transfer from complex I to complex III, as the
close proximity of the two complexes enables efficient channeling of reduced quinol [42]. The lower
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abundance of supercomplex I + III, in nodule mitochondria might affect electron transport rate in the
mETC [41].

In nodules, nitrogen fixation by S. fredii is an extensive energy-consuming process. To fix one
molecule of N, 16 ATP molecules and eight electrons (and eight H*) are required [43]. C4-dicarboxylates
(succinate, fumarate, and malate) were suggested to be the primary carbon source provided to the
rhizobia by the root cells [1], and a recent study showed that malate, but not succinate or fumarate,
is the essential dicarboxylate for bacteroid growth and symbiosis [44]. Normal root mitochondria
do not exhibit substantial glycine decarboxylase (GDC) as there is no photorespiration in roots [45].
However, a proteomic study showed that nodule mitochondria contain a significantly higher amount
of GDC, but a lower amount of ATP synthase « and 3 chains than uninoculated roots [46]. A high
glycine flux is present in nodule mitochondria due to nitrogen fixation and ureide biosynthesis [47].
The presence of GDC in nodule mitochondria will generate a large amount of NADH. If the electron
transport in the mETC is tuned down by the downregulation of the formation of supercomplex
I + 111 [42], more NADH generated from GDC can be exported from the nodule mitochondria in the
form of malate, which can then be consumed by the bacterioid for energy production. In this study,
we reported the changes in RNA editing and intron splicing of the mitochondrial genome in soybean
nodules. The relationship among RNA editing, intron splicing, and supercomplex I+III, formation is
complicated and requires further investigation.

4. Materials and Methods

4.1. Plant Materials and Sinorhizobium Fredii Inoculation

Nodules were harvested from a cultivated soybean C08 (Glycine max), which is closely related
to Williams 82 from Illinois, USA [48]. Seeds of C08 were surface-sterilized with chlorine gas for
16 h and germinated in the dark in sterilized vermiculite with de-ionized water in the greenhouse.
At three days post-germination, seedlings were transferred to individual containers with sterilized
vermiculite with 1X low nitrogen nutrient solution (6.35 uM Ca(NO3),, 133.59 uM CaSOy, 50.30 uM
KCl, 12.17 uM MgSO4e7H,0, 39.04 uM K,HPOy, 15.31 uM ferric citrate, 2.31 uM H3BO3, 0.6 uM
MnSOy, 0.07 uM ZnSOy, 0.16 uM CuSO4e5H,0, 0.01 uM Hy;Mo0Qy) in a 16h/8h light/dark cycle at
25-30 °C [49] and inoculated with S. fredii strain CCBAU45436 [50]. A set of uninoculated soybean
control was also prepared alongside this. The Rhizobium strain was cultured on TY medium [51] at
28 °C with shaking at 180 rpm for 40 h. The cells were then pelleted and diluted in saline (0.9% w/v
NaCl) to a final concentration of 1020 cells mL~! (0D = 0.2) for inoculation. Ten-day-old seedlings
were inoculated with 1 mL inoculum per plant. On the 28th day after inoculation, UR, N, and SR
samples were collected separately and frozen immediately in liquid nitrogen and stored at —80 °C for
RNA extraction. For mitochondria isolation, uninoculated roots, nodules, and the stripped roots were
harvested and kept on ice for immediate isolation [5].

4.2. RNA Extraction and Sequencing

RNA was extracted using TRIzol (Life Technologies, Carlsbad, CA, USA) following the
manufacturer’s protocol. Three biological replicates were prepared for each of the three conditions
to produce a total of nine samples. Nine strand-specific RNA-seq libraries were generated using
TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Messenger RNA (mRNA) was
enriched by depleting ribosomal protein RNA using Ribo-Zero Plant kit, rather than poly-A enrichment.
These libraries were sequenced on Illumina Hiseq series platforms (sequencing service provided by
Groken Bioscience, Hong Kong, China).

4.3. Bioinformatics Analysis

G. max Williams 82 v275 reference genome was downloaded from the Phytozome database (v9.0:
https://phytozome.jgi.doe.gov/). The complete soybean mitochondrion genome was downloaded
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from the NCBI database (ID: NC_020455.1) [8]. The sequences were combined into one reference
genome for subsequent analysis. Genomic variations (SNPs and Indels) between C08 and the reference
genome were identified using the GATK pipeline (version 4.0.5.2) [52] according to GATK best practice
workflow for germline short variant discovery (https://software broadinstitute.org/gatk/best-practices/
workflow?id=11145). Briefly, C08 DNA sequencing reads were mapped to the reference genome using
BWA-MEM (version 0.7.15) implementation with default parameters. Duplicated reads were marked
with GATK MarkDuplicates implementation. Then, base quality score recalibration was performed
with known variation sites downloaded from the Phytozome database (v12). Then, SNPs and Indels
between C08 and the reference genome were called based on mapped and quality score recalibrated
reads using GATK HaplotypeCaller implementation.

RNA-seq reads were mapped to reference genome using Tophat2 (version 2.1.1) [53]. Properly
mapped read pairs were assigned to each annotated gene by featureCounts from the subread
package [54]. Read pair count of each mitochondrial gene was normalized by transcript length and
total read count to calculate FPKM value.

To identify RNA editing sites, RNA-seq reads that could be mapped to the mitochondrial genome
were extracted. SNPs were identified, and allele frequency was calculated for each polymorphic
site using samtools mpileup (version 1.7) [55] and varScan2 (version 2.4.3) [56]. SNPs that were
also identified by GATK with DNA reads were assumed to be germline variations and filtered.
The remaining SNPs were considered as candidate RNA-editing sites.

4.4. RT-PCR and Quantitative RT-PCR

c¢DNAs were synthesized with M-MLV RT (200 U/uL) (Invitrogen, Hong Kong, China) and random
hexamers (Invitrogen, Hong Kong, China), according to the manufacturer’s instructions. To verify the
differential editing of mitochondrial matR transcript observed in RNA-seq data, specific primers were
designed to amplify regions that contain each matR editing site by RT-PCR (Supplementary Table S5).
PCR products were sent out to BGI-Shenzhen for Sanger sequencing.

Quantitative reverse transcription PCR (qRT-PCR) analysis was carried out using the same batch
of RNA samples. Primers used in qRT-PCR were derived from a previous A. thaliana study in which
specific oligonucleotides were designed to target intron-exon and exon-exon regions [23]. New primers
were designed based on the homology between A. thaliana and soybean mitochondrial genomes
(Supplementary Table S5). SYBR Green Master Mix (ABlsystems, Hong Kong) was used in a 10 uL
volume PCR reactions. Tubulin gene (Gene ID: Glyma20g27280) was used as the internal house-keeping
control. The assessment of relative expression levels was calculated using the Ct comparative threshold
method [15,57]. The expression levels of spliced mRNA and unspliced mRNA were first calculated and
the ratio was defined as the splicing efficiency. To compare the splicing efficiencies between samples,
the splicing efficiencies of SR and N were divided by that of UR (Figure 3a).

4.5. Isolation of Soybean Mitochondria

Soybean mitochondria were isolated as previously described with modifications [58,59].
All procedures were done at 4 °C including sample harvest and centrifugation. A total of 20 g
of the UR, 20 g of SR, and 10 g of the N were sampled and ground in 50 mL grinding buffer (pH 7.5)
containing 0.3 M sucrose, 25 mM Tetrasodiumpyrophosphate, 2 mM EDTA, 10 mM KH,POy, 1.0%
(w/v) PVP-40, 1% (w/v) BSA, 20 mM ascorbate and L-cysteine. After 2 min of grinding, the homogenates
were filtered through a double layer of Miracloth and rinsed again with 50 mL grinding buffer and
centrifuged at 4000 g for 5 min. The supernatant was transferred to a tube and centrifuged at 10,000 g
for 15 min. The pellet was resuspended in a wash buffer (0.3 M sucrose, 10 mM TES, 0.1% (w/v) BSA,
pH 7.5) and layered on 30 mL of wash buffer containing 45% (v/v) Percoll in a tube and centrifuged at
40,000 g for 30 min. The crude mitochondria located in a tight brown band near the top of the tube
were transferred and diluted at least 5-fold with the wash buffer and concentrated by centrifuging at
15,000 g for 10 min. The pellet was resuspended in around 5 mL of wash buffer before loading to a
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continuous gradient solution containing 0 to 4.4% (v/v) PVP-40 and 28% (v/v) Percoll in the wash buffer.
After centrifugation at 40,000 g for 30 min, the mitochondria were concentrated in a pale-yellow band
located near the bottom of the tube. This layer was then transferred to a new polycarbonate centrifuge
tube with the BSA-free wash buffer and centrifuged at 2450 g for 15 min. After 3-4 wash steps, the
mitochondria pellet was resuspended in the wash buffer without BSA. After the protein concentration
was determined by the Bradford protein assay (BIO-RAD, Hercules, CA, USA), the mitochondria were
stored in aliquots at —80 °C.

4.6. Blue Native-Polyacrylamide Gel Electrophoresis (BN-PAGE) and In-Gel Enzyme Activity Staining

The mitochondrial protein complex extraction and BN-PAGE were carried out as previously
published with modifications [60]. An equal amount of mitochondria was collected by centrifugation
at 14,300 g for 10 min at 4 °C and resuspended in 5% (w/v) digitonin extraction buffer to a final ratio
of 10:1 (w/v) of protein to detergent and incubated on ice for 20 min. The solubilized proteins were
then centrifuged at 18,300 g for 20 min at 4 °C. The supernatant (100 ug per sample) was transferred
to a new tube supplemented with 5% (v/v) Serva blue G250 solution by a final ratio of 100:1 (w/) of
protein to dye and was loaded to a standard 1.0 mm x 10 well NativePAGE™ 3-12% Bis-Tris Gel
(Invitrogen, Hong Kong, China). The cathode buffer (50 mM Tricine, 15 mM bis-Tris, 0.02% (w/v) Serva
Blue G250, pH 7.0) and the anode buffer (50 mM Bis-Tris, pH 7.0 with HCI) were freshly prepared.
The electrophoresis was carried out at 4 °C at 75 V for 30 min, followed by 100 V for 30 min, 125 V
for 30 min, 150 V for 1 h, 175 V for 30 min, and then set to a constant voltage 200 V until the sample
reached the bottom of the gel.

After electrophoresis, the gels were washed twice with MiliQ water for 10 min. Then, the gels were
equilibrated in the appropriate reaction buffer without reagents for 10 min. The gel was then incubated
in a fresh reaction buffer of complex I (0.1 M Tris, 0.2 mM NADH, 0.2% (w/v) nitro-blue tetrazolium, pH
7.4) for 30 min. The other gel was incubated in a fresh reaction buffer of complex II (50 mM KH,PO,,
0.1 mM ATP, 0.2 mM Phenazine methosulphate, 10 mM succinate, 0.2% (w/v) nitro-blue tetrazolium)
for 2 h. The reactions were terminated by fixing the gels in 40% (v/v) methanol and 10% (v/v) acetic acid
for at least 1 h. The gels were destained overnight in 20% (v/v) methanol to remove residual Serva
Blue G. For Western blot analysis, 10 ug mitochondrial proteins were run into SDS-PAGE and the
proteins were transferred to Hybond-P nitrocellulose membranes (GE Healthcare, Hong Kong, China).
The following antibodies were used: anti-beta subunit of ATP synthase (ATP4, PhytoAB PHY0587S,
1:1000; ATPf3, Agrisera AS05 085, 1:4000); anti-cytochrome oxidase subunit II (COXII, Agrisera AS04
053A, 1:2000); anti-cytochrome oxidase subunit III (COXIII, PhytoAB PHY0580S, 1:1000); anti-NAD4
(PhytoAB PHY0511S, 1:1000); anti-NAD9 (from Dr. G. Bonnard, 1:50,000); anti-51kDa (PhytoAB
PHY0525S, 1:1000). The signals were developed by the Enhanced Chemiluminescence method (ECL;
GE Healthcare, Hong Kong, China).

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/24/9378/s1.
Figure S1: Sanger sequencing of three biological replicates of each sample. Table S1: Normalized read count
for each mitochondrial transcript in the three tissues. Table S2. RNA edited sites in the mitochondrial genome
identified in this study. Table S3. Differentially edited RNA editing sites. Table S4: Expression of nuclear intron
maturases in the three tissues. Table S5. Primers used in this study.
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Abstract: Given their endosymbiotic origin, chloroplasts and mitochondria genomes harbor only
between 100 and 200 genes that encode the proteins involved in organellar gene expression (OGE),
photosynthesis, and the electron transport chain. However, as the activity of these organelles also
needs a few thousand proteins encoded by the nuclear genome, a close coordination of the gene
expression between the nucleus and organelles must exist. In line with this, OGE regulation is crucial
for plant growth and development, and is achieved mainly through post-transcriptional mechanisms
performed by nuclear genes. In this way, the nucleus controls the activity of organelles and these,
in turn, transmit information about their functional state to the nucleus by modulating nuclear
expression according to the organelles’ physiological requirements. This adjusts organelle function
to plant physiological, developmental, or growth demands. Therefore, OGE must appropriately
respond to both the endogenous signals and exogenous environmental cues that can jeopardize
plant survival. As sessile organisms, plants have to respond to adverse conditions to acclimate
and adapt to them. Salinity is a major abiotic stress that negatively affects plant development and
growth, disrupts chloroplast and mitochondria function, and leads to reduced yields. Information
on the effects that the disturbance of the OGE function has on plant tolerance to salinity is still quite
fragmented. Nonetheless, many plant mutants which display altered responses to salinity have
been characterized in recent years, and interestingly, several are affected in nuclear genes encoding
organelle-localized proteins that regulate the expression of organelle genes. These results strongly
support a link between OGE and plant salt tolerance, likely through retrograde signaling. Our review
analyzes recent findings on the OGE functions required by plants to respond and tolerate salinity,
and highlights the fundamental role that chloroplast and mitochondrion homeostasis plays in plant
adaptation to salt stress.

Keywords: Salt stress; organellar gene expression (OGE); Arabidopsis; rice; mitochondrial
transcription termination factors (mTERFs); pentatricopeptide repeat (PPR) proteins; DEAD-box
RNA helicases (RHs)-containing proteins; RNA-recognition motifs (RRMs)-containing proteins;
SIGMA FACTOR 5; PLASTID-SPECIFIC RIBOSOMAL PROTEIN 2

1. Introduction

Soil salinity severely affects plant development and growth and leads to yield losses. The high
concentration of salts causes ionic imbalance and osmotic stress. Accordingly, salinity alters the ionic
homeostasis of plant cells by causing toxic excess of sodium (Na*) and a deficiency of ions, such as
potassium (K*) and Ca*? because Na* in excess disturbs the uptake of these cationic nutrients [1].
High Na* content in the cytosol can also inhibit enzymatic activity, and can even interfere with protein
surface charges by destabilizing molecular interactions. Apart from Na*, high levels of other ions,
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such as C1~, Mg?*, SO,2~, or HCO®~ in the cytoplasm, can also contribute to salt toxicity [1]. To deal
with the ionic and osmotic stresses imposed by salinity, plants have developed throughout their
evolution several adaptive strategies [2].

A bigger world population and its associated food demand have meant having to increase the
area dedicated to agricultural use and to develop ever-growing intensive and productive agriculture.
Along these lines, the world’s human population is expected to reach more than 9 billion by 2050,
and according to FAO 2011, global food production will need to increase by about 70% to match
this population growth [1]. To face these demands, salinization of arable soils poses a serious threat.
Accordingly, losses in the world’s agricultural production caused by the salinization of arable land
are estimated to be around 12 trillion dollars per year, with more than 800 million hectares with high
salinity levels [3]. This accounts for approximately 6% of the world’s land and affects one third of
the world’s cultivated land area [4]. Therefore, it is necessary to advance in improving tolerance to
crop salinity. One of the main strategies developed to avoid yields being lost to soil salinization is
the selection of crop varieties that display enhanced tolerance to salinity. The development of these
more halotolerant varieties requires unraveling the cellular, physiological, genetic, and molecular
mechanisms that underlie plant salt tolerance. This is a difficult task, as plant salt tolerance is usually
a genetically complex trait that is frequently modulated by different biosynthetic and signaling
pathways. Crosstalks among these pathways have been reported under salinity conditions [5].

Abiotic stresses can be sensed by different plant cellular compartments, including mitochondria
and chloroplasts [6], which are organelles with double membranes and with their own genomes.
Cellular respiration in mitochondria (ATP production through oxidative phosphorylation) and
photosynthesis in chloroplasts (the process by which plants produce organic substances from carbon
dioxide and water using light energy from the Sun) are two vital processes to maintain life on our
planet. The synthesis of essential biological molecules, such as nucleotides, amino acids, lipids,
and vitamins, also takes place in these organelles [7-10]. Therefore, perturbation of chloroplast and
mitochondrion homeostasis by endogenous or environmental cues may severely compromise plant
growth and development. In line with this, chloroplasts are one of the organelles principally affected
by salinity, which leads to lower carbon fixation rates and increased reactive oxygen species (ROS)
levels [11]. An impaired plastid or mitochondrial function is communicated to the nucleus through
retrograde signaling, and the activity of these organelles adjusts to cope with adverse environmental
conditions. One way of achieving this is by modifying the activity of the nuclear genes that encode
the chloroplast or mitochondrial proteins required for plants to adapt to stress [12,13]. Nonetheless,
very little is known about the role that chloroplasts and mitochondria play in the response to abiotic
stress in general, and to salinity in particular.

Chloroplast and mitochondrial genomes are the relics of those free-living prokaryotic organisms
that invaded or were swallowed by a primitive eukaryotic cell with which they established
an endosymbiotic relationship [14-16]. In the course of evolution, the number of genes in the genomes
of these endosymbionts was drastically lowered, most of which were transferred to the nuclear genome.
In this way, the gene functions needed for these organelles to properly function do not exclusively lie in
their genomes because they depend largely on other functions located in the nucleus. This implies that
a close coordination of the gene expression between nuclear and organellar genomes must exist. Along
these lines, the vast majority of the proteins located in chloroplasts and mitochondria are translated in
the cytosol and imported into these organelles as they are encoded by the nuclear genome. Accordingly,
most studies about the effect of salinity on gene expression have focused on analyzing nuclear
genes [5]. Proteomic and bioinformatic studies have indicated that chloroplast and plant mitochondrion
proteomes, respectively, contain some 3000 and 2000 proteins [17,18]. In stark contrast, the genomes of
these organelles harbor only between 100 and 200 genes that encode proteins involved in organellar
gene expression (OGE, including transcription, RNA processing, and translation), photosynthesis
in chloroplasts, and ATP production through oxidative phosphorylation in mitochondria. OGE
regulation is crucial for plant growth and development. In chloroplasts, this is achieved mainly at
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the post-transcriptional level through the control of RNA translation, processing, splicing, decay,
or editing [19]. Therefore, OGE must appropriately respond to changes that occur via development
and environmental cues, including abiotic stresses, such as salinity. However, information about the
effects that OGE disturbance has on plant tolerance to salinity is still limited. Notwithstanding, several
works have recently reported thorough phenotypic and molecular characterizations of plant mutants,
and to a lesser extent, of transgenic overexpression (OE) lines affected in nuclear genes involved in
OGE in plastids or mitochondria, which exhibit altered sensitivity to salt stress. These genes regulate
the expression of organellar genes at both the transcriptional and (mainly) post-transcriptional levels.
Our review focuses on the results taken from analyzing these mutants and OE lines, and consequently,
on OGE functions required for plant salt tolerance and response. Together, they highlight the important
role of chloroplast and mitochondrion homeostasis in plant adaptation to salinity.

2. Effects of Perturbed OGE on Plant Tolerance to Salinity

As many of the genes involved in OGE reside in the nuclear genome, their mRNAs must
be translated into the cytoplasm, and the proteins they code must be imported to chloroplasts
or mitochondria. In this way, the nucleus can control the activity of these organelles, while the
latter transmit information about their functional state to the nucleus by modulating nuclear activity
according to these organelles’” physiological requirements [20]. Accordingly, perturbed plastid gene
expression is signaled to the nucleus, and affects the expression of photosynthesis-associated genes.
In line with this, OGE is one of the several plant retrograde signaling routes proposed [21-23].

In the last few years, dozens of salt-responsive nuclear genes encoding chloroplast- or mitochondrial-
targeted proteins from different plant species have been reported, some of which are involved in gene
expression in these organelles (reviewed in [24,25]). The analysis of several plant mutants, mainly in
Arabidopsis thaliana (hereafter Arabidopsis) and rice, has revealed a connection between chloroplast and
mitochondrial functions and the response to salt stress. Some of these mutants are affected in nuclear
genes involved in OGE and display altered responses to different abiotic stress conditions, including
salinity (reviewed in [20]). Examples of such are genes that encode: (a) mitochondrial transcription
termination factors (mTERFs), pentatricopeptide repeat (PPR), and other RNA-binding proteins that
post-transcriptionally regulate OGE through RNA metabolism (e.g., DEAD-box RNA helicases (RHs)
and RNA-recognition motifs (RRMs)-containing proteins); (b) the SIGMA FACTOR 5 (SIG5) required for
plastid gene transcription; and (c) PLASTID-SPECIFIC RIBOSOMAL PROTEIN 2 (PSRP2).

2.1. Post-Transcriptional Regulation of OGE and Salt Tolerance

2.1.1. Defective mTERF Mutants Show Altered Responses to Salinity

One of the gene families involved in OGE regulation is mTERF, for which several Arabidopsis
mutants showing altered sensitivity to salt have been reported [26,27]. The mTERF proteins are
targeted to chloroplasts or mitochondria, and contain a variable number of repeats of a motif
dubbed “mTERF”, which is about 30 amino acids long. Plant genomes, mainly those of higher
plants, contain larger numbers of mTERF genes than animals. Accordingly, 35 and 45 mTERFs
have been reported in Arabidopsis and rice, respectively [28,29], and larger numbers have been
proposed for other plants (e.g., 55, 56, and 62 for Populous trichocarpa, Glycine max, and Malus domestica,
respectively [29]). This contrasts with the four mTERF (MTERF1 to 4) genes present in the
nuclear genomes of metazoans. Both the expansion and diversification of plant mTERFs have been
related to the tolerance and acclimation of plants to abiotic stress [27]. In vertebrates, mTERFs
participate in mitochondria transcription termination, initiation, translation, and likely in mtDNA
replication [30,31]. In plants, information about mTERF functions is rather limited. To date, very few
mTERFs have been molecularly characterized; they all post-transcriptionally regulate the expression
of chloroplast or mitochondria genes, and can bind DNA or RNA. Accordingly, Arabidopsis BELAYA
SMERT/RUGOSA2 (BSM/RUG?2) [28,32], mTERF15 [33], and Zea mays ZmTERF4 [34] are involved
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in organellar intron II splicing; mTERF6 has been proposed to participate in the maturation of the
chloroplast isoleucine tRNA (trnl.2) gene [35] and the transcription termination of the plastid rpoA
polycistron, which is important for transcription and translation in this organelle [36]. Along these lines,
the first mTERF characterized in a photosynthetic organism, the MOCI gene of the unicellular green
alga Chlamydomonas reinhardtii, is also involved in transcription termination in mitochondria [37,38].
Recently, Sun et al. [39] reported that mTERF4/COE1 (also known as BSM/RUG2) cooperates with the
PPR protein GUN1 (GENOMES UNCOUPLED1) in plastid gene expression and retrograde signaling.
Taken together, these results strongly support a role for plant mTERFs in regulating OGE.

As far as we know, a phenotype of altered sensitivity to salinity has been reported for mdal
(mTEREF defective in Arabidopsis1), mterf6, mterf9, mterfl10, and mterfl1 mutants. Indeed, mutants mdal,
affected in the mTERF5 gene [40], and mterf9 [41] are less sensitive to NaCl than the wild type,
whereas mterf6-2, mterf6-5 [42], mterfl0, and mterfl1 [43] are salt-hypersensitive (Table 1). This suggests
that mTERF5 and mTERF9 would negatively regulate Arabidopsis salt tolerance, whereas mTERF6,
mTERF10, and mTERF11 would function as positive regulators of such tolerance [42]. Consistent with
all this, the mTERF10 and mTER11 overexpression lines are more insensitive to NaCl than the wild
type [43]. Interestingly, some of these mutants also exhibit an altered response to the abscisic acid (ABA)
hormone, which plays a central role in the response and adaptation of plants to different abiotic stress
conditions [44]. Accordingly, mutants mdal and mterf9 are less sensitive to ABA than the wild type,
whereas mutants mterf6 and mterfl1 are ABA hypersensitive (Table 1) [40-43]. These results suggest that
the enhanced or reduced tolerance of these mutants to salinity might be due, at least in part, to altered
ABA signaling. The phenotype of an altered ABA response has also been reported for other mutants
that exhibit enhanced or reduced sensitivity to abiotic stresses, besides salinity, which reinforces the
fundamental role of this hormone in plant tolerance to adverse environmental conditions [20]. All the
mterf mutants reported to show a salt stress phenotype are affected in mTERFs targeted to chloroplasts,
and belong to either the “chloroplast cluster” (mTERF5, mTERF6, and mTERF9) or the “chloroplast
associated-cluster” (mTERF10 and mTERF11) of proteins, which reveals the importance of chloroplast
homeostasis for plant response to salinity [29].
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In short, the analysis of the mterf mutants clearly indicates the involvement of mTERFs in the
tolerance and acclimation of plants to adverse environmental conditions, especially to salt stress.

Apart from the above-reported results, Zhao et al. [59] made a systematic characterization of
maize mTERF genes by bioinformatics and molecular biological approaches. By quantitative RT-PCR
(qRT-PCR), these authors analyzed the expression profile of several maize mTERF genes under light
and dark, and with salt and phytohormone treatments. Interestingly, the transcript levels of the
maize mTERF12 gene, the ortholog of Arabidopsis mTERF6, as well as those of maize mTERF13 and
mTERF28, changed after exposure to NaCl, AlCl3, or ABA compared to those of the untreated plants.
This scenario supports the proposed function of mTERF genes in response to salinity [59].

2.1.2. PPRs and Tolerance to Salt Stress

Like mTERFs, the PPR family of proteins participates in plant OGE, as PPRs regulate the
processing of chloroplast and mitochondria RNAs, including splicing, stability, editing, and even
translation [60]. As for mTERFs, the plant PPR family has also expanded, but to a higher level.
Indeed, PPR is one of the largest families in land plants [61]. Accordingly, lycophyte Selaginella, rice,
and Arabidopsis genomes, respectively, harbor more than 800, 650, and 450 PPR genes [62]. In contrast,
metazoan genomes typically encode fewer than 10 PPR proteins [60]. PPRs are grouped into two
subfamilies, namely P and PLS, according to the pattern of tandem repeats of a degenerate 35-amino
acid repeat [63]. The PPR proteins of the P subfamily contain the canonical P motif, whereas those of the
PLS subfamily contain, apart from the P motif, two variants that derive from the P motif: the large (L)
and short (S) motifs [63]. The vast majority of PPR proteins are predicted to be targeted to mitochondria
or chloroplasts. They can specifically bind RNA or DNA, and control different biological processes,
such as embryogenesis, chloroplast, and seed development, as well as plastid retrograde signaling [47].

Despite the many PPR identified proteins in higher plants, very few have been reported to be involved
in stress response: GENOMES UNCOUPLED 1 (GUNT) [64], PPR40 [45,46], ABA OVERLY-SENSITIVE
5 (ABOY) [65], LOVASTATIN INSENSITIVE 1 (LOI1) [66], PENTATRICOPEPTIDE REPEAT PROTEIN
FOR GERMINATION ON NaCl (PGN) [47], SLOW GROWTH 1 (SLG1) [49], ABA HYPERSENSITIVE
GERMINATION 11 (AHGI11) [48], SLOW GROWTH 2 (SLO2) [50] and PPR96 [53] in Arabidopsis,
and WHITE STRIPE LEAF (WSL) in rice [52]. All these PPR proteins are located in mitochondria, except
for GUN1 and WSL, which are targeted to chloroplasts. Among these proteins, a role in salinity tolerance
has been described for Arabidopsis PPR40, PGN, SLO2, PPR96, AHG11, and SLG1, and for rice WSL.
Mitochondrial mutants ppr40, pgn, ahg11, sig1, and slo2 and chloroplast mutant ws! display a similar response
to ABA, salt, and osmotic stresses. They are all hypersensitive to these adverse environmental conditions
during germination and early seedling growth. Most of these mutants exhibit changes in the endogenous
levels of ROS, probably due to a perturbed mitochondrial function, which is the consequence of defects in
the regulation of different mitochondrial RNA editing events in some cases.

The first PPR protein reported to be involved in salt tolerance was Arabidopsis PPR40. As mentioned
above, the ppr40-1 mutant is hypersensitive to ABA, salinity, and osmotic stress, accumulates high ROS levels,
and shows an altered expression of stress-responsive genes and semidwarf growth (Table 1). No defects
have been found in mitochondria RNA editing in the ppr40-1 mutant [45]. A second mutant allele, ppr40-2,
displays less severe alterations of developmental and stress responses, which suggests that is a weak
loss-of-function allele of the PPR40 gene [45]. The overexpression of the PPR40 gene improves salt tolerance,
likely because of the mitochondrial electron transport’s enhanced stability and reduced oxidative damage
when faced with this adverse condition [46].

The Arabidopsis PGN protein is also targeted to mitochondria, and similarly to ppr40 mutant
seedlings, pgn mutants exhibit high ROS levels in response to salinity, as well as the down-regulation
of different stress responsive genes (Table 1) [47]. Loss of PGN function results in altered responses to
biotic and abiotic stresses. Thus, pgn mutants display susceptibility to necrotrophic fungal pathogens,
as well as enhanced sensitivity to salinity, ABA, and glucose. These results suggest a role for PGN in
the mitochondria homeostasis of ROS in response to biotic or abiotic stresses, including salinity [47].
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The mutant ahg11 was identified in a genetic screening, conducted to isolate Arabidopsis mutants
with an altered response to ABA. To avoid the isolation of mutants affected in ABA synthesis or
catabolism, EMS mutagenesis was performed in an aba2-1 genetic background, which displayed low
ABA levels. Mutants ahg11 showed enhanced sensitivity to ABA, NaCl, and mannitol during seed
germination, but not later during development, which indicates that AHG11 functions in the stress
response in both seeds and young seedlings [48]. RNA editing of the mitochondrial nad4 transcript
is lacking in mutant ahg11, which results in an amino acid change in the NAD4 protein of complex I
(Table 1). Murayama et al. [48] suggest that this editing defect might presumably affect the activity of
complex I and lead to a redox imbalance in mutant ahg11 by causing altered responses to stress.

Like ahg11, the Arabidopsis slg1 mutant shows similar ABA, salt, and osmotic stress phenotypes
during germination and in early growth stages (Table 1). Unlike the AHG11 protein, SLGI is also
involved in stress tolerance after germination [49]. In this way, slg7 adult plants are more tolerant
to drought stress than the wild type, likely due to a more rapid stomata response in the mutant,
which is consistent with greater sensitivity to ABA, as this hormone plays a key role in the response to
drought stress by controlling stomata closure. Similarly to ahg11, the sig1 mutant also shows defects in
mitochondrial RNA editing, specifically in the nad3 transcript, by bringing about a change from serine
to proline in the NAD3 protein that strongly affects the structure of the protein, and concomitantly,
the activity of complex I (Table 1) [49].

The slo2 mutants are defective in an RNA editing factor that plays a key role in Arabidopsis
growth through energy metabolism regulation [51]. Loss of SLO2 function causes several RNA editing
defects, and affects different mitochondrial transcripts and results in amino acid changes in four
proteins belonging to complex I of the electron transport chain (Table 1). Interestingly, the levels of
complexes I, I1I, and IV are substantially lower in slo2 mutants. These results led Zhu et al. [51] to
propose that RNA editing defects result in the dysfunction of mitochondrial electron transfer chain
complexes, and contribute to the slo2 mutant phenotype. In a later work, Zhu et al. [50] investigated
the involvement of SLO2 in tolerance to stress. They found that slo2 mutants display hypersensitivity
to ABA, salt, and osmotic stress, and insensitivity to ethylene during germination and in early seedling
stages (Table 1). On the contrary, adult slo2 plants proved more drought- and salinity-tolerant. The slo2
mutants also accumulate high H,O, levels and are more susceptible to infection by the pathogenic
fungus Botrytis cinerea (Table 1). Taken together, these results indicate that SLO2 is required for proper
sensitivity to ABA, ethylene, biotic, and abiotic stress [50].

Recently, Liu and colleagues [53] characterized the Arabidopsis PPR96 gene encoding a mitochondria-
located protein, which is involved in the response to salt, ABA, and oxidative stress. The ppr96
knockout mutants are more tolerant than the wild type to NaCl, ABA, and the oxidative stress caused
by hydrogen peroxide (Table 1). PPR96 expression was up-regulated in response to salt and oxidative
stress treatments, according to a microarray in silico analysis, and was experimentally confirmed by
qRT-PCR [53]. Nevertheless, Liu et al. [53] did not test whether the mutant displayed defects in the editing
of mitochondrial transcripts.

Altogether, the phenotypic and molecular characterizations of mutants ahg11, slgl, and slo2
strongly support a connection between OGE regulation in mitochondria at the level of RNA editing
and plant tolerance to ABA and abiotic stresses, such as salinity.

A function performed by a chloroplast PPR protein in the abiotic stress response has been reported
in rice [52]. The wsl mutant displays enhanced sensitivity to NaCl and ABA during germination,
and accumulates higher ROS levels than the wild type (Table 1). Interestingly, plastid rRNAs and
proteins accumulate in wsl plants at lower levels than in the wild type. This is likely the result
of the defective plastid translation caused by the inefficient splicing of the chloroplast rpl2 gene,
which encodes the ribosomal protein RPL2 of this organelle [52]. Unlike the mitochondrial cases
discussed above, Tan et al. [52] were unable to detect defects in chloroplast RNA editing in the ws!
mutant, which indicates a role for this PPR protein in RNA regulation at the splicing rather than the
editing level.
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Very recently, the importance of PPR proteins in abiotic stresses tolerance has been further
supported by a genome-wide transcriptomic analysis of the PPR family in poplar, which identified
154 PtrPPR genes induced by biotic and abiotic treatments, including salinity [67].

2.1.3. Roles of Plant Organellar DEAD-Box RHs in Salinity Response

Another group of proteins involved in the control of OGE, which are hence experimentally related
to the stress responses mediated by chloroplasts and plant mitochondria, is that of DEAD-box RNA
helicases (DEAD-box RHs), the largest known RNA helicase subfamily. The helicase core of DEAD-box
RHs is composed of the N and C terminal domains, which are structurally similar to recombination
protein RecA, in which nine conserved motifs can be identified. Motif II of the N-terminal domain
contains the amino acid sequence Asp-Glu-Ala-Asp (D-E-A-D), which gave a name to the subfamily.
Variations in motif II determine three related RNA helicase subgroups, namely DEAD, DEAH, and Ski2,
whose members are referred to as DExD/H-box proteins [68,69].

DEAD-box RHs are present in some viruses, many prokaryotes, and all eukaryotes, and they
usually possess ATP-dependent RNA helicase activity, which allows them the localized unwinding of
RNAs, and hence, to participate in different RNA metabolism processes, such as ribosome biogenesis,
translation initiation, RNA splicing, turnover, and decay [70]. DEAD-box RHs are also involved in
OGE in both chloroplasts and mitochondria. In fact, one of the first RH family members to be identified
was Mss116, which is required for mitochondrial splicing in yeast [71].

Like mTERFs and PPRs, this family also extends in plants. Accordingly, Arabidopsis and rice
show a similar number of presumed DEAD-box RHs, 58 and 60 [24], respectively, while Drosophila
melanogaster and Caenorhabditis elegans show nearly half these numbers with 30 and 34 [72], respectively.
By an in silico analysis, Nawaz and Kang [24] found that the numbers of chloroplastic DEAD-box RHs
ranged from 7 to 12, and the mitochondrial ones from 4 to 7, in four different plant species.

Nowadays, growing evidence reveals the implication of DEAD-box RHs in plant responses to
different kinds of stresses [24]. Regarding chloroplasts and mitochondria, it is known that some nuclear
genes that encode organellar-localized DEAD-box RHs are induced by different stresses, including
salinity. HVD1 (Hordeum vulgare DEAD box proteinl) was the first salt-responsive DEAD-box RH
gene to be described encoding a chloroplast protein [73]. The expression of the HVD1 gene is highly
induced under salt and cold stresses, with subsequent recovery after exposure to salinity stress.
In a genome-wide in silico study performed later, Umate et al. [74] found that several Arabidopsis
DEAD-box RHs located in chloroplasts or mitochondria regulate transcription in response to various
abiotic stresses (reviewed in [24]). In addition, the overexpression of some organellar-localized
nuclear-encoded DEAD-box RHs has been described to confer resistance to salinity. Accordingly,
the overexpression of OsSUV3 (Oryza sativa SUPPRESSOR OF VAR3), a mitochondrially-localized
DExH/D-box-related DNA/RNA helicase, confers salt tolerance in rice by maintaining photosynthesis
and antioxidant machinery [69]. Under salt stress, the levels of the plant hormones GA3 (gibberellic
acid 3), zeatin, and IAA (indole-3-acetic acid) increase in the SUV3 overexpressing lines, which, in turn,
may induce the expression of genes to help cope with stress [75]. Recently, the chloroplast-targeted
DEAD-box RH BrRH22 of Brassica rapa has been described to be induced by several abiotic stresses,
including salinity and ABA treatment. Likewise, the chloroplast-localized DEAD-box RH OsRH58 of
rice is up-regulated by salinity, dehydration, and heat, but not ABA, unlike BrRH22 [76]. Transgenic
Arabidopsis OsRH58-expressing plants show increased growth and yield seeds under no stress
conditions. The heterologous expression of BrRH22 or OsRH58 in Arabidopsis improves germination
and plant growth under salinity conditions. Both proteins may possess RNA chaperone activity,
which may, in turn, influence plastid translation under stress conditions, as the Arabidopsis transgenic
plants expressing BrRH22 or OsRH58 show larger amounts of some chloroplast genome-encoded
proteins when treated with either NaCl or mannitol [76,77].

To our knowledge, Arabidopsis AfRH3 is the only gene to encode an organellar-localized
DEAD-box RH, whose involvement in the response to salinity has been reported by the isolation
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and characterization of loss-of-function mutant alleles. The impaired function of chloroplast targeted
AtRH3 causes a range of effects, from embryonic lethality to delayed growth, as well as reduced
greening of vegetative tissues, depending on the mutant allele’s strength [54]. Lee and colleagues [55]
showed that young viable atrh3-4 mutant seedlings were impaired in chloroplast biogenesis as these are
smaller, and include fewer and smaller chlororibosomes than the wild type. The defective chloroplast
development noted in atrh3-4 seedlings gives rise to ABA-deficient and salt- and cold-sensitive
phenotypes (Table 1) [55,56]. The function of AtRH3 is needed for the splicing of most intron-containing
chloroplast genes [54,56] and the spliced/unspliced transcript ratio is lower in atrh3 mutants
(Table 1) [56]. Stress conditions do not affect this RNA processing defect, except for genes ndhA and
ndhB, as the spliced /unspliced transcript ratio in atrh3 mutants is significantly lower, especially under
salt or cold stress, but not after dehydration stress [56]. The correct splicing of chloroplast transcripts
is probably mediated by the RNA chaperone activity of AtRH3 [56]. More recently, loss of function
mutations of AfRH50, another Arabidopsis gene that codes for a chloroplast-localized DEAD-box RH,
has been shown to increase cold sensitivity as a result of the defective processing of chloroplastic
rRNA, and hence inefficient plastid translation [78]. The response of ath50 mutants to other abiotic
stress, such as salinity, remains to be tested.

2.1.4. Mutations in Plastid Ribosomal Protein PSRP2 Alter Salinity Tolerance

The previous sections noticeably illustrate the relationship between changes in the activity of
nuclear genes involved in the post-transcriptional regulation of OGE at the RNA level and salt stress
phenotypes. The involvement of plastidial translational machinery in plant salt responses has also been
investigated. Accordingly, salt stress causes a transient suppression of the de novo synthesis of proteins
in Arabidopsis suspension cell cultures [79]. Furthermore, Omidbakhshfard and colleagues [80] tested
the expression by qRT-PCR of 170 genes related to protein synthesis in Arabidopsis leaves after NaCl
exposure at different time points. Some genes showed up-regulation under salinity stress, and coded
for chloroplast-located translation-related proteins, such as ribosomal proteins L11 (PRPL11) and L9-1
(also known as PIGGYBACK 2), ATAB2, an A /U-rich RNA-binding protein, which likely functions as
an activator of translation, and PDF1B, a peptide deformylase required to remove the N-formyl group
from nascent peptides. Interestingly, these genes have been previously described as being important
for chloroplast development, and have been proposed to represent potential biotechnological targets
for plant salt tolerance optimization [80].

As far as we know, only a salt-stress related phenotype has been described for a mutant
affected in a plastid translational protein. Accordingly, the Arabidopsis psrp2 mutant defective
in PLASTID-SPECIFIC RIBOSOMAL PROTEIN 2 (PSRP2) of the 30S ribosomal subunit, one of the
six Arabidopsis PSRP proteins, shows enhanced seedling growth under salinity stress (Table 1) [57].
On the contrary, the transgenic plants overexpressing PSRP2 display delayed germination and reduced
seedling growth in response to salinity compared to the wild type (Table 1). These results suggest that
PSRP2 functions as a negative regulator of germination and seedling growth under salinity conditions.
Interestingly, PSRP2 contains two RNA recognition motifs (RRM), it can bind RNA and ssDNA, and it
possesses RNA chaperone activity. All this suggests a connection between plastid translation and
regulation of RNA metabolism [57].

2.2. Transcriptional Regulation of OGE and Plant Salt Tolerance

2.2.1. Arabidopsis SIG5 Protects Chloroplasts from Abiotic Stress Damage

Transcriptional regulation is also fundamental for OGE in plants, and mutations in the genes involved
in this process can lead to a salt stress phenotype. Along these lines, a small family of nuclear genes,
called RpoT (RNA polymerase T7 phage-type), encoding monomeric RNA polymerases, is responsible for the
transcription of chloroplast or mitochondria genes [81]. Furthermore, the transcription of plastid genes
requires a second type of DNA-dependent RNA polymerase, similar to those of prokaryotes, which is
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encoded by the organellar genome and dubbed PEP (plastid-encoded RNA polymerase). PEP comprises
four catalytic core subunits («, 3, B’, and B”, respectively, encoded by plastid genes rpoA, rpoB, rpoC1,
and rpoC2) and requires nucleus-encoded sigma factors (SIG) to recognize specific promoter sequences to
initiate plastid gene transcription [82].

One of the six SIG Arabidopsis genes, SIG5, is up-regulated in response to different stress
conditions, including salinity [58]. SIGS5 is required for the transcriptional activation of the blue
light-responsive promoter of the psbD gene that encodes photosystem II (PSII) reaction center protein
D2, which binds the essential redox co-factors needed for photosynthetic electron transfer [58]. Besides,
seed germination and recovery from damage of PSII after salt stress are delayed in loss-of-function
mutant sig5-2 compared to the wild type (Table 1). This led Nagashima et al. [58] to propose that
SIG5 enhances the repair of the PSII reaction center under stress by protecting chloroplasts, and hence,
the plants exposed to adverse environmental stress conditions. Interestingly, the expression of
the orthologous gene from the liverwort Marchantia polymorpha (MpSIG5) is induced by blue-light
irradiation under several stress conditions, which suggests the conservation of the responsible
mechanism [83]. Nevertheless, the expression of the psbD gene of Marchantia did not occur in
conjunction with MpSIG5 induction, which indicates that SIG5 might play a divergent physiological
role in different plant phyla [83].

Recently, Zhao et al. [84] obtained Arabidopsis SIG5 overexpression lines, which are more tolerant
to salt stress than the wild type. These results are in agreement with those from Nagashima et al. [58]
mentioned above. Furthermore, Zhao and colleagues [84] also identified an upstream regulator of SIG5,
ATHB17 (ARABIDOPSIS THALIANA HOMEOBOX 17), an Arabidopsis HD-Zip transcription factor
that binds to the cis-elements present in the SIG5 promoter. Similarly to SIG5, ATHB17 loss-of-function
reduced plant salt tolerance, whereas ATHB17 overexpression enhanced it. Interestingly, these
phenotypes were at least partially dependent on SIG5. Accordingly, ATHB17 overexpression in
a 5igh-1 mutant background showed tolerance to a salinity intermediate between that of the ATHB17
overexpression lines and the sig5-1 mutant [84]. Under salt stress conditions, various plastid genes
regulated by SIG5 were down-regulated in the ATHB17 overexpression lines, but were up-regulated in
the ATHB17 knockout lines, which suggests the positive regulation of these genes through SIG5 [84].

3. Conclusions and Future Perspectives

The results compiled in this review reveal that accurate OGE regulation in chloroplasts and
mitochondria is fundamental for plants to tolerate and adapt to adverse environmental conditions,
such as salt stress (Figure 1). Consequently, perturbed OGE homeostasis affects plant responses to
salinity, which can be detrimental for their survival. However, we are still far from fully understanding
the role that OGE regulation plays in adapting plants to salinity. To make progress, it is necessary
to know more details of the molecular functions of several genes involved in the control of OGE,
whose disturbance results in stress phenotypes. This is especially relevant for the mTERF genes
related to stress tolerance, because the mechanistic insight for most of them is lacking. Furthermore,
unraveling why particular stressors specifically affect the expression of some OGE-related genes
would shed light on their functional roles in plant tolerance to abiotic stresses. If we consider that
a stress mutant phenotype has been reported for only a few PPR, mTERF, or DEAD-box RH genes,
it is fundamental to identify and characterize mutants in plant model systems and crops affected in
novel genes that transcriptionally or post-transcriptionally regulate OGE in plastids and mitochondria.
This information is expected to contribute to the comprehensive understanding of the mechanisms
regulating OGE in plants, and to provide insights to improve stress tolerance by identifying potential
biotechnological targets for better plant growth and crop yields under salinity conditions.
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Figure 1. Schematic representation of the cellular functions of OGE regulators in plant response
to salinity. Salt stress can perturb chloroplast or mitochondrion homeostasis and this would be
communicated to the nucleus through retrograde signals, leading to changes in nuclear gene expression.
In turn, this would activate the expression of OGE regulators (e.g., mTERFs, PPRs or DEAD-box
RHs proteins), which would result in anterograde signalling responses to adjust organellar function
to salinity. In the figure, inside a mitochondrion (purple) and chloroplast (green), only those
molecularly-characterized OGE regulators whose mutations lead to altered responses to salinity are
depicted. The OGE processes affected in these mutants, as well as their enhanced (1) or reduced ({)
sensitivity to salt stress, are shown (see also Table 1 for further information).
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Abstract: Chloroplasts are plant organelles that carry out photosynthesis, produce various metabolites,
and sense changes in the external environment. Given their endosymbiotic origin, chloroplasts have
retained independent genomes and gene-expression machinery. Most genes from the prokaryotic
ancestors of chloroplasts were transferred into the nucleus over the course of evolution. However,
the importance of chloroplast gene expression in environmental stress responses have recently become
more apparent. Here, we discuss the emerging roles of the distinct chloroplast gene expression
processes in plant responses to environmental stresses. For example, the transcription and translation
of psbA play an important role in high-light stress responses. A better understanding of the connection
between chloroplast gene expression and environmental stress responses is crucial for breeding
stress-tolerant crops better able to cope with the rapidly changing environment.

Keywords: chloroplast gene expression; photosynthesis; environmental stress response; transcription;
RNA metabolism; translation

1. Introduction

Plant often face environmental conditions that are unfavorable for growth and development.
These adverse environmental conditions include abiotic and biotic stresses, such as drought, heat,
cold, salt, and pathogen infection [1-6]. Environmental stresses pose a great threat to agriculture by
limiting crop yields and productivity. The adverse effects of environmental stresses are getting worse
due to the increasing worldwide population and climate change. To deal with these environmental
stresses, plants rely on their ability to sense and cope with these stresses by regulating the expression
of stress-responsive genes in the nucleus, cytoplasm, and organelles.

The chloroplast, a unique plant organelle, is the site of photosynthesis, intracellular signaling,
and the production of various compounds important in metabolism, such as amino acids, hormones,
nucleotides, vitamins, lipids, and secondary metabolites [7-9]. Chloroplasts also serve as sensors
of the external environment. Under stress conditions, chloroplasts send messages to the nucleus
through plastid-to-nucleus retrograde signaling, thus optimizing nuclear gene expression based on
physiological requirements [7,8]. To date, several possible retrograde signaling pathways have been
proposed, including pathways involving intermediates in tetrapyrrole biogenesis [10], the redox
state of plastids [11,12], reactive oxygen species [13,14], secondary metabolites in chloroplasts [15,16],
and chloroplast gene expression [17-19].

Chloroplasts are semi-autonomous organelles that have retained their own genomes. However,
during evolution, most chloroplast genes were lost or transferred to the nucleus: On average, the chloroplast
genomes of land plants have retained only 120 genes [20,21]. Nonetheless, these relatively few genes
play fundamental roles in chloroplast activities such as energy production and gene expression [22].
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Gene expression in chloroplasts is a highly complicated process, far more complex than in their
prokaryotic ancestors. This is because chloroplasts have retained a hybrid gene-expression system
that combines features of the prokaryotic gene-expression apparatus with eukaryotic innovations
(e.g., RNA editing and RNA splicing), and its nascent polycistronic transcripts must undergo many
post-transcriptional processing steps [22-25].

The proper expression of chloroplast genes is crucial for chloroplast development and photosynthesis.
During the past decade, much effort has been invested in exploring the molecular mechanisms regulating
chloroplast gene expression using genetic approaches. Many nucleus-encoded proteins involved in
regulating chloroplast gene expression have been identified. However, studies of mutants of these
proteins have shown that these mutants are also sensitive to various environmental stresses [8,26-29].
These findings suggest that there is a link between chloroplast gene expression and environmental
stress responses, but less attention has been paid to this issue. In this review, we discuss the emerging
roles of chloroplast gene expression in plant responses to environmental stresses.

2. The Characteristics of Chloroplast Gene Expression

The chloroplast gene-expression system is evolutionarily derived from photosynthetic bacteria
that were endocytosed by ancestral eukaryotic plant cells more than 1.5 billion years ago [30]. During
evolution, chloroplasts have retained core components of the gene-expression apparatus from their
prokaryotic progenitors. In addition, they obtained many eukaryotic properties, such as RNA editing,
the prevalence of introns, and complex processing patterns from polycistronic RNA precursors [31].
Here, we briefly describe the processes of chloroplast gene expression in plants (Figure 1).
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Figure 1. Overview of chloroplast gene expression. In plants, most chloroplast genes are organized
as operons and are controlled by single promoters (bent arrow). These genes are transcribed by two
distinct types of RNA polymerase: Nucleus-encoded RNA polymerase (NEP) and plastid-encoded
RNA polymerase (PEP). The resulting primary transcripts require several processing steps to form
mature mRNA, including 5" and 3’ trimming, intercistronic cleavage, RNA splicing, and RNA editing.
In order for these events to take place, numerous nucleus-encoded proteins are translated in the
cytosol and imported into the chloroplast, where they control and/or regulate chloroplast gene
expression. Chloroplast gene translation is conducted by bacterial-type 70S ribosomes, which occurs
cotranscriptionally. Since the mRNA turnover rate within chloroplasts is slow, most ribosomes
function in posttranscriptional steps. Moreover, chloroplast gene expression is involved in responses to
environmental cues.
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2.1. Transcription

In plants, chloroplast gene transcription is conducted by two distinct types of RNA polymerases:
Nucleus-encoded RNA polymerase (NEP) and plastid-encoded RNA polymerase (PEP) [32,33].
In mature chloroplasts, PEP represents the major transcriptional machinery, which transcribes >80%
of all primary chloroplast transcripts, while NEP transcribes chloroplast housekeeping genes [34].
NEP is a phage-type RNA polymerase with a single subunit. In Arabidopsis (Arabidopsis thaliana),
NEP is encoded by two nuclear genes, rpoTp and rpoTmp [35]. PEP is a bacteria-type RNA polymerase
composed of four core enzyme subunits (e, 3, 3/, and ") and a promoter-recognizing subunit (o factor).
The core enzyme subunits of PEP are encoded by a set of genes located in the plastid genome: rpoA,
rpoB, rpoC1, and rpoC2 [33]. By contrast, during evolution, genes for o factors, which provide the
necessary promoter specificity to PEP, were transferred to the nuclear genome, perhaps allowing the
nucleus to regulate chloroplast gene transcription in response to environmental and developmental
cues [36]. PEP and a set of polymerase-associated proteins (PAPs) form a huge protein complex
required for transcription. All PAPs are encoded by genes in the nucleus, and most of them are the
components of plastid transcriptionally active chromosome (pTAC) [37]. These PAPs are predicted to
be involved in DNA and RNA metabolism (PAP1/pTAC3, PAP2/pTAC2, PAP3/pTAC10, PAP5/pTAC12,
PAP7/pTAC14, and PAP12/pTAC7), redox regulation from photosynthesis (PAP6/FLN1, PAP10/TrxZ,
and PAP12/pTAC?), and protecting the PEP complex from reactive oxygen species (PAP4/FSD3 and
PAP9/FSD2) [38]. The transcriptional regulation of chloroplast genes is essential for the proper
functioning of chloroplasts and for overall plant growth under both normal and adverse conditions.

2.2. RNA Metabolism

Most chloroplast genes in plants are organized as operons. These polycistronic primary RNAs require
extensive processing, including 5" and 3’ trimming, intercistronic cleavage, RNA splicing, and RNA
editing [39]. Evidence suggests that 5" and 3’ trimming and intercistronic cleavage are important
for moderating RNA stability and translation within chloroplasts [40—44]. In plants, approximately
20 chloroplast genes (encoding proteins or structural RNAs) are interrupted by introns. RNA splicing
removes the intron sequences of genes from primary transcripts to enable the production of mature
mRNA with the correct genetic information [45,46]. RNA analyses have shown that RNA editing
(mainly in the form of C-to-U base conversions) is highly widespread within the chloroplasts of land
plants. During this process, numerous C-to-U conversions alter the coding sequences of chloroplast
mRNAs, regulate RNA secondary structures that influences the splicing and/or stability of RNAs,
or generate translational start sites (AUG) [47,48]. All of these RNA metabolic events depend on
many nucleus-encoded proteins, most of which likely arose during coevolution between the host and
endosymbiont. For detailed information on chloroplast RNA metabolism, we direct the reader to
recent reviews in this area [39,43,45,48,49].

2.3. Translation

Chloroplasts possess a bacterial-type 70S ribosome as well as a full set of transfer RNAs (tRNAs)
and ribosomal RNAs (rRNAs), which conduct protein translation [50]. The 70S ribosome comprises
two multi-component subunits: The large (50S) and small (30S) subunits. Both subunits contain rRNAs
and various plastid- and nucleus-encoded proteins [51-55].

In general, the chloroplast ribosome has a bacterial-type structure, but with some distinctive
features. Chloroplast ribosomes contain the complete set of bacterial-type rRNAs (23S, 16S, and 55
rRNA) with functions analogous to those in bacteria. For example, 23S rRNA exhibits peptidyl
transferase activity, whereas 16S rRNA functions as the decoding center and serves as a scaffold for
other proteins during ribosome assembly [56,57]. However, the chloroplast contains an additional 4.55
rRNA not found in bacteria that is homologous to the 3" end of prokaryotic 23S rRNA, suggesting that it
was derived from fragmentation of this prokaryotic rRNA [58]. Additionally, two post-transcriptional

57



Int. J. Mol. Sci. 2020, 21, 6082

cleavage sites within the 23S rRNA precursor generate mature 23S rRNA fragments. All of these
fragments are assembled into the mature 70S ribosome and combined via intermolecular base
pairing [52]. During evolution, obvious changes also occurred in the protein composition of the
chloroplast ribosome. The homologs of bacterial proteins Rpl25 and Rpl30 were completely lost
in chloroplasts [59]. Several new components of the plastid (chloroplast) ribosome, known as
plastid-specific ribosomal proteins (PSRPs), have also been identified [59,60]. PSRP5 and PSRP6 in the
50S subunit and PSRP2 and PSRP3 in the 30S subunit are believed to be intrinsic components of the
chloroplast ribosome [52].

3. Chloroplast Gene Expression and Environmental Stress

To date, genetic analyses have revealed many nucleus-encoded proteins that regulate not only
chloroplast gene expression but also responses to environmental stresses. Functional analyses of
these nucleus-encoded proteins have indicated that chloroplast gene expression is involved in plant
responses to environmental stresses (Table 1).

3.1. Transcription and Environmental Stress Responses

The transcriptional regulation of chloroplast gene expression is crucial not only for photosynthesis
but also for plant development. Recent studies have revealed that the transcriptional control of
chloroplast gene expression also plays important roles in plant responses to environmental changes.
The chloroplast gene psbA encodes the D1 reaction center protein of photosystem II (PSII) [61-63].
Due to the nature of PSII photochemistry, D1 protein is continuously subjected to photodamage,
which decreases photosynthetic activity (an effect known as photoinhibition). These damaged D1
proteins are replaced by de novo synthesized D1 proteins following the partial disassembly of the PSII
complex [64,65]. Hence, the capacity to repair photodamaged PSII strongly depends on the ability
to generate new D1 protein. Chloroplasts can adjust the transcriptional efficiency of psbA during
photoinhibition under adverse environmental conditions such as high light and temperature [66-68].
During chloroplast evolution, several nucleus-encoded proteins have developed the ability to regulate
psbA transcription in order to repair photodamaged PSII under adverse environmental conditions.
Tomato (Solanum lycopersicum) WHIRLY1 (SIWHY1) was recently found to upregulate psbA transcription
under chilling conditions. Under these conditions, the chloroplast-localized SIWHY1 promotes the
transcription of psbA by directly binding to the upstream region of its promoter (the sequence
“GTTACCCT"), resulting in increased D1 abundance to relieve photoinhibition [69,70]. Overexpression
of SIWHY1 leads to increased de novo synthesis of D1 protein and increased resistance to photoinhibition
under chilling conditions [69]. These findings suggest that psbA transcription is an important target for
regulating PSII activity to adjust plant resistance to environmental stresses.

Table 1. Chloroplast gene expression and stress response mutants.

Gene Symbol Mutant Stress

Accession No. Species Mutant Phenotype Molecular Function Reference(s)
Transcription:
SIWHY1 Hypersensitivit Promotes transcription of
Solanum lycopersicu slwhy1 ypersens Y tomato psbA under [69]
(Solyc05¢007100) to chilling . o
chilling conditions
Specifically controls psbD
S transcription in response
SIG5 . . . . Hypersensitivity to salt . .
(AT5G24120) Arabidopsis thaliana s5igs stress and high light to grcadlan rhythms, [71]
environmental stresses,
and light signals
Decreased sensitivity to  Serves as a transcriptional
mTERF5 I . salt, ABA, and osmotic  pausing factor; specifically
(AT4G14650) Arabidopsis thaliana mierf5 stress; altered regulates the transcription [7273]

sugar responses

of chloroplast psbEFL]
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Table 1. Cont.

Gene Symbol

Mutant Stress

Accession No. Species Mutant Phenotype Molecular Function Reference(s)
RNA metabolism:
- Controls RNA editing of
( A%Ié%la 0) Arabidopsis thaliana orrm1 I_Iﬁ;pez:s:;;t};go 62% (21 of 34) of [74,75]
W peratu chloroplast transcripts
DUA1 . Hypersensitivity to low  Required for RNA editing
(J043016D20) Oryza sativa dual temperature of the rps8-182 site el
Hypersensitivity to
WSL . ABA, salinity, and sugar ~ Required for splicing of
(0s01g0559500) Oryza sativa wsl with increased chloroplast rpl2 v
H,0; levels
Hypersensitivity to salt Involved in splicing of
RH3 . . . stress and low chloroplast trnA, trnl, rpl2,
(AT5G26742) Arabidopsis thaliana th3-4 temperature; reduced rps12 intron 1, and rps12 [78-80]
ABA content intron 2
. Required for maintaining
CP29A . . . Hypersensitivity to q .
Arabidopsis thaliana cp29a the stability of various [81]
(AT3G53460) low temperature chloroplast transcripts
- Required for maintaining
( ATS!ZZZ;M) Arabidopsis thaliana cp3la I—Igae:::\s:;:;zeto the stability of various [81]
P chloroplast transcripts
Translation:
Heat-sensitive Cc?mponent of chloroplfist
RPS1 Arabidopsis thaliana rpsl phenotype; perturbed r;};\(\)/i?\rfr;ilsi[:llzlcltis:;lif Y [82]
(AT5G30510) HSF-mediated heat llular heat 8
stress response cetudar hea
stress responses
RPS17 Jen mavs hef60-m1 Cold;imdu;id b_lle e:;chhllng Component of chloroplast 183]
(GRMZM2G038013) Y £ an ;;een(‘;‘;fpj a ribosome small subunit
Rpsl5 C o B Hypersensitivity to Component of chloroplast
(GenelD:800489) Nicotiana tabacum Arpsis low temperature ribosome large subunit (841
Rpl33 S Hypersensitivity to Component of chloroplast
(GenelD:800444) Nicotiana tabacim Arpl33 low temperature ribosome large subunit 8]

The chloroplast gene PsbD encodes the reaction center protein D2 of PSII [86]. The expression of
psbD is controlled by four PEP promoters. One of these is the blue-light-responsive promoter psbD
BLRP [87-89]. The structure of psbD BLRP is distinct from that of common PEP promoters, which are
characterized by conserved —35 and —10 elements. The psbD BLRP contains three cis-elements, including
the AAG box, PGT box, and —10 element, but lacks the conserved —35 element [32,89,90]. This promoter
has been well characterized. pshD BLRP transcription is specifically regulated by chloroplast-localized
sigma factor 5 (SIG5) [71,91]. psbD BLRP transcription is also induced by environmental stresses,
such as high salinity, low temperature, and osmotic stress [71]. In addition, psbD BLRP transcription is
modulated in response to the relative proportions of red and far red light in a process mediated by
signals from phytochromes [92]. Thus, psbD BLRP transcription is modulated during plant responses
to environmental stress and sensing of light signals. Indeed, high psbD BLRP activity favors the
synthesis of D2, thus relieving high-light-induced damage to PSII [93]. On the other hand, psbD BLRP
transcription mediated by SIG5 shows obvious circadian oscillation, revealing how chloroplast gene
expression is involved in the circadian oscillator [94].

psbD BLRP transcription may be also involved in biotic stress responses. Pathogens deliver various
effectors into plant host cells when pathogens attack plants. These effectors assist pathogen proliferation
and suppress plant defense responses [95-101]. Two Pseudomonas effectors, HopR1 and HopBB1,
has been suggested to be involved in psbD transcription by targeting PTF1 (PLASTID TRANSCRIPTION
FACTOR 1), a transcription factor for psbD BLRP transcription [102,103]. Moreover, the loss of PTF1
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leads to more resistant to Pseudomonas syringae pv. tomato strain DC3000 in Arabidopsis [104]. Thus,
psbD BLRP transcription may play a role in biotic stress responses.

The psbEFL] operon contains four chloroplast genes: psbE, psbF, psbL, and psb]. These genes
encode the « and f subunits of cytochrome b559, PsbL, and Psb], respectively, which are crucial
for the proper functioning of PSII [105,106]. The transcriptional regulation of psbEFL] was recently
investigated. psbEFL] transcription is positively regulated by the nucleus-encoded protein mTERF5
(mitochondrial Transcription Termination Factor 5), which acts as a pausing factor [72,107]. mTERF5
causes transcriptional pausing on psbEFL] by binding to the nucleotides +30 to +51 from the transcription
start site and recruits additional pTAC6 into the PEP complex at the pausing region to form an enhanced
PEP complex, thus positively regulating psbEFL] transcription. In addition, mterf5 mutants are less
sensitive to NaCl and abscisic acid (ABA) than wild-type plants, indicating that mTERF5 functions as a
negative regulator of salt tolerance, perhaps via ABA signaling [73]. These findings point to functional
links between psbEFL] transcription and salt tolerance as well as ABA signaling.

3.2. RNA Metabolism and Environmental Stress Responses

RNA metabolism in chloroplasts is remarkably complex, involving a series of steps such as 5" and
3’ trimming, RNA editing, splicing, and intergenic cleavage [31]. Analyses of mutants with defective
RNA editing suggested that RNA editing, splicing, and stability help regulate environmental stress
responses in plants [28,29].

An overall deficiency in chloroplast RNA editing (C-to-U base conversion) in Arabidopsis could
be caused by the mutation of ORRM1 (Organelle RRM Protein 1), encoding an essential plastid RNA
editing factor. orrm1 mutants exhibited greatly reduced RNA editing efficiency compared to wild-type
Arabidopsis at 62% (21 of 34) of the chloroplast editing sites. Among these, the editing efficiency at 12
sites decreased by at least 90%, whereas that of the nine other sites decreased by 10% to 90% in orrm1
vs. wild-type plants [74]. The reduced RNA editing deficiency at multiple sites in orrm1 plants did
not result in distinctive phenotypes at normal temperatures (22 °C), but the mutants were sensitive
to chilling, displaying yellow emerging leaves under chilling conditions (4 °C) [75]. These findings
suggest that chloroplast RNA editing confers low-temperature tolerance in Arabidopsis. However,
the RNA editing site that confers this improved low-temperature tolerance is unknown.

The indica (Oryza sativa ssp. indica) rice cultivar Dular, referred to as dual, is planted in tropical
regions of Southeast Asia, including India and the Philippines. dual plants are less tolerant of low
temperatures than Nipponbare (O. sativa ssp. japonica) plants, which are grown in northern areas of
Asia, as dual plants display pale leaves under low-temperature conditions (19 °C). A recent study
revealed that that the low-temperature sensitivity of dual is caused by defective RNA editing of the
plastid ribosome gene rps8, which is located 182 nt downstream of the translational start site (rps8-182).
The edited rps8 transcripts generate RPS8 protein with altered amino acid hydrophobicity, suggesting
that RNA editing at 7ps8-182 improves low-temperature tolerance in rice by moderating the stability
of RPS8 protein under low-temperature conditions [76]. Chloroplast genomes have very slow rates
of sequence evolution, averaging ~5-fold slower than nuclear genomes [108,109], suggesting that
chloroplast RNA editing evolved to improve low-temperature tolerance by increasing protein stability.

ndhB encodes the B subunit of the chloroplast NADH dehydrogenase-like complex that is required
for cyclic electron flow around photosystem I [110,111]. The defective RNA editing of ndhB-2, ndhB-3,
ndhB-4, and ndhB-6 sites enhances the disease resistance against fungal pathogens in Arabidopsis [112].
This finding suggests that chloroplast RNA editing is interlinked with plant immunity.

rpl2 encodes a component of the 50S subunit in the chloroplast ribosome. This gene contains
only a group Il intron. In rice, the splicing of this intron is specifically regulated by WHITE STRIPE
LEAF (WSL), a pentatricopeptide repeat (PPR) protein. Compared to the wild type, ws! mutants
exhibit a decreased germination rate and reduced shoot and root growth upon treatment with ABA
but not with a-naphthaleneacetic acid (NAA, an auxin), gibberellic acid (GA), epi-brassinosteroid (BL),
or 6-benzylaminopurine (6-BA, a cytokinin). This finding suggests that the ABA signaling process is
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specifically affected in wsl. These mutants also display decreased germination rates when grown on
medium supplemented with sugar and NaCl [77]. Sugar and salinity responses are closely connected
with ABA signaling, and several ABA-related genes (e.g., ABI3 and WRKY?24) are induced by ABA
treatment in ws! mutants, suggesting that rpl2 splicing plays an important role in plant responses
to ABA.

In Arabidopsis, the splicing of chloroplast trnA, trnl, rpl2, rps12 intron 1, and rps12 intron 2 is
regulated by DEAD-BOX RNA HELICASE 3 (RH3) [78]. Null mutants of RH3 are embryo lethal,
whereas the weak allele rh3-4 displays retarded plant growth and pale-green leaves, along with
considerable decreases in the splicing efficiency of trnA, trnl, rpl2, rps12 intron 1, and rps12 intron 2.
Moreover, the endogenous ABA contents of 1-week-old 13-4 seedlings are ~50% lower than those
of wild-type plants, suggesting that RH3 plays a role in ABA biosynthesis. The mutation of RH3
results in the reduced expression of nucleus-encoded gene ABAI and NCDE4, encoding two crucial
enzymes of the ABA biosynthetic pathway, perhaps explaining the decreased ABA contents of rh3-4
seedlings. Consistent with their decreased ABA contents, rh3-4 mutants exhibit more severely inhibited
plant growth and greening than the wild type under abiotic stress conditions including salinity, cold,
and dehydration stress [78-80]. These findings suggest that chloroplast RNA splicing of these genes is
required for environmental stress responses in plants, especially responses related to ABA signaling.
Yet how chloroplast RNA splicing regulates environmental stress responses is currently unknown.
A defect in chloroplast RNA splicing would be likely to result in defective photosynthetic performance,
thus leading to enhanced sensitivity to environmental stresses. Alternatively, chloroplast RNA splicing
might trigger plastid-to-nucleus retrograde signaling to regulate plant stress responses.

Chloroplast RNA stability is also crucial for the proper expression of chloroplast genes. Increasing
evidence indicates that chloroplast RNA stability is involved in plant responses to environmental
stresses. Chloroplast ribonucleoproteins CP31A and CP29A are RNA chaperone proteins that associate
with large sets of chloroplast transcripts [81,113]. Arabidopsis mutants with deletions of CP31A
and CP29A do not have unusual phenotypes under normal conditions but show bleaching of newly
emerging leaves at the bases of the youngest leaves under cold stress (8 °C). Kupsch et al. demonstrated
that CP31A and CP29A are required for the accumulation of transcripts of many chloroplast genes
under cold stress (8 °C), such as psaA, psbD, psbF, psbB, petB, ndhF, and rbcL. This cold-sensitive
phenotype could be explained by a decreased stability of chloroplast transcripts in the cp31a and
cp29a mutants [81,113]. DEAD-box RNA helicase 22 (RH22) is another chloroplast RNA chaperone.
In cabbage (Brassica rapa), RH22 expression was significantly upregulated by drought, heat, salt,
and cold stress but markedly downregulated by UV stress. The overexpression of cabbage RH22
enhanced the stability of chloroplast transcripts and improved growth and survival in Arabidopsis
under drought and salt stress [114]. Moreover, Arabidopsis plants overexpressing cabbage RH22
displayed better growth and more green leaves upon ABA treatment than the wild type, along with
decreased expression of ABI3, ABI4, and ABI5, suggesting that chloroplast RNA stability plays a part in
ABA signaling pathways [114]. Chloroplast RNA stability might have a positive role in plant responses
to environmental stress by enhancing the translation of chloroplast genes.

3.3. Translation and Environmental Stress Responses

Translation is the final step in chloroplast gene expression. Chloroplast gene translation regulates
protein accumulation to optimize photosynthetic performance and to attenuate photooxidative damage.
Thus, the regulation of chloroplast gene translation represents a unique component of plant responses
to internal and external stimuli.

Most plants growing in direct sunlight routinely encounter high-light stress; the resulting high
photon flux exceeds the photosynthetic capacity, thereby damaging the chloroplast. To explore the
regulation of chloroplast gene translation during the rapid adaptation of plants to high light,
a systematic ribosome profiling study was performed to detect changes in chloroplast gene translation
efficiency in tobacco seedlings following transfer from moderate light to high light. The ribosome
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occupancy on pshA transcripts (encoding PSII reaction center protein D1) increased in response to
high-light treatment [115]. Given that D1 protein is the main site prone to photodamage by high light,
the upregulated psbA translation should substantially facilitate the repair of PSII under high-light
stress. However, the molecular mechanisms underlying the translational activation of pshbA under
these conditions remain to be further explored.

Studies on the functions of chloroplast ribosome proteins have revealed that maintaining
sufficiently high chloroplast gene translation efficiency is important for proper chloroplast development
at low temperature. Maize (Zea mays) mutants with a loss of ribosomal protein RPS17 were pale green
when grown at moderate temperature (27 °C) but appeared albino under cool conditions (17 °C) [83].
Tobacco mutants with a loss of the ribosomal protein Rpl33 showed no visible phenotypes at any stage
of development under standard conditions, with similar development, growth rates, and onset of
flowering to wild-type plants. However, the Rpl33 knockout mutants were sensitive to cold stress,
although not to heat or to low or high light levels. When Rpl33 knockout mutants were transferred to
cold-stress conditions (4 °C), they exhibited strong photooxidative damage symptoms and recovered
much more slowly from low-temperature stress than wild-type plants [85]. As with Rpl33, the loss of
the ribosomal protein Rps15 in tobacco resulted in a growth phenotype almost identical growth to that
of wild-type plants, although young plants grew slightly more slowly and the onset of flowering was
slightly delayed. However, the Rps15 knockout mutants were cold sensitive, with more severe pigment
loss and worse photosynthetic performance than wild-type plants [84]. Together, these findings
suggest that the maintenance of plastid translational capacity is important in enabling plant tolerance
to chilling stress.

In Arabidopsis, the expression of the chloroplast ribosome protein gene RPS1 was considerably
induced by heat stress (2 h at 38 °C). RPS1 knockdown mutants (rps1) displayed retarded growth
and slightly pale-green leaves. When rps] seedlings were exposed to transient high-temperature
conditions (3 h at 45 °C), they were much more heat sensitive than wild-type seedlings, as almost no
mutants survived after a 7-d recovery, whereas more than 90% of wild-type seedlings did. However,
there were no significant differences between rps1 and wild-type plants under osmotic and salinity
stress. These results suggest that decreased RPS1 expression alters cellular heat stress responses by
disrupting chloroplast gene translation rather than through general physiological defects. RPS1 is
required to activate the expression of HsfA2 (HEAT STRESS TRANSCRIPTION FACTOR A-2), a highly
heat-shock-inducible gene encoding a transcription factor that is crucial for triggering cellular responses
to heat stress. The constitutive expression of HsfA2 was sufficient to rescue the heat-sensitive phenotype
of rps1 mutants, suggesting that the defective expression of HsfA2 is responsible for the heat-sensitive
phenotype of rps1 mutants. Like the rps1 mutant phenotype, treatment with lincomycin, an inhibitor of
chloroplast gene translation, also led to an obvious reduction in the expression of HsfA2 in response to
heat stress [82]. These findings reveal a plastid-to-nucleus retrograde signaling pathway that regulates
chloroplast gene translational capacity to transcriptionally activate cellular heat stress responses,
especially the HsfA2-dependent heat tolerance pathway:.

4. Conclusions and Future Perspectives

Photosynthesis, one of the most important physiological processes in plants, is highly sensitive
to environmental stresses. These stresses often inhibit photosynthesis considerably [116-124].
Many studies have reported that chloroplasts can act as sensors of the external environment [7,19].
Thus, in addition to hosting photosynthesis, chloroplasts play important roles in plant responses
to various environmental stresses. Likewise, the proper expression of chloroplast genes is crucial
for chloroplast development, photosynthesis, and plant development. However, as summarized
in this review, many studies indicate that chloroplast gene expression is also important for plant
stress responses.

Further elucidating the roles of chloroplast gene expression in plant responses to various
environmental stresses would lay the foundation for genetically improving plant tolerance to the
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environment. However, the underlying molecular mechanisms remains largely unknown. Most studies
have focused on the roles of nucleus-encoded proteins in regulating chloroplast gene expression and
plant responses to environmental stress, while the direct connection between chloroplast gene expression
and environmental stress responses has been largely ignored. Future studies should therefore address
two major issues: How environmental stress triggers chloroplast gene expression, and what roles
chloroplast gene expression plays in plant responses to environmental stress. Several specific issues
need to be investigated. For example, D1 protein synthesis is important for PSII repair under high-light
conditions [71,115,125-128]. Thus, enhanced psbA transcription and translation would help increase
the tolerance of PSII to high light; however, it is still unclear to what extent high light triggers the
transcription and translation of psbA. In addition, RNA editing, particularly C-to-U base conversion,
is a widespread phenomenon in chloroplasts across nearly all plant species [48]. As discussed
above, it is clear that RNA editing is important for plant tolerance of low temperature [74-76],
yet the exact editing sites, and how RNA editing at these sites improves plant tolerance to low
temperatures, remain to be explored. Finally, translation and splicing of several chloroplast genes
trigger plastid-to-nucleus retrograde signaling and ABA signaling [73,77,79,80,114], but it remains
unclear how the signals generated from these processes are transferred out of chloroplasts and
integrated into these signaling pathways.

New technology is needed to better investigate the molecular mechanism of chloroplast gene
expression in response to the environment. Chloroplast transformation is an extremely time-consuming
and difficult process that has only been achieved in a few plant species, such as lettuce, poplar,
and Arabidopsis. This make it extremely difficult to control chloroplast gene transcription using
traditional genetic engineering approaches. To further explore the connection between chloroplast
gene transcription and environmental stress responses, novel tools must be designed that are similar to
CRISPR/Cas9 and RNA interference to knock out and knock down chloroplast genes. It is also critical
to design an artificial RNA editing system to carry out RNA editing of specific sites in chloroplasts.
This system would be useful for investigating the specific roles of different RNA editing sites in plant
responses to environmental stresses and even creating new RNA editing sites that could improve stress
tolerance in plants.
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CP29A 29 kD chloroplast protein
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HsfA2 HEAT STRESS TRANSCRIPTION FACTOR A-2
mTERF5  Mitochondrial transcription termination factor 5

NAA a-Naphthaleneacetic acid

NEP Nucleus-encoded RNA polymerase
ORRM1 Organelle RRM Protein 1

PAP Polymerase-associated protein
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PPR Pentatricopeptide repeat

PSIT Photosystem II

PSRP Plastid-specific ribosomal protein

PTF1 PLASTID TRANSCRIPTION FACTOR 1

RH DEAD-BOX RNA HELICASE

Rpl33 Ribosomal protein L33

Rpl2 Ribosomal protein L2

RPS1 Ribosomal protein S1

Rps8 Ribosomal protein S8

Rps15 Ribosomal protein S15

RPS17 Ribosomal protein 517

rRNA Ribosome RNA

SIG5 Sigma factor 5

SIWHY1 Tomato WHIRLY1

tRNA Transfer RNA

WSL WHITE STRIPE LEAF
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Abstract: The transfer of genetic material from the mitochondria and plastid to the nucleus gives rise
to nuclear integrants of mitochondrial DNA (NUMTs) and nuclear integrants of plastid DNA (NUPTs).
This frequently occurring DNA transfer is ongoing and has important evolutionary implications.
In this review, based on previous studies and the analysis of NUMT/NUPT insertions of more than
200 sequenced plant genomes, we analyzed and summarized the general features of NUMTs/NUPTs
and highlighted the genetic consequence of organellar DNA insertions. The statistics of organellar
DNA integrants among various plant genomes revealed that organellar DNA-derived sequence
content is positively correlated with the nuclear genome size. After integration, the nuclear organellar
DNA could undergo different fates, including elimination, mutation, rearrangement, fragmentation,
and proliferation. The integrated organellar DNAs play important roles in increasing genetic diversity,
promoting gene and genome evolution, and are involved in sex chromosome evolution in dioecious
plants. The integrating mechanisms, involving non-homologous end joining at double-strand breaks
were also discussed.

Keywords: genome structure; genome evolution; DNA transfer; nuclear integrants of plastid DNA
(NUPT); nuclear integrants of mitochondrial DNA (NUMT)

1. Introduction

Three genetic compartments coexist in the plant cells: the nucleus and two cytoplasmic organelles,
namely, chloroplast (plastid) and mitochondria. Among these cellular parts, the nucleus harbors
the majority of the genetic material, and chloroplast and mitochondria contain relatively little but essential
genetic substance. It is widely accepted that chloroplasts and mitochondria in eukaryotic cells are
descended from erstwhile free-living organisms (o-proteobacteria and cyanobacteria) by endosymbiosis
more than a billion years ago [1-3]. When the three genetic compartments were involved in one cell,
genetic flux among them occurred frequently [4-6]. In theory, there are six types of DNA transfer
occur among the three genetic compartments. At least five types, including mitochondrion-to-nucleus,
plastid-to-nucleus, plastid-to-mitochondrion, nucleus-to-mitochondrion, and mitochondrion-to-plastid
DNA transfer, have been observed presently based on experimental and bioinformatics data [4].
The transfer frequency is remarked different among the different types of genetic flow. Mitochondrion
and chloroplast DNA have been integrated to the nuclear genome with high frequency, whereas other
types of transfer occur rarely. In fact, along with the evolutionary process of the plastid and mitochondrion,
many genes have relocated from the organelle to host nuclear genomes. Such events combined with
the deletion of dispensable organelle genes considerably reduced the genome size of the mitochondrion
and plastid during the evolution from their progenitors [4,7]. Organellar DNA transfer into the nuclear
genome not just occurred during the establishment of symbiosis; it still actively occurs continuously [8-13].
The organelle-derived DNAs in the nucleus are designated as nuclear integrants of plastid DNA (NUPTs)
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and nuclear integrants of mitochondrial DNA (NUMTs). The NUPTs and NUMTs discussed here refer to
the nuclear organellar DNAs, which still have homologous copies in the organelles and do not include
the relocated organellar genes that were previously reviewed [4,7,14].

With the rapid development of high-throughput sequencing technology, the plastid, mitochondrial,
and nuclear genomes of a number of plant species have been deciphered. This makes the large-scale
analysis of NUPTs and NUMTs in plants be possible. Currently, NUPTs and NUMTs in some plant
genomes have been characterized [15-21]. The characterization of nuclear organellar DNAs in
plants adds new insights into the role of NUPTs and NUMTs in genome structure and evolution.
Growing pieces of evidence has revealed that DNA transfer from organelles contributes considerably to
gene and genome evolution and provides a major source of genetic diversity [4,22-24]. In this review,
we summarized recent advances in organelle-derived sequences and genome evolution in plants,
with focus on the evolutionary fate of these insertions and the roles of NUPTs/NUMTs in the structure
and evolution of plant genomes.

2. Characterization of Organellar DNA-Derived Sequences in Plants

The nuclear integrants of organellar DNA were first discovered in a study in which a mitochondrial
ATPase subunit gene was found in the nuclear genome, as well as in the mitochondrial genome of
Neurospora crassa [25]. Since then, organelle-derived sequences were examined in the nuclear genome
of a number of animals [26-32] and plants [15-21]. The availability of a large amount of plant organelle
and nuclear genome data has made it possible to investigate the prevalence and characteristics of
NUMTs and NUPTs in plants. In addition to some plant genomes analyzed previously, we estimated
the whole genome landscape of NUMTs and NUPTs in the majority of currently sequenced plant
species. A dataset of NUPTs in 199 plant genomes and NUMTs in 91 plant genomes was obtained
(Tables S1 and S2). The analysis methods were described in Supplemental File 1. It should be noted that
the NUPT and NUMT insertions analyzed here are all contiguous fragments reflected from the BLAST
results, and the rearrangements of NUPTs/NUMTs from different regions of chloroplast/mitochondrial
genomes are not analyzed.

2.1. Number and Size Distribution

NUPTs and NUMTs were observed in all examined plant genomes. Their number and size
distributions vary markedly among different species. The average size of NUPT ranges from 57 bp
(Chlorella variabilis) to 3382 bp (Porphyra umbilicalis), and the total NUPT length ranges from 1038 bp
(Phaeodactylum tricomutum) to 9.83 Mb (Triticum urartu). The NUPT proportion of these genomes varies
from 0.004% to more than 1% in three genomes, including those of Cucurbita maxima, Porphyridium
purpureum, and Ziziphus jujuba. The number of NUPTs is few in the majority of algae, and the genomes
with NUPT number less than 200 are all from algae. By contrast, NUPTs are abundant in most of
the flowering plants, with the highest number found in Triticum urartu (Table S1). Similarly, NUMTs
are also highly varied among different plant species. The cumulative length within the examined plant
genomes varies from 327 bp in Cyanidioschyzon merolae to 11.42 Mb in Capsicum annuum, and the NUMT
proportion accounting for the nuclear genome is from 0.0002% to 2.08% (Table S2). Previous studies
showed that the longest NUPT is a 131-kb integrant detected in rice [33,34]; a 620-kb NUMT insertion
derived from partially duplicated mitochondrial DNA investigated in Arabidopsis is the largest NUMT
examined to date [35]. Our analysis detected a 135-kb NUPT in Gossypium hirsutum; thus, it is
the longest NUPT insertion known so far (Table S1). The NUPT/NUMT fraction usually accounts
for less than 0.1%, which is a small fraction of the nuclear genome. However, it should be noted
that “old” NUPT and NUMT sequences are usually difficult to detect because of constant mutation
and rearrangement during the evolutionary process [29,36]. In addition, NUMTs and NUPTs with
high sequence similarity to mitochondrial/chloroplast DNA sequences may be removed as organelle
contamination when the nuclear genomes are assembled. Thus, even in “thoroughly sequenced”
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nuclear genomes, NUMTs/NUPTs may not be completely investigated. Therefore, the content of these
organelle-derived sequences is usually underestimated using the standard BLAST method.

Different studies on the correlation between NUPT/NUMT abundance and nuclear genome size
show conflicting findings [29,37]. Thus, correlation analysis between genome size and cumulative
length or total number of NUPTs and NUMTs in more than 200 plant species was conducted to
investigate whether nuclear genome size affect NUPT/NUMT content. A positive correlation existed
between nuclear genome size and cumulative lengths of NUPTs/NUMTs, as well as the total number
of NUPTs/NUMTs (Figure 1). Previous searches detected no such correlations, probably because
of the smaller number of plant nuclear genomes analyzed. No correlations were detected between
NUPT/NUMT content and chloroplast/mitochondrial genome size (Tables S1 and S2).
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Figure 1. Correlation analysis between nuclear genome size and nuclear integrants of plastid DNA
(NUPT)/nuclear integrants of mitochondrial DNA (NUMT) content or number in plants: (A) genome
size versus cumulative length of NUPTs; (B) genome size versus total number of NUPTs; (C) genome
size versus cumulative length of NUMTs; (D) genome size versus total number of NUMTs. This dot-plot
was generated based on the data presented in Tables S1 and S2. The red dots indicate the results of
algal plant analysis, whereas the black dots represent those of analysis involving other plants, most of
which are flowering plants.

2.2. Organization and Distribution Patterns

NUPTs and NUMTs are frequently organized as clusters [21,38,39]. For example, we observed that
approximately 45% of the 3155 NUPT insertions were organized in clusters in the genome of Asparagus
officinalis [21]. In the model plant species Arabidopsis and rice, NUPTs and NUMTs are frequently
nonrandomly arranged as loose clusters or tight clusters based on the physically linked degrees [39].
NUPTs/NUMTs are organized into three major patterns in plants: (a) continuous fragments of nuclear
DNA collinear with mitochondrial or chloroplast DNA, (b) rearranged NUPTs/NUMTs originating from
different regions of one organelle genome with non-uniform orientation, and (c) mosaics containing
both NUPTs and NUMTs [40]. The presence of mosaic clusters containing NUPTs and NUMTs indicates
that DNA fragments from different organelles might have concatemerized before insertion, or these
nuclear regions are hotspots for integration [39,41]. Other organization patterns such as NUPTs/NUMTs
with tandem duplications originating from one organelle fragment with the same orientation were
occasionally observed [21]. These various organization patterns of NUPTs/NUMTs existing in plant
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genomes suggested that the origins and the evolutionary paths of the integrated regions may be
different, and NUPTs/NUMTs are involved in shaping the plant genome via complicated mechanisms.

NUPTs/NUMTs are usually distributed unevenly in the analyzed plant genomes [20,21,39].
NUPTs and NUMTs are more preferred to distribute in centromeric and pericentromeric regions [36,39],
which have few genes and a high level of heterochromatin content [42—44]. Such regions may offer
a stable genomic environment for the maintenance of the alien organelle-originated DNA [16,36].
The integrations in these regions should be less harmful than those in other chromosomal regions [36].
For example, in rice and A. officinalis, large NUPTs are predominately distributed in the pericentromeric
regions of the chromosomes [21,36]. In some species, such as Arabidopsis and sorghum, a considerable
fraction of NUPTs and NUMTs is co-localized with transposable elements (TEs) [16]. These findings
imply that recombination based on repetitive sequence can lead to the rearrangement of chromosome
structure and contribute to the various organization patterns of organelle-derived sequences.

The chromatin state seems to be an essential factor that affects the successful insertion of organellar
DNA into nucleus. The pre-insertion status of Oryza sativa subsp. indica-specific NUPTs suggests
that the newly transferred organellar sequences are predominantly inserted into open chromatin.
This phenomenon has also been observed in humans [45]. However, current existing NUPTs/NUMTs
are often detected in heterochromatin regions. Such paradox can be explained by two reasons. One is
that the accessibility of chromatin can be modified by external environment, such as stress [46],
and/or by genetic crash, such as hybridization [47]. Alternatively, many new insertions in the open
chromatin may not be retained because of selective pressure; for that, the insertion into exons of
genes can damage gene function. Indeed, most NUPTs/NUMTs are located in introns or untranslated
regions [23]. By contrast, the heterochromatin regions are more facilitated for the maintenance of
organelle-derived sequences.

2.3. Modification Pattern

As alien gene materials of the nuclear genome, NUPTs/NUMTs can cause host genome instability;
they may lead to genomic region reshuffling, genome size expansion, and heterochromatization [16,38,48].
Epigenetic regulation, mainly including DNA methylation and histone tail modifications, provides
a defense measure for inhibiting the activity of mobile DNA and other types of extraneous DNA [49,50].

The mutation patterns of NUPTs of a number of plant species show biased mutations of cytosine
(C) — thymime (T) on one DNA strand, and guanine (G) — adenine (A) substitutions on the opposite
strand [4,33,38,51]. These biased substitutions might be due to the hypermethylation of cytosine
residues with subsequent deamination [52]. These observations suggest that DNA methylation might
play essential roles in regulating integrated organellar DNAs, mainly associated with the transcription
suppression of integrated organelle DNA [53,54]. In fact, it has been revealed that a considerable
number of NUPTs are methylated, and the DNA methylation intensity and level decrease over
evolutionary time. The DNA methylation-modified NUPTs may maintain the stability of plant nuclear
genomes against the insertion of organellar DNA sequences and play an important role in the symbiosis
of nuclear and organelle genomes [51]. Further methylome data analysis of epigenetic mutants in
Arabidopsis and rice show that organellar DNA sequences are methylated mainly via the maintenance
methylation machinery, involving DDM1, CMT3, CMT2, and SUVH4/KYP. However, other mechanisms,
such as RNA-directed DNA methylation and homology-dependent DNA methylation machinery may
also play roles in the methylation level.

2.4. Transfer Rate of Organellar DNA to Nucleus

The frequency of organellar DNA transfer is positively correlated with the number of mitochondria
or plastids in the cell [55-57]. Two independent laboratories established a similar screen experimental
system to measure the rate of nuclear DNA transferred from plastids; this system was based on
transplastomic lines containing a selectable marker gene, whose transfer to the nuclear can confer
antibiotic resistance of the regenerated or outcrossed progenies [10,12]. De novo NUPT formation
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occurred once in approximately 16,000 pollen grains [10] or once in every five million somatic
cells screened [12]; this result suggests the high frequency of DNA transfer from the chloroplast to
the nucleus. Such high frequency of organellar DNA transfer to the nucleus was also observed in
yeast, in which the transfer rate of the mitochondrial DNA to the nucleus is approximately 2 x 107>
per cell per generation [58]. Abiotic stresses, such as subtle heat or cold treatment, can even increase
the transfer frequency [55,59]. It is noteworthy that in these experiments, the estimated frequency
of DNA transfer from the organelle to the nucleus may be fewer than in reality, because the screen
system only focused on the transfer of the selectable marker gene from the organelle genome; those
events where the transferred organellar genome fragment did not contain the selective gene may have
been missed.

The frequency of plastid-to-nucleus DNA transfer differs markedly among diverse
tissues [10,12,60]. The transfer frequency in gametophytic tissue is higher than that in somatic
cells. Specifically, the transfer frequency is much higher in male germlines (1 per 11,000 pollen grains)
than that in female germlines (1 stable transposition in 273,000 ovules) [60]. The elevated frequency
examined within male germline may be caused by the fact that the chloroplast DNA within pollens are
more likely to degrade, which was examined in a number of plant species [61].

3. Genetic Consequence and Fate of NUPTs/NUMTs in Plants

Once the organellar DNA has integrated into the nuclear genome, the inserted sequences are
placed into a new environment and will undergo gradual amelioration to adapt to the host genome.
Most of the NUPTs/NUMTs begin to decay because they are not affected by selection pressure [33,38,40].
Analysis of the organization, dynamics, and interspecies variation of current NUPTs/NUMTs in
plant genomes suggests the following five post-integration fates of organellar DNA: (a) elimination,
(b) mutation, (c) fragmentation, (d) rearrangement, and (e) proliferation (Figure 2).

3.1. Elimination

Considering the high transfer frequencies of organellar DNA to nuclear genome and the relatively
low percentage of NUPTs/NUMTs in the plant genome, it is expected that a considerable number of these
transferred organellar DNA fragments would be eliminated to prevent rapid genomic enlargement.
The fate of the newly integrated chloroplast fragments (kanamycin resistance gene, neo) in tobacco
reveals that four of nine lines show different level of kanamycin resistance instability, which is caused
by the deletion of neo. The loss of the organellar transferred fragments usually occurs during mitosis,
because intraspecific variation of NUPTs is observed frequently. However, it can also occur during
meiosis occasionally [48,62]. A comprehensive analysis of the NUPTs existing in the rice genome
showed that 80% of the NUPTs were eliminated within a million years following their integration.
The average half-lives of these NUPTs are estimated to be 0.5 million years (Myr) for large insertions
and 2.2 Myr for small insertions. Thus, the nuclear genome is in balance between continual integration
and fast deletion of the organellar DNA [36]. The rapid elimination is a counterbalance mechanism of
the frequent integration of plastid DNAs. Investigation of organellar DNA integrants in the nuclear
genomes of Arabidopsis and rice have suggested that replication slippage is a mechanism for such
deletion events, because short direct repeats are found frequently in the flanking regions of the deleted
sequences [33,38].
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Figure 2. Diagrammatic sketch summarizing the fate of integrated organellar DNA in nuclear genome.
See details in text.

3.2. Mutation

As an intrinsic property of DNA, mutation is a predominant post-integration fate of organelle
DNA. Organelle-derived sequences in the nuclear genome are unavoidably subject to the evolutionary
forces that act on nuclear DNA [4]. Given that mutation rates vary greatly among organellar and nuclear
DNAs, the integrated sequences show different mutation rates compared with the organellar sequences
that they derive. In most animals, the mutation rate of mitochondrial DNA is approximately
ten times faster than that of the nuclear DNA [63-65]. Thus, NUMTs inserted into the nucleus
reserve ancestral mitochondria information and become “molecular fossils” that can be useful
phylogenetic markers to study the evolutionary route of related taxa [66,67]. By contrast, the mutation
rate of organellar DNA in plant species is much slower than that in the nuclear genome [68].
Organellar DNA is evolved with approximately one or fewer mutations per kb per million years [69],
and the mutation rate is approximately seven mutations per kb per million years for the nuclear
genome [70]. Thus, the NUPTs/NUMTs inserted into the plant nuclear genome evolve much more
rapidly. With the evolutionary process, NUPT/NUMT mutation accumulates until they are not
recognized as NUPTs/NUMTs because of the large sequence divergence between the evolved integrated
sequences and the ancestral organellar DNAs. A previous investigation of recently acquired insertions
of nuclear organellar DNA in Arabidopsis and rice revealed that the C — T and G — A transition
mutations have occurred far more frequently than other point mutations. The 5-methylcytosine
hypermutation frequency is approximately 5.6-fold and 9.5-fold higher than other point mutations in
Arabidopsis NUMTs and rice NUPTs, respectively. In addition, most of the short insertion and deletion
mutations occurred at homopolymeric regions and were less frequent than point mutations [33,38].
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Thus, the 5-methylcytosine hypermutations may be a major mechanism of mutational decay for
the newly integrated organellar sequences.

3.3. Fragmentation

As discussed above, the sequence similarity between NUPTs/NUMTs and their original
chloroplast/mitochondrial DNAs will decrease over evolutionary time. Such sequence similarity
is correlated positively with the size of NUPTs/NUMTs. In addition, dot plot analysis showed many
separate but tightly linked NUPTs, which are collinear with the chloroplast genome in A. officinalis [21].
These pieces of evidence indicate that the original insertions are large and then break into smaller
fragments [36,39]. The insertion of TEs and other non-organelle DNA sequences into NUPTs and NUMTs
plays a significant role in this fragmentation process [36,39]. Some NUPT/NUMT clusters were
formed by such process of organellar DNA insertion and subsequent fragmentation accompanied by
incorporation of non-organellar DNA.

3.4. Rearrangement

A considerable number of NUPTs/NUMTs are arranged in tandem arrays of sequences originating
from various regions of the plastid or/and mitochondrion genome (s); this phenomenon suggests that
the transfer of organellar sequences undergo rearrangement before and/or after their insertion into
the nuclear genome. In rice, the fragmentation and reshuffling events could occur immediately after
plastid DNAs are integrated into the nuclear genome [36]. A detailed analysis of the A. thaliana 620-kb
large NUMT shows that at least four rearrangement events have occurred, among which, three were
localized at the initial 76 kb of the insertion [36]. These rearrangements may have occurred after
integration, but they can also occur before transfer in the organelle via homologous recombination
between repetitive sequences [71] or in the nucleus either before or during integration [11,39,72,73].

3.5. Proliferation

The integrated organellar DNAs can amplify themselves to increase the copy number in the nuclear
genome. The amplified fragment can be arranged in tandem arrays or distributed separately in the host
genome. For example, in A. officinalis, we identified several NUPT clusters arranged by a number of
nearly identical chloroplast DNA sequences [21]. In Carica papaya, a plastid-derived sequence containing
r5p15 gene has been proliferated 23 times in the hermaphrodite-specific regions of the Y chromosome
(HSY) [74]. The NUPTs/NUMTs themselves are not able to duplicate; thus, their proliferation in
the nuclear genome is probably duplicated, co-amplified with neighboring retrotransposons, which can
easily increase their copy number via “copy-and-paste” retrotransposition. Indeed, intact Ty3-pypsy
retrotransposable elements are presented less than 1.5 kb upstream of most rsp15 NUPT sequences,
suggesting that the NUPT proliferation is probably mediated via retrotransposons [74].

We summarized the various fates of the organellar DNA integrated into the host nuclear genome.
It is worth noting that the occurrence of the abovementioned events is not isolated and that these
events usually occur integrated within one NUPT or NUMT sequence. Thus, after the organellar DNA
integrated into the nuclear genome, they are fragmented, shuffled, and accompanied by nucleotide
mutation. During this process, a considerable number of NUPTs/NUMTs are deleted from the nuclear
genome. Thus, the current repertoire of NUPTs/NUMTs is in rapid variation of fragmentation, mutation,
and rearrangement and in dynamic equilibrium between continuous integration and frequent deletion.

In addition, we only discuss the fate of the NUPTs/NUMTs with simple origin, that is, individual
organellar fragment from chloroplast or mitochondrial genome transferred to the nucleus. However,
the transferred sequence not only comes from one fragment of plastid or mitochondria but it
can be derived from both plastids and mitochondria. In this case, the disparate fragments from
plastids and mitochondria are combined and/or rearranged and then integrated into the nuclear
genome [38,62]. Such integrants can undergo the abovementioned various evolutionary events
and complicate the structure of NUPTs/NUMTs.
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4. Effects of Organelle DNA-Derived Sequences on the Nuclear Genome Structure and Evolution

Organellar DNA integration provides novel source of plant genome evolution. In general,
NUMT/NUPT insertions seem to expand the genome size due to the incorporation of novel DNA,
although some of the newly integrated sequences can be lost through deletion. A recent study showed that
the incorporated plastid DNA can be deleted and accompanied by the loss of adjacent non-plastid-derived
DNA within one generation of transfer [62]. Thus, the integration of organellar DNA and its subsequent
diverse variation events could contribute significantly to the dynamic nuclear genome evolution.

4.1. Contribution to the Genetic Diversity

Organellar DNA integration is a substantial and ongoing process that generates genetic diversity.
The NUMT/NUPT numbers, sizes, and densities show large divergence between different species.
Even in the same species, different lines or ecotypes represent sequence variation of NUMTs and NUPTs.
Among the 40 investigated NUMTs in humans, 12 are polymorphic [29]. In Arabidopsis, a 3.9-kb
NUMT is presented in a polyubiquitin gene in four ecotypes, including Columbia, Eifel, Enkheim,
and Hilversum [75,76]. However, this NUMT loci did not exist in five other ecotypes investigated [75].
Another 104-bp rearrangement NUMT derived from different mitochondrial DNA fragments is detected
at the subtelomeric region of the short arm of chromosome 1 in 12 out of the 35 Arabidopsis accessions
examined [77]. Similar results were found in rice and maize. A NUPT with length of 131 kb was
detected on chromosome 10 of O. sativa subsp. japonica, but not detected in O. sativa subsp. indica or
O. rufipogon nuclear genomes [33]. Fluorescence in situ hybridization (FISH) analyses using overlapping
mitochondrial/chloroplast DNA fragments as probes revealed that the number and positions of detectable
NUMTs/NUPTs varied markedly among different maize inbred lines [13,78]. For example, a mix of
cosmids containing overlapping mitochondrial DNA fragments was probed, and only B73 showed
a strong hybridization signal on 9L among the examined inbred lines; thus, this site may represent
a recent mitochondrial DNA insertion [78]. Some NUMT sites are diverse even within the same maize
inbred line collected from different laboratories (sources) [78]. Such diversity may be attributed to
different mechanisms, such as integration of a new fragment of mitochondrial DNA, proliferation
of an existing NUMT fragment, or deletion and degradation of NUMT sequences at a particular
site [78]. The interspecific diversity in NUPT and NUMT accumulation might be affected by the number
and stability of plastid and mitochondria in the germline; another factor is the species-specific mechanisms
regulating nuclear DNA acquisition and deletion [37]. These results strongly suggested that the organelle
DNA transfer is a frequently ongoing process, and the insertions of organelle-derived segments are
components of the dynamic fraction of plant nuclear genomes.

4.2. Effects on Gene Structure and Evolution

Certain NUPTs and NUMTs are related to genes. For example, two NUMTs are located within
genes in the yeast genome [79]. In the Arabidopsis and rice genomes, approximately 25% of NUMTs
and NUPTs are found within genes [39]. In some cases, NUMT/NUPT sequences that fuse to
non-organelle-derived nuclear DNA are transcribed, suggesting that NUMTs/NUPTs can remodel
genes and their products by providing novel exons [19,80,81]. The mosaic genes with one or more
exons originated from organellar DNA were analyzed in detail in yeast, Homo sapiens, Arabidopsis,
and rice. In that study, a total of 474 NUMTs and NUPTs were detected within, or adjacent to
the annotated genes. Among these NUMTs and NUPTs, 45 insertions are involved in a total of 49
protein-coding exons belonged to 34 genes [23]. Moreover, considering that the sequence divergence
between NUMT/NUPT and the donor organellar sequences was constantly enlarged with evolutionary
time, some organelle-originated exon sequences may be difficult to directly detect through conventional
methods. Thus, organelle-derived DNA integrations might contribute to many ancient functional
exon acquisitions that are not found thus far [23]. In addition, the Ka/Ks ratios (non-synonymous
substitutions/synonymous substitutions) of the nuclear protein-coding exon derived from organellar
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reading frames are higher than 1, thereby suggesting the non-neutral evolution of these integrants
and their adaptation to their novel functions [23].

In addition to recruiting as exons, NUMTs/NUPTs can also be associated with the regulatory
elements of genes. Some organellar DNA sequences are integrated into introns, as well as regions of
5" and 3’ to nuclear genes; these integrated sequences might be associated with changes in the gene
regulation [80]. Specifically, two organelle-derived sequences, namely, Arabidopsis enhancer 12-7
and 12-Q, make the reporter genes show cell-specific expression in transgenic tobacco [82]. However,
the influence of the organellar insertions on gene expression still needs further investigation.

4.3. Roles Played in the Sex Chromosome Evolution

Several reports revealed that NUPTs and NUMTs are strongly accumulated in the sex chromosomes
of dioecious plants than other plants [74,83,84]. The first discovery of this phenomenon is in the model
dioecious plant Silene latifolia, in which a bacterial artificial chromosome clone containing partial plastid
genome sequences shows strong hybridization signals on the Y chromosome; however, the signals
are very weak on the X chromosome and the autosomes. The large size of the Y chromosome in
this species may be partially due to the accumulation of such NUPTs [83]. In another dioecious
plant, Carica papaya, NUPTs are localized within the male-specific region of the Y chromosome (MSY)
and HSY approximately 12 times the rate in the X chromosome counterpart and four times that of
the genome wide average [74]. NUPTs/NUMTs accumulate in the sex chromosomes of other dioecious
plants, such as Rumex acetosa [84] and Coccinia grandis [85]. In A. officinalis, the number and total
length of NUPTs in Y chromosome were larger than those in other chromosomes. Sequence alignment
and cytogenetic analysis show a 47-kb centromeric region in the Y chromosome with very high density
of NUPTs, i.e., more than three-quarters of the sequences of this region originate from the plastid.
However, the MSY and the nearby regions did not have NUPT integrations. Thus, NUPTs may play
important roles in the centromere building of the sex chromosome of A. officinalis but are not implicated
in MSY formation [21]. These studies reveal that the organellar DNA accumulation is strongly related
to the evolution of plant sex chromosomes.

These integrated organellar DNA sequences are predicted as one of the evolutionary forces that drive
the formation of sex chromosomes in dioecious plants. It is believed that the sex chromosomes originate
from autosomes, and the evolutionary process involves some essential events, such as sex-determining
gene emergence, recombination restriction, and Y chromosome degeneration [86]. In addition,
sex chromosomes can recruit abundant TEs and organellar DNAs [74,85], and these novel sequences may
benefit the structural differentiation and recombination restriction of sex chromosomes and contribute
to Y chromosome degeneration [49]. The gathering of such novel sequences in sex chromosomes can
promote recombination suppression of the sex chromosomes; when recombination is suppressed, such
sequences can accumulate rapidly in the recombination-free region. The lack of recombination and release
from purifying selection avoids their deletion from the recombination-suppressed region [87,88].

5. Mechanisms of Organellar DNA Integration

Organellar DNA sequences can be transferred to the nucleus through two distinct pathways, namely,
direct DNA integration [89] and RNA-mediated DNA transfer via reverse transcription. Some experimental
and bioinformatics studies suggest that many NUPTs/NUMTs are very large and include intergenic
and/or non-coding regions of organellar DNA [11,37,38,89,90]. Thus, the migration of organellar DNA
fragments into the nucleus may be mediated by DNA. However, the functional organellar gene relocated to
the nuclear genome with splicing and RNA editing, and this event seems to have occurred before transfer;
this phenomenon suggests the involvement of RNA intermediates [91-93]. Thus, the two pathways may
both have important roles to play in the transfer process.

DNA escapes from organelles and its incorporation into the nucleus has been experimentally
investigated in yeast [58,79] and tobacco [10,12]. Bioinformatics analysis and direct experimental
evidence suggest that nonhomologous end-joining mechanism (NHE]) is involved in organellar DNA
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incorporation during double-stranded break (DSB) repair. In yeast, fragments of mitochondrial
DNA segments are captured into DSBs in the nuclear genome during the DSB healing process
via NHE]J [79,94]. DSBs can be induced in vivo by exogenous and endogenous factors; they are
the most potentially deleterious type of DNA damage [95-97]. DSBs can be usually repaired via
the insertion of filler DNA into the lesion, whereas organellar DNA can be passively used as the filler
DNA. The integration includes two DSB repair events, which are mediated by the short sequence
microhomology (1-7 bp, “micro-identities”) between the break chromosome ends and organellar
DNA or by a blunt-end repair without homology [79,94,96,98]. A similar mechanism involving NHE]
at DSB sites was examined in tobacco [45,55,62]. The integrated fragments are usually complicated
mixtures of multiple different segments of chloroplast DNA end joined together based on sequence
microhomology [62]. These results suggested that linking of linear DNA fragments generates chimeric
DNA molecules before or during insertion into the nuclear genome [38,62]. Sequence analysis revealed
that such terminal micro-identities have also been presented for NUMT integrants in humans [99,100],
indicating that organellar fragments integrating into the nuclear genome via NHE] during DSB repair
process might be a common mechanism conserved in eukaryotic organisms. A recent study has shown
that several mosaic organellar integrants present signatures of long homology; thus, other mechanisms,
such as homologous recombination may also contribute to organellar DNA integration [40].

6. Conclusions and Perspective

Organellar DNA integrated into the nuclear genome plays important functional roles in gene
and genome evolution. The characterization and distribution patterns of organellar-derived sequences
of the nuclear genome are crucial to the elucidation of the dynamics and evolution of the genome in
plants and other eukaryotes. Nevertheless, many unanswered questions about organellar integrated
nuclear sequences remain. For example, the precise mechanism of organellar DNA transfer, the extent
and variety of the effects of organellar DNA transfer on gene activity regulation, and the genome
instability and defense mechanism caused by organellar DNA transfer are still poorly understood.
Thus, bioinformatics approaches, cytogenetic analysis, and experimental studies illustrating transfer
events are necessary to answer these questions.

Currently, the experimental analysis of DNA transfer from organelle to nucleus has been performed
only in tobacco and yeast. Studies that used these model organisms have presented considerable
information on NUMT/NUPT insertion events, such as the transfer frequency, the size of transferred
genome fragments, the environmental conditions favoring the transfer, and the mechanism of transfer.
However, that such events are universal is not yet certain and should be further studied in other plant
species. Experimental models involving other plant species should be established to provide more
insights into the transfer event.

Similar to TE, organellar DNA integrated into nuclear genome is considered alien genetic material to
the nuclear genome. Such sequences could result in nuclear genome instability, and the nuclear genome
can initiate defense mechanisms [49,50]. A recent report showed that DNA methylation might play
an important role in this process [51]. Future studies on DNA methylation and heterochromatization of
organellar DNA insertions may improve our understanding of the organellar DNA integrants involved
in dynamic genome evolution.
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Abstract: The common bean (Phaseolus vulgaris) is a major source of protein and essential nutrients
for humans. To explore the genetic diversity and phylogenetic relationships of P. vulgaris, its complete
mitochondrial genome (mitogenome) was sequenced and assembled. The mitogenome is 395,516 bp
in length, including 31 unique protein-coding genes (PCGs), 15 transfer RNA (tRNA) genes, and 3
ribosomal RNA (rRNA) genes. Among the 31 PCGs, four genes (mttB, nadl, nad4L, and rps10) use
ACG as initiation codons, which are altered to standard initiation codons by RNA editing. In addition,
the termination codon CGA in the ccmFc gene is converted to UGA. Selective pressure analysis
indicates that the ccmB, ccmFc, rps1, rps10, and rps14 genes were under evolutionary positive selection.
The proportions of five amino acids (Phe, Leu, Pro, Arg, and Ser) in the whole amino acid profile
of the proteins in each mitogenome can be used to distinguish angiosperms from gymnosperms.
Phylogenetic analyses show that P. vulgaris is evolutionarily closer to the Glycininae than other
leguminous plants. The results of the present study not only provide an important opportunity to
conduct further genomic breeding studies in the common bean, they also provide valuable information
for future evolutionary and molecular studies of leguminous plants.

Keywords: common bean; Phaseolus vulgaris; mitochondrial genome; comparative genomics; phylogeny

1. Introduction

Mitochondria (mt) are semi-autonomous organelles that are part of almost all eukaryotic cells
(cells with clearly defined nuclei). Their primary function is to produce a steady supply of adenosine
triphosphate (ATP). Mitochondria are thus termed the ‘powerhouses’ or ‘energy factories’ of cells.
Chloroplasts (cp) and mitochondria most likely originated from formerly free-living bacteria through
endosymbiotic acquisition, which can explain the presence of their own genomes [1,2]. With rapid
developments in sequencing and genome assembly methods, an increasing number of complete
organelle genomes have been assembled in the last decade. Thus far, over 4900 complete chloroplast
and plastid genomes have been assembled but only 321 plant mitogenomes have been assembled and
deposited in GenBank Organelle Genome Resources (as of 14 May 2020; https://www.ncbinlm.nih.
gov/genome/browse/), suggesting that their assembly is complex and difficult.

Mitochondria are specific to each plant and have complex genome structures [3-5], variable
genome sizes [6,7], numerous repetitive sequences [8,9], multiple RNA editing modifications [10,11],
and frequent gene gains or losses during evolution [9,12,13]. In seed plant mitogenomes, the genome
sizes are highly variable, ranging from an exceptionally small genome of 66 kb in the parasitic plant
Viscum scurruloideum [14] to the largest multi-chromosomal genome of 11.3 Mb in Silene conica [15]. Even
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if two species are evolutionarily close, their genome sizes may vary considerably. The mitogenome
sizes of plants in the subfamily Papilionoideae range from 271 kb in Medicago truncatula [16] to 588 kb
in Vicia faba [17], while the mitogenomes of most papilionoid legumes are approximately 400 kb in
length [18]. This wide variation in mitogenome size can be attributed to the proliferation of repetitive
sequences and the acquisition of foreign DNA from other organisms during evolution [19,20].

Previous studies have documented that the mitogenomes of seed plants are enriched with
repetitive sequences, including simple sequence repeats (SSRs), tandem repeats, and dispersed repeats.
The SSRs in plant mitogenomes are commonly used as molecular markers for studying genetic diversity
and identifying species [21]. The tandem repeats occur in a broad range of plant mitogenomes,
which can also serve as molecular markers for unravelling population processes in plants [22]. Large
dispersed repeats are the main causes of genome rearrangements, which may generate multipartite
structures [13,23-25].

Although the mitogenome sizes of seed plants are variable, the functional genes of NADH
dehydrogenase, ubiquinol cytochrome c reductase, ATP synthase, and cytochrome c biogenesis are
quite conservative, except for succinate dehydrogenase genes and ribosomal proteins. Many primordial
mt genes have been lost during evolution, which has been found to be closely related to their specific
functions. For example, sdh3 and sdh4 were lost in all gramineous mitogenomes, the rps11 gene was
lost in the differentiation of gymnosperms and angiosperms [26], and the cox2 gene was lost in the
differentiation of the Phaseoleae and Glycininae [18]. Strikingly, nearly all of the universally present
NADH dehydrogenase genes were lost from the mitogenome of Viscum scurruloideum, with the loss
closely associated with its parasitic lifestyle [14].

The Fabaceae, commonly known as legumes, is an economically and ecologically important
family of flowering plants ranging from small annual herbs to giant trees, most of which are
herbaceous perennials. This family is the third-largest angiosperm family after the Asteraceae
and Orchidaceae [27,28], consisting of about 770 genera and more than 20,000 species. A recent
study by the Legume Phylogeny Working Group (LPWG) reclassified the three widely-accepted
Fabaceae subfamilies (Caesalpinioideae, Minosoideae, and Papilionoideae) into six new subfamilies
(Cercidoideae, Detarioideae, Duparquetioideae, Dialioideae, Caesalpinioideae, and Papilionoideae)
based on a taxonomically-comprehensive phylogeny [28]. However, due to the complexity of plant
mitogenomes, only 27 mitogenomes of Fabaceae species have been assembled and deposited in the
NCBI Nucleotide database (14 May 2020), including 19 species in the Papilionoideae, six species
in the Caesalpinioideae, one species of Cercis canadensis in the Cercidoideae, and one species of
Tamarindus indica in the Detarioideae.

In this study, we assembled the complete mitogenome of the common bean Phaseolus vulgaris,
an herbaceous annual plant grown worldwide for its edible dry seeds or unripe fruit. The common
bean is one of the most important grain legumes for human consumption and plays an important
role in sustainable agriculture due to its ability to fix atmospheric nitrogen [29]. We analyzed its
gene content, repetitive sequences, RNA editing sites, selective pressure, and phylogenetic position,
then made comparisons with other plant mitogenomes. The complete mitogenome of P. vulgaris will
provide important information for the investigation of mitogenomic evolution among the Fabaceae
family and aid the functional study of fabaceous mitogenomes. Mitochondrial biogenesis is very
important in plant breeding and knowledge of the complete mitogenome provides an opportunity to
conduct further important genomic breeding studies in the common bean.

2. Materials and Methods

2.1. Plant Materials, DNA Extraction, and Sequencing

An inbred landrace of P. vulgaris accession G19833 derived from the Andean pool (Race Peru) was
selected for sequencing. Seeds were obtained from the germplasm bank of the Embrapa Arroz e Feijao,
Brazil [30]. Root tips obtained from germinated seeds were pre-treated with 2 mM 8-hydroxyquinoline
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for 18 h at 10 °C, fixed in ethanol-acetic acid (3:1 v/v), and stored in fixative at —20 °C for up to several
weeks. Total genomic DNA was extracted from root tips using DNAeasy Plant Mini Kits (Qiagen).
To construct the shotgun library, DNA was fragmented by nebulization. The raw reads were sequenced
with a combination of Roche/454 GS FLX sequencing reads, Illumina HiSeq-2500 sequencing short
reads (primarily to correct 454 sequencing errors) and PacBio RS II sequencing long reads (primarily
to validate the assembly of the master conformation). The raw reads of P. vulgaris used in this study
were available in the NCBI Sequence Read Archive (SRA) under accessions SRR069592, SRR5628227,
and SRR2912756.

2.2. Mitogenome Assembly and Annotation

An efficient procedure for plant mitochondrial genome assembly using whole-genome data from
the 454 GS FLX sequencing platform has been applied in many plants, such as Boea hygrometrica [31],
Daucus carota [32], Gossypium raimondii [26], and Salix suchowensis [33]. Briefly, as shown in Figure S1,
we first assembled all the Roche/454 GS FLX sequencing reads using Newbler (version 3.0) [34] with
the following parameters: -cpu 20, -het, -sio, -m, -urt, -large, and -s 100. Then, we used custom Perl
scripts to construct a draft assembly graph from the file “454AllContigGraph.txt” generated from
Newbler. As shown in Figure 1, we obtained six contigs to construct the completed draft mitochondrial
graph for assembling the P. vulgaris mitogenome. Among the six selected contigs, two (Contigl5 and
Contig40) were assembled into the mitogenome twice, while the others were assembled only once.
To assemble the master conformation (MC), we mapped the PacBio sequencing reads to the mt contigs
that spanned repetitive contigs using BLASTN to obtain a major contig relationship map for the repeat
regions [35,36].

Specifically, for each repeat pair (Contigl5 and Contig40), we built four reference sequences
according to Dong et al. [37], each with 200 bp up- and down-stream of the two template sequences
(original sequences). Then, we searched the PacBio long reads against the database built up from the
reference sequences and extracted the matching reads with a blast identity above 80%, an e-value
cut-off of 1e71%, and a hit length of over 3000 bp. Next, we mapped the best-matched reads to the
four reference sequences in MacVector v17.0.7. As shown in Figure 1, we obtained one master genome
and two isomeric genomes (ISO) based on the number of PacBio reads that were mapped to both end
contigs of the repetitive contigs (Table S1). We then mapped Illumina sequencing reads to the draft MC
mitogenome with BWA [38] and SAMtools [39] softwares to correct the homopolymer length errors
(especially in A/T enriched regions) from 454 GS FLX Titanium [26]. Finally, the complete mitogenome
sequence of P. vulgaris was obtained.

The mitogenome was annotated using the public MITOFY analysis web server (http://dogma.ccbb.
utexas.edu/mitofy/) [8]. The putative genes were manually checked and adjusted by comparing them
with other legume mitogenomes in MacVector v.17.07. All transfer RNA genes were confirmed by using
tRNAscan-SE with default settings [40]. The start and stop codons of PCGs were manually adjusted
to fit open reading frames. The relative synonymous codon usage (RSCU) values and amino acid
composition of PCGs were calculated by MEGA X [41]. The OrganellarGenomeDRAW (OGDRAW)
program was used to visualize the circular map of the P. vulgaris mitogenome [42].

2.3. Selective Pressure Analysis

To reflect the selective pressure of PCGs, we calculated the nonsynonymous (K,) and synonymous
(Ks) substitution rates of each PCG between P. vulgaris and other higher plants. Arabidopsis thaliana
(A. thaliana; Brassicaceae) is a popular model organism in plant biology and genetics. Citrullus lanatus
(C. lanatus; Cucurbitaceae) and Vitis vinifera (V. vinifera; Vitaceae) are highly cultivated fruits worldwide
and belong to the Rosids clade, like leguminous plants. Therefore, we selected the mitogenomes of
A. thaliana, V. vinifera, and C. lanatus as references to infer the direction and magnitude of natural
selection acting on PCGs during the evolution of P. vulgaris. The orthologous gene pairs from
P. vulgaris, A. thaliana, V. vinifera, and C. lanatus were aligned and formatted by ParaAT2.0 with default
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parameters [43]. The K,, K, and K,/Ks values were calculated using KaKs_Calculator v.2.0 based
on the YN method, and Fisher’s exact test was performed to justify the validity of the K, and K
values [44,45].

[ Contigl
I Contig2
I Contig3
Il Contig7
[] Contigl15
[] Contig40

. .

Figure 1. The master genome and two isomeric genomes observed from P. vulgaris mitogenome
mediated by two pairs of large repeats (Contigl5 and Contig40). The mt contigs were generated and
selected from Newbler assembly software. MC and ISO mean the master and isomeric conformations,
respectively. Arrows denote the sequence orientation of assembled contigs.

2.4. Prediction of RNA Editing Sites

The online PREP-Mt (predictive RNA editors for plants) suite of servers (http://prep.unl.edu/) was
used to predict the possible RNA editing sites in the PCGs of P. vulgaris and the other four leguminous
mitogenomes (G. max, L. japonicus, V. radiata, and M. pinnata). In order to predict more true RNA
editing sites, the cut-off for prediction score was set as C = 0.2, which has been proven to be a slight
optimum [46]. A low cut-off value will predict more true edit sites but will also increase the probability
of misidentifying an unedited site as an edited one.

2.5. Identification of Repeat Sequences in P. vulgaris Mitogenome

Three kinds of repeats—SSRs, tandem repeats and dispersed repeats—were detected in the
P. vulgaris mitogenome. The SSRs were detected using the web-based microsatellite identification
tool MISA-web (https://webblast.ipk-gatersleben.de/misa/) [47] according to the methods of previous
studies [9,26] with a motif size of one to six nucleotides and thresholds of eight, four, four, three, three,
and three, respectively. Tandem repeats were identified using the online tool Tandem Repeats Finder
4.09 with default settings (http://tandem.bu.edu/trf/trf. html) [48]. AB-BLAST 3.0 was utilized to identify
and locate dispersed repeats with the following parameters: M =1, N = -3, Q = 3, R = 3, kap, span,
B =1x 10% and W = 7, which have been proven as effective in many studies [8,9,49]. The BLAST hits
with e-values < 1 and identities > 80% were considered as disperse repeats. The number of dispersed
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repeats was calculated for seven size intervals (3049, 50-69, 70-99, 100-149, 150-199, 200-999 and
>1000 bp). Partly or wholly overlapping repeats were considered as a single repeat unit.

2.6. Phylogenetic Analyses

In order to accurately infer the phylogenetic relationships of P. vulgaris within the Fabaceae family,
maximum likelihood (ML) analysis was performed based on the conserved mitochondrial PCGs
(amino acid sequences) of 23 higher plants. The NCBI accession numbers and abbreviations of all
these observed mitogenomes are listed in Table S2. Apart from the 19 representative Fabaceae species,
taxon sampling also included two species of Solanales (C. annuum and N. tabacun) and two species of
Malpighiales (P. tremula and S. suchowensis) as outgroups. The single-copy orthologous PCGs common
among the 23 analysed species were selected with local Perl scripts. All conserved mitochondrial
PCGs were extracted from each mitogenome. The conserved gene sequences from the mitogenome
were concatenated into a single dataset and aligned using Muscle software with default settings [50].
Poorly-aligned sequences were deleted or manually adjusted for each alignment. Prior to constructing
the phylogenetic tree, we applied MEGA X to determine the most appropriate amino acid substitution
model [41]. Based on the model selection results, the ML tree based on a JTT + F model with a gamma
distribution was constructed using MEGA X. The bootstrap index value (%) in which the associated
taxa clustered together was shown next to the branches and was calculated from 1000 replications.

3. Results and Discussion

3.1. Genomic Features of the P. vulgaris Mitogenome

The complete genomic sequence of the P. vulgaris mitogenome was submitted to the NCBI Genome
Database (https://www.ncbinlm.nih.gov/genome/browse/) under accession number NC_045135.1.
The mitogenome was assembled into a typical circular molecule 395,516 bp in length (Figure 2), similar
to the mitochondria of some papilionoid legumes such as G. max (402,558 bp), G. soja (402,545 bp),
L. japonicus (380,861 bp), V. angularis (404,466 bp), and V. radiata var. radiata (401,262 bp; Table 52). In fact,
the mitogenome sizes vary considerably among the papilionoid legumes, ranging from 271,618 bp in
Medicago truncatula to 588,000 bp in Vicia faba. Mitogenome sizes can vary greatly in different cultivars
of the same species. For example, the mitogenome size of G. max Aiganhuang (N21249) is 402,558 bp,
whereas that of G. max cultivar Zhonghuang 13 is 513,779 bp [51].

The nucleotide composition of the whole mitogenome is A: 27.37%, C: 22.40%, G: 22.71%, and T:
27.52% (Table 1). The overall GC content is 45.11%, which is consistent with other leguminous plants
(G. max: 45.03%, V. faba: 45.04%, and V. radiata var. radiata: 45.11%). Strikingly, the GC content of the
PCGs is very small compared to those of other regions. As shown in Table 2, a total of 49 unique genes
were detected in the P. vulgaris mitogenome, comprising 31 PCGs, 15 tRNA genes and 3 rRNA genes.
However, none of the genes encodes subunits of Complex II (succinate dehydrogenase), which has also
been lost in some other leguminous plants. Additionally, two tRNA genes located in repeat sequences
were found to contain two or three copies (frnC-GCA and trnfM-CAU). The total lengths of the PCGs
and cis-spliced introns comprise 7.26% and 8.24% of the whole mitogenome, while tRNA and rRNA
genes only comprise 0.34% and 1.33% of the mitogenome, respectively. Most PCGs have no introns;
however, eight genes (Table 2; nad1, nad2, nad4, nad5, nad7, ccmFc, rps3, and rps10) were found to
contain one or more introns. Three genes (nad1, nad2, and nad5) required trans-splicing to assembly
fully-translatable mRNA (Figure 2).
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Figure 2. Circular map of the P. vulgaris mitogenome. Genes shown on the outside of the circle are
transcribed clockwise, whereas genes on the inside are transcribed counterclockwise. GC content
is represented on the inner circle by the dark gray plot. The asterisks besides genes denote
intron-containing genes.

Table 1. Genomic features of P. vulgaris mitogenome.

Feature A% C% G % T % GC % Size (bp) Proportion in Genome (%)
Whole genome 27.37 2240 22.71 27.52 45.11 395,516 100
Protein-coding genes * 26.34 21.29 21.62 30.75 4291 28,725 7.26
cis-spliced introns @ 24.49 25.56 24.79 25.16 50.34 32,584 8.24
tRNA genes ? 23.07 2434 27.49 25.09 51.84 1335 0.34
rRNA genes ? 26.14 22.62 29.04 22.20 51.66 5252 1.33
Non-coding regions 27.78 22.18 2248 27.56 44.65 327,620 82.83

2 Protein-coding genes, cis-spliced introns, tRNAs, and rRNAs belong to coding regions.
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Table 2. Gene content of P. vulgaris mitogenome.

Group of Genes Gene Name
Complex I (NADH dehydrogenase) nadl *, nad2 *, nad3, nad4 *, nad4L, nad5 *, nad6, nad7 *, nad9
Complex II (succinate dehydrogenase) -
Complex III (ubiquinol cytochrome c reductase) cob
Complex IV (cytochrome ¢ oxidase) cox1, cox3
Complex V (ATP synthase) atpl, atpd, atp6, atp8, atp9
Cytochrome ¢ biogenesis ccmB, cemC, ccmFe *, ccmFy
Ribosomal proteins (SSU) rpsl, rps3 *, rps4, rps10 *, rps12, rps14
Ribosomal proteins (LSU) rpl5, rpl16
Maturases matR
Transport membrane protein mttB
Ribosomal RNAs rrn5, rrS, rrmL

trnC-GCA (2 copies), trnD-GUC, trnE-UUC, trnF-GAA,
trnG-GCC, trnfM-CAU (3 copies), trnH-GUG, trnl-CAU,
trnK-UUU, trnM-CAU, truN-GUU, trnP-UGG, trnQ-UUG,
trnW-CCA, trnY-GUA

* The asterisks besides genes denotes intron-containing genes.

Transfer RNAs

3.2. Codon Usage Analysis of PCGs

In the P. vulgaris mitogenome, most of the PCGs use ATG as the start codon, while mttB and nad1
start with ACG (C to U RNA editing on the second site is presumed) as the start codon (Table 3). Four
types of stop codons were found in the PCGs: (1) TAA (15 genes; atp4, atp$, atp9, cox1, nadl, nad2,
nad3, nad4L, nad5, nad6, nad9, rpl5, rpl16, rps1, and rps4), (2) TGA (10 genes; atpl, ccmB, ccmC, ccmFy;,
cox3, matR, mttB, nad4, rps10, and rps12), (3) TAG (5 genes; atp6, cob, nad7, rps3, and rps14), and (4)
CGA (ccmFc; C to U RNA editing on the first site is presumed). As shown in Figure 3, the codon
usage analysis revealed that leucine (Leu) and serine (Ser) are the most frequently-used amino acid
residues, while cysteine (Cys) and tryptophan (Trp) are the least-used amino acid residues in the
plant mitochondrial proteins. By comparison of the composition of P. vulgaris with other angiosperms
plants, we found that the distribution of amino acid residues across the mitochondrial proteins are
very similar in angiosperms (Figure 3). In addition, most of the amino acid residues were found to be
very conserved between angiosperms (P. vulgaris, G. max, L. japonicus, V. radiata, V. faba, A. thaliana,
C. lanatus, and T. aestivum) and gymnosperms (Ginkgo biloba and Cycas taitungensis), except for five of
them (Phe, Leu, Pro, Arg, and Ser).
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Ala Cys Asp Glu Phe Gly His Ile Lys Leu  Met  Asn Pro Gln Arg Ser Thr Val Trp Tyr

m Phaseolus vulgaris B Glycine max u Lotus japonicus Vigna radiata u Vicia faba
W Arabidopsis thaliana W Citrullus lanatus W Triticum aestivum B Ginkgo biloba B Cycas taitungensis

Figure 3. Codon usage pattern of P. vulgaris mitogenome compared with nine other higher plants.

The proportion of each amino acid residues to the whole mitochondrial proteins is shown on the Y-axis.

Ginkgo biloba and Cycas taitungensis are gymnosperms, while others are angiosperms.

The relative synonymous codon usage (RSCU) analysis for the P. vulgaris mitogenome is shown in
Figure 4, which indicates that all codons are present in the PCGs. Excluding the termination codons,
the 31 PCGs in the P. vulgaris mitogenome consist of 9545 codons in total. Additionally, the codon usage
showed that the RSCU values of the NNT and NNA codons are higher than 1.0 except for Ile (AUA)

93



Int. J. Mol. Sci. 2020, 21, 3778

and Leu (CUA; Figure 4), suggesting a strong As or Ts bias in the third codon position of P. vulgaris
mitochondrial PCGs, which is a very common phenomenon observed in all studied mitogenomes
(Table S3). The codon usage pattern of P. vulgaris mitogenome is highly consistent with two other
papilionoid legumes. The distributions of some codons encoding Pro (CCU, CCA, and CCG) differ
between dicotyledons (P. vulgaris, G. max, V. angularis, C. lanatus, and A. thaliana) and monocotyledons
(T. aestivum), and some codons (UCG, AGU, AGC, CCU, CCG, ACG, CGG, and AGA) are distributed
differently between angiosperms and gymnosperms.

Table 3. Gene profile and organization of PCGs in P. vulgaris mitogenome.

Gene Name Length Start Codon Stop Codon Direction
atpl 1527 ATG TGA F
atp4 588 ATG TAA F
atp6 726 ATG TAG F
atp8 483 ATG TAA R
atp9 225 ATG TAA R
ccmB 621 ATG TGA F
cemC 741 ATG TGA R

ccmFe 1329 ATG CGA F
ccmFy 1740 ATG TGA R
cob 1176 ATG TAG F
cox1 1584 ATG TAA F
cox3 798 ATG TGA F
matR 2010 ATG TGA F
mttB 723 ACG TGA F
nadl 978 ACG TAA F
nad2 1467 ATG TAA R
nad3 357 ATG TAA R
nad4 1488 ATG TGA R
nad4L 303 ACG TAA F
nad5 2019 ATG TAA F/R
nad6 618 ATG TAA F
nad7 1185 ATG TAG R
nad9 573 ATG TAA F
rpl5 558 ATG TAA F
rpl16 516 ATG TAA F
rps1 618 ATG TAA R
rps3 1689 ATG TAG F
rps4 1041 ATG TAA F
rps10 363 ACG TGA F
rps12 378 ATG TGA R
rpsl4 303 ATG TAG F

3.3. Selective Pressure Analysis

In genetics, the K,/K; ratio is useful for inferring the direction and magnitude of natural selection
acting on homologous PCGs across diverged species. The ratio is a more powerful test of the
neutral model of evolution than many others available in population genetics as it requires fewer
assumptions [52]. A K,/K ratio <1 implies purifying or stabilizing selection (acting against change),
while a ratio of >1 implies positive or Darwinian selection (driving change) and a ratio of exactly 1
indicates neutral selection. Importantly, the K,/K; ratio is unlikely to be significantly above 1 without
at least some of the mutations being advantageous.

In this study, the K,/K; ratio was determined for all 31 PCGs following comparison of the P. vulgaris
mitogenome with those of C. lanatus, V. vinifera and A. thaliana (Figure 5). Nearly all of the K;/Ks
ratios were <1.0, suggesting that most of the PCGs were under stabilizing selection during evolution.
Combining the information in Figure 5 and Table 1, the K,/K ratios of all Complex I-V genes were
<1, indicating that these genes were highly conserved in the evolutionary process of higher plants.
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The large number of mitochondrial genes under stabilizing selection (K,/Ks < 1) may play important
roles in stabilizing the normal functioning of mitochondria [53,54].

—
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Figure 4. Relative synonymous codon usage (RSCU) of P. vulgaris mitogenome. Codon families are on
the X-axis. RSCU values are the number of times of a particular codon, relative to the number of times
that the codon would be observed for a uniform synonymous codon usage.
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Figure 5. K,/K; ratios for 31 protein coding genes of P. vulgaris, C. lanatus, V. vinifera, and A. thaliana.
The blue, orange, and gray boxes indicate K,/Ks ratios of P. vulgaris vs. C. lanatus, P. vulgaris vs.
V. vinifera, and P. vulgaris vs. A. thaliana.

As shown in Figure 5, the K,/K; ratios of ccnB were >1 between P. vulgaris and all of the three
selected species, indicating that ccmB may have suffered from positive selection since divergence from
their last common ancestor. Particularly, the K,/K; ratio of ccmB between P. vulgaris and V. vinifera
was significantly >1 (4.01), suggesting that some advantage occurred during evolution. Additionally,
the K,/K; ratios of ccmFc, rps1, rps10, and rps14 were also >1, indicating that these genes were under
positive selection after divergence of the last common ancestor. Since CcmB and ccmF genes encode
for some important components of the c-type cytochrome maturation pathway in mitochondria, we
speculate that the adaptive evolution of P. vulgaris is closely related to the roles of c-type cytochromes
in respiratory and photosynthetic electron transport [55-57]. Additionally, rps1, rps10, and rps14
genes encode small mitoribosomal subunit proteins, which have been reported to play crucial roles
in various biological processes in eukaryotic organisms, such as embryogenesis, leaf morphogenesis,
and the formation of reproductive tissues [58-60]. The high K,/K; ratios of rps genes observed here
may be very important for the evolution of P. vulgaris. K,/Ks ratios >1 have also been reported for
some other mitochondrial genes, including atp8, ccmFy;, matR, and mttB [26,33,61,62], indicating that
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mitochondrial genes in different plant species may be subjected to diverse selection pressures during
evolution. Most importantly, the K,/K; ratio of the orthologous gene-pairs is an average over all sites
and, even under positive selection, it can be <1 because some sites might be under positive selection
while others are under purifying selection [53,61,63].

3.4. Prediction of RNA Editing Sites in PCGs

Many previous studies have documented that RNA editing is one of the necessary steps for gene
expression in the mitochondrial and chloroplast genomes of higher plants [64-67]. RNA editing is
a post-transcriptional modification that converts specific cytidines (C) to uridines (U) and uridines
to uridines in the transcripts of nearly all mitochondrial PCGs. Based on the web-based PREP-mt
program, we predicted a total of 486 RNA editing sites in 31 PCGs and 100% C-to-U RNA editing.
Among the 486 RNA editing sites, 34.57% (168 sites) were predicted at the first base position of the
codon and 65.43% (318 sites) were found in the second position, while none were found in the third
position. The lack of predicted RNA editing sites in the silent position is probably due to the limitation
of the PREP-Mt predictive methodology rather than there being no RNA editing in this position.
Since most of the RNA editing sites in third codon positions did not change the amino acid encoded by
the codon, the tie-breaking rules used by PREP-Mt could not select the edited state [68]. Therefore,
RNA editing in the silent editing position needs to be further identified by experimental methods.

The occurrence of RNA editing can cause alteration of initiation and termination codons in PCGs,
and the frequency of their generation is much higher than that of their removal. As shown in Table 3,
mttB, nadl, nad4L, and rps10 genes use ACG as their initiation codons, which may be altered to the
normal AUG by RNA editing modification. Additionally, the ccmFc gene uses CGA as its termination
codon, which may be altered to UGA by RNA editing modification. As shown in Figure 6, the number
of RNA editing sites in different genes varies greatly, and the Complex I (NADH dehydrogenase)
and Cytochrome ¢ biogenesis genes (ccmB, ccmC, ccmFc, and ccmFy) encode the most predicted RNA
editing sites. Based on a comparison of the predicted RNA editing sites in five leguminous plants,
the nad4 gene encodes the most RNA editing sites, while atp1 encodes the fewest (Figure 6).
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Figure 6. Predicted RNA editing sites of the P. vulgaris mitogenome compared with four other
leguminous plants. RNA-editing sites are predicted on PREP-Mt sites (http://prep.unl.edu/) with the
cut-off value of 0.2.

Previous studies have shown that the frequency and type of RNA editing in each organelle is
highly lineage-specific [26,65,69,70]. As shown in Figure 6, the number of predicted RNA editing sites
in different papilionoid legume mitogenomes is very conserved, ranging from 486 sites in P. vulgaris to
503 sites in Lotus japonicus, suggesting that they share extremely conserved PCGs. In angiospermous
mitogenomes, nearly all of the RNA editing sites are C to U, and the number of RNA editing sites
is concentrated between 400 to 500. For example, 463 and 444 RNA-editing sites were found in the
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C. lanatus and C. pepo mitogenomes, of which 394 are shared [8]; 441 and 427 RNA-editing sites were
found in A. thaliana and B. napus mitogenomes, of which 358 are shared [10]. In the gymnosperm
Cycas taitungensis, 1084 RNA editing sites were found in its mitogenome [71]. The clearly descending
number of RNA editing sites is in accordance with gene losses from gymnosperms to angiosperms.
In contrast to angiosperms and gymnosperms, both types of C-to-U and U-to-C conversions are found
in the mitochondrial transcripts of ferns and hornworts [69,72].

3.5. Analysis of Repeat Sequences in the P. vulgaris Mitogenome

The vast majority of the variance in genome size of plant mitogenomes can be explained by
differences in the sizes of repeat sequences, which are composed of SSRs, tandem repeats and dispersed
repeats. Plant mitogenomes, particularly those of angiosperms, were already well known for its
sizeable fractions of repetitive sequences even before any complete mitogenomes were available. SSRs
are DNA tracts of tandem-repeated motifs of one to six bases that are useful molecular markers in
studying genetic diversity and species identification [21]. In this study, a total of 314 perfect SSRs were
identified in the P. vulgaris mitogenome, including 139 mono-, 140 di-, 5 tri-, 22 tetra-, 3 penta-, and
5 hexa-nucleotide repeats (Table 4). The mononucleotide repeats of A/T (129 repeats) were found to
be more prevalent than other repeat types. The dinucleotides repeats, TA/AT, are the second most
numerous (50 repeats), while tri-, tetra-, penta-, and hexa-nucleotide repeats are fewer in number
and only observed in intronic or intergenic regions. As shown in Table 5, seven tandem repeats with
lengths ranging from 13 bp to 57 bp were also detected in the P. vulgaris mitogenome. Among these
seven tandem repeats, only one is localized in a coding region (r7nL), while the others are all found in
intergenic spacers.

Besides SSRs and tandem repeats, 143 dispersed repeats with lengths > 30 bp (total length:
35,000 bp; 8.85% of the genome) were also identified in the P. vulgaris mitogenome (Figure 7; Table S4).
Most of the repeats (77 repeats, 53.85%) are 30 bp to 59 bp long, and 25 repeats are longer than 100
bp, with only two longer than 1 kb (R1: 4866 bp; R2: 3529 bp). Previous studies have documented
the importance of large repeats (>1 kb) in genomic structural changes, and pairwise direct and
inverted large repeats may produce two small subgenomic conformations or isomeric conformations,
respectively. As shown in Figure 1, the largest repeat was assembled as Contig15 and the second largest
was assembled as Contig40, both of which were inverted repeats. By aligning the PacBio long reads
to both ends of the two large repeats, we constructed the master circle and two isomeric molecules
(Figure 1). Repeats are commonly found in plant mitogenomes but are poorly conserved across species,
even within the same family. As shown in Figure 7 and Table S4, the total number of repeats ranges
from 59 in V. angularis to 215 in M. pinnata, and the total length of repeats ranges from 9224 bp (2.28% of
the whole genome) in V. angularis to 411,265 bp (69.94% of the whole genome) in V. faba. Mitogenome
enlargement in V. faba is mainly caused by the expansion of repeated sequences. Thirteen large (>1 kb)
repeats covered 398.8 kb or 68% of the whole mitogenome size [17]. However, when all but single
copies of the large repeat sequences were excluded, the V. faba mitogenome size is 388.6 kb, which is
similar to other Papilionoideae mitogenomes [18]. The extremely complex repeat patterns should be
responsible for the various genome sizes of the plant mitogenome. However, genome size is by no
means only determined by the size of repeats. The mitochondrial genome of Vitis vinifera has only 7%
repeats despite a genome size of nearly 773 kb [73], while the moderately-sized (404.5 kb) V. angularis
genome has fewer and smaller repeats than those found in the much smaller genomes of Brassica napus
(222 kb) and Silene latifolia (253 kb; Table S2) [10,74].
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Figure 7. Frequency distribution of dispersed repeat in the P. vulgaris mitogenome compared with
five other leguminous plants. The number of dispersed repeats in Phaseolus vulgaris, Glycine max Vicia
faba, Vigna faba, Vigna angularis, Lotus japonicus, and Millettia pinnata mitogenomes are shown by blue,
orange, gray, yellow, blue, and green, respectively.

3.6. Phylogenetic Analyses and Multiple Losses of PCGs during Evolution

With rapid developments in sequencing technology and assembly methods, an increasing
number of complete plant mitogenomes has been assembled, providing an important opportunity for
phylogenetic analyses using mitogenomes. In this study, to determine the phylogenetic position of
P. vulgaris, we downloaded 23 plant mitogenomes from the GenBank database (https://www.ncbi.nlm.
nih.gov/genome/browse/), including 19 species of Fabales, two species of Solanales, and two species of
Malpighiales. A set of 26 conserved single-copy orthologous genes (atpl, atp4, atp6, atp8, atp9, ccmB,
cemC, ccmFe, cemFy;, cob, cox1, cox3, matR, nadl, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9, rps3,
rps4, and rps12) present in all of the 23 analyzed mitogenomes was used to construct the phylogenetic
tree, and species from the Solanales and Malpighiales were designated as the outgroup. As shown in
Figure 8, the bootstrap values of each node are all over 70% supported and 15 nodes are supported
100%. The ML phylogenetic tree strongly supports that P. vulgaris is evolutionarily close to the clade
formed by two Vigna species. The tree also strongly supports the separation of Fabales from the
clade composed of Solanales and Malpighiales (100% bootstrap value), as well as the separation of
Papilionoideae from the clade composed of Cercidoideae, Detarioideae, and Caesalpinioideae (100%).
The bootstrap value for the separation of Detarioideae and Caesalpinioideae is 80%, and the value for
the separation of Cercidoideae from the clade composed of Detarioideae and Caesalpinioideae is 70%.

Asdescribed by Richardson etal. [75], the mitochondrial genomes of higher plants vary significantly
in genome size, gene content and order. Losses of PCGs occurred frequently during the evolution
of higher plants. The phylogenetic tree provides a backdrop for the further analysis of gene loss
during evolution, and the gene contents of all observed species are summarized in Figure 9. Most of
the PCGs were conserved in different plant mitogenomes, especially for the genes in the groups of
Complex I, Complex III, Complex V, cytochrome ¢ biogenesis, maturases, and transport membrane
protein [13]. The conservation of these genes suggests that they play crucial roles in the function
of mitochondria. However, the ribosomal proteins and succinate dehydrogenase genes were highly
variable. As shown in Figure 9, the cox2 gene was only lost in the subfamily Phaseolinae (V. angularis,
V. radiata, and P. vulgaris) but retained in other leguminous plants, suggesting that this gene was
lost after separation from the subfamily Glycininae. The rpl2 gene was lost in most leguminous
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plants but regained in A. ligulate, L. trichandra, H. brasuletto, and L. coriaria, suggesting that this gene
was lost before the emergence of Fabales but could be regained in some leguminous plants. Similar
phenomena were found in many ribosomal proteins (pl10, rpl16, rps7, rps10, and rps19). Additionally,
rpl6 and rps8 genes were lost from liverworts (M. polymorpha) during evolution [76], the rps11 gene
was lost from gymnosperms (G. biloba) and liverworts during the divergence of the angiosperms
and gymnosperms [77], and the rpl10 gene was lost in monocots and gymnosperms but regained in
dicots [33,78]. The enhanced loss of ribosomal proteins in plant mitogenomes indicates that these
genes were encoded partly by mitochondrial native genes and partly by nuclear genes, due to the gene
transfer between mitochondria and nucleus [79-81].
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Figure 8. Maximum likelihood phylogenies of P. vulgaris within Fabaceae. Relationships were inferred
employing 26 conserved PCGs of 23 plant mitogenomes. Numbers on each node are bootstrap
support values. NCBI accession numbers are listed in Table S2. Scale indicates number of nucleotide
substitutions per site.
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Figure 9. Distribution of PCGs in plant mitogenomes. White boxes indicate that the gene is not present
in the mitogenome. The colors of genes indicate their corresponding categories. The colors of species
represent the classes of rosids (orange), asterids (pink), monocotyledons (gold), gymnosperms (light
blue), and liverworts (green).
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4. Conclusions

In this study, we first assembled and characterized the complete mitogenome of P. vulgaris.
By aligning the PacBio sequencing reads to the draft mitogenome, one master circle and two isomeric
molecules were assembled based on two large repeats. Selective-pressure analysis of PCGs indicates
that ccmB, ccmFc, rpsl, rps10, and rps14 genes with K,/K ratios > 1 might play important roles
during evolution, whereas all Complex I-V genes with K,/K; ratios < 1 were highly conserved in the
evolutionary process of higher plants. The C-to-U conversions may generate initiation, termination,
or internal codons with completely unpredictable functions. The prediction of RNA editing sites in
P. vulgaris mt PCGs will provide important clues for the investigation of gene functions with novel
codons. The comparison of genomic features in all sequenced leguminous plants should contribute to a
comprehensive understanding of the evolutionary process of legumes. The sequencing of the P. vulgaris
mitogenome not only provides an important opportunity to conduct further genomic breeding studies
in the common bean, it also provides valuable information for future evolutionary and molecular
studies of leguminous plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/11/3778/s1,
Figure S1: The flowchart of P. vulgaris mitogenome assembly and annotation, Table S1: PacBio reads of spanning
repetitive contigs, Table S2: The abbreviations and genome sizes of studied mitogenomes, Table S3: The relative
synonymous codon usage (RSCU) of mitogenome genome across seven higher plants, Table S4: Comparison of
dispersed repeats within six mitogenomes of Papilionaceae subfamily.
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Abstract: The genus Trifolium is the largest of the tribe Trifolieae in the subfamily Papilionoideae
(Fabaceae). The paucity of mitochondrial genome (mitogenome) sequences has hindered comparative
analyses among the three genomic compartments of the plant cell (nucleus, mitochondrion and
plastid). We assembled four mitogenomes from the two subgenera (Chronosemium and Trifolium)
of the genus. The four Trifolium mitogenomes were compact (294,911-348,724 bp in length) and
contained limited repetitive (6.6-8.6%) DNA. Comparison of organelle repeat content highlighted the
distinct evolutionary trajectory of plastid genomes in a subset of Trifolium species. Intracellular gene
transfer (IGT) was analyzed among the three genomic compartments revealing functional transfer
of mitochondrial rpsI to nuclear genome along with other IGT events. Phylogenetic analysis based
on mitochondrial and nuclear rps1 sequences revealed that the functional transfer in Trifolieae was
independent from the event that occurred in robinioid clade that includes genus Lotus. A novel,
independent fission event of ccmFn in Trifolium was identified, caused by a 59 bp deletion. Fissions of
this gene reported previously in land plants were reassessed and compared with Trifolium.

Keywords: legumes; clover; organelle genetics; mitochondria; endosymbiotic gene transfer; gene fission

1. Introduction

Plant cells comprise three genomic compartments (i.e., nucleus, mitochondrion and plastid).
Unlike the typically conservative plastid genome (plastome) [1,2], plant mitochondrial genomes
(mitogenome) display drastic evolutionary plasticity in size, content and structure, intracellular gene
transfer (IGT) and interspecific horizontal gene transfer [3-8]. Substitution rates of mitochondrial
protein coding genes, however, are the most conservative among the three genomic compartments [9].
In angiosperms, the relative rate of synonymous substitutions of mitogenome, plastome and nuclear
genome is 1:3:16 [10].

Extensive gene loss and IGT of organelle DNA to the nucleus occurred in the early stages of
endosymbiosis [11]. Nuclear genome sequences that originate from the mitogenome and plastome are
referred to as nuclear mitochondrial DNA sequences (NUMTs) and nuclear plastid DNA sequences
(NUPTs), respectively [12,13]. Transfer of mitochondrial DNA to the nuclear genome is an ongoing
process in both of plants and animals but functional transfer of mitochondrial genes has almost
ceased in animals [14]. Functional transfer of mitochondrial genes in plants has often involved
ribosomal protein or succinate dehydrogenase genes [5]. Transfer of mitochondrial genes to the
nuclear genome cannot substitute function of the original mitochondrial copy unless the nuclear copy
acquires the appropriate expression and targeting signals [15]. Before the acquisition of regulatory
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signals, NUMTs must survive mutational decay in nuclear genome, which limits the lifespan of the
nonfunctional sequences [16]. Mitochondrial IGT events may be successful or unsuccessful in terms of
functionality and the phylogenetic distribution of pseudogenization and deletion of mitochondrial
genes can be assessed in descendant lineages [17].

Following functional transfer, NUMTs attain higher substitution rates than their mitochondrial
counterparts [14] because of substantial differences in the synonymous substitution rate between
mitochondrial and nuclear genomes in plants [10]. Hence, functional transfer of mitochondrial genes
into the nucleus is often detected by the presence of intact but highly diverged copies in nuclear genome
compared to mitochondrial copies [18,19]. On rare occasions, functional transfers of mitochondrial
genes exhibit an intriguing situation in which the nuclear and mitochondrial genomes contain different
portions of the coding region resulting from mitochondrial gene fission and IGT (e.g., ¥p/2 in many
of eudicots) [20]. Szafranski [21] named this process “intercompartmental piecewise gene transfer.”
In plant mitogenome evolution, the protein that most commonly undergoes gene fission is cytochrome
¢ maturation protein ccmF [22-25].

In Escherichia coli, the eight ccm genes (ccmA-H) are clustered in a single locus [26]. In most
plants, three ccm genes (ccmA, ccmE and ccmH) have been transferred from the mitogenome to the
nuclear genome, two (ccmD and ccmG) were lost and four (ccmB, ccmC, ccmFe and ccmFn) remain in
the mitochondrion [27]. Since the fission of ccmF into ccmFc and ccmFn is shared by liverworts and
seed plants [3], this event happened early in land plant evolution. In addition, there were independent
fissions of ccmF in several lineages of land plants, including fission of ccmFc into ccmFcl and ccmFc2
in Marchantia [22] and fissions of ccmFn into ccmFnl and ccmFn2 in Brassicaceae [23,24] and Allium
(Amaryllidaceae) [25].

Fabaceae are the third largest angiosperm family with approximately 20,000 species in six
subfamilies [28]. Most species diversity occurs in subfamily Papilionoideae, which includes many
economically important species [29]. The inverted repeat (IR) lacking clade (IRLC) is one of the major
groups of Papilionoideae, which is defined by absence of the canonical plastome IR (~25 kb) [30].
Plastome studies of the IRLC elucidated several rare evolutionary phenomena, including high degree of
genome rearrangement [31], localized hypermutation [32], genome size expansion with accumulation
of dispersed repeats and unique sequences of unknown origin [33-35] and re-acquisition of a large
IR [36]. However, mitogenome evolution in IRLC is poorly understood and represented by only two
species, Vicia faba (tribe Fabeae) [37] and Medicago truncatula (tribe Trifolieae) [38]. In Trifolieae, a study
of the mitochondrial 7ps1 gene documented the existence of functional nuclear copies and putatively
pseudogenized mitochondrial copies from three genera (Medicago, Melilotus and Trigonella) [39].
Deletion of mitochondrial rps1 was also identified from another papilionoid species, Lotus japonicus [40].
The status of mitochondrial rps1 across Trifolieae and related taxa has not been examined until recently.
Parallel losses of several mitochondrial genes in Fabaceae were revealed in a previous study, however,
whether the losses represent a single ancestral IGT or multiple IGTs was not determined [8].

Trifolium is the largest genus (ca. 250 species) of the tribe Trifolieae [41] and is divided into two
subgenera (Chronosemium and Trifolium) [42]. Trifolieae belong to the IRLC and are closely related to
Fabeae [30]. Several evolutionary studies of Trifolieae plastid [31,33,34] and nuclear [43-46] genomes
have been conducted but mitogenome comparisons of Trifolium have been neglected. In this study,
gene content, size and repeat structure of mitogenomes of four Trifolium species from the two subgenera
Chronosemium (T. aureum and T. grandiflorum) and Trifolium (T. meduseum and T. pratense) were examined
and compared to related papilionoid species.

2. Results

2.1. Mitogenome Features of Four Trifolium Species

For each of four Trifolium, a single chromosome was assembled that contained all expected
mitochondrial coding sequences. The length of the four mitogenomes varied from to 294,911 to
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348,724 bp (Table 1). The GC content was conserved among the species at 44.9-45.2 %. Gene content
was identical with three rRNAs, 16 tRNAs and 32 protein coding genes while gene order was distinct
for each species (Figure 1).

Table 1. Assembly information for four Trifolium mitogenomes.

. Mitog; Mi Length o NCBI
Species Subgenus Raw Reads Coverage bp) GC (%) Accession
T. aureum Chronosemium 71,346,514 645 294911 449 MT039392
T‘ Chronosemium 48,390,678 197 347,723 45.1 MT039391
grandiflorum
T. meduseum Trifolium 68,712,286 207 348,724 45.0 MT039390
T. pratense Trifolium 47,909,108 212 301,823 452 MT039389
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Figure 1. Linear mitogenome maps of four Trifolium species. Fragmented genes caused by duplication
or pseudogenization are not depicted. pt indicates tRNAs of plastid origin.

Gene and intron content comparison with other published mitogenomes revealed one gene loss
(rps1) (Figure S1), which was shared with Lotus and two cis-spliced intron losses (ccmFci829 and
rps3i174) that were exclusive to Trifolium (Figure S2). Sequence alignment of ccmFn from Trifolium with
other IRLC genera revealed a 59 bp deletion that resulted in a frame shift and premature stop codon
(Figure 2). a putative downstream start codon for a second open reading frame (ORF) (ccmFn2) was
also identified.
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Figure 2. Fission of ccmFn in four Trifolium. Alignment of six ccmFn sequences of mitogenomes from
species in inverted repeat lacking clade. The region (grey dashed rectangle, aligned positions 374-591)
showing the 59 bp deletion (red dotted box) is enlarged above. Translated amino acid alignments
are presented below corresponding nucleotide sequence alignments. Nucleotide coordinates are
indicated above consensus of alignment. Sequence identity is shown below consensus (green = 100%,
yellow-green = at least 30% and under 100%, red = below 30%).

2.2. Repeat Composition of Organelle Genomes in Trifolium

Repeat sequences were estimated four mitogenomes and thirteen plastomes (Table 2). The amount
of repetitive sequences in mitogenomes was not highly variable (6.6~8.6 %). In contrast, the amount
of repetitive DNA in plastomes was highly variable (4.4%~20.7%) and can be divided into two
non-overlapping ranges that corresponded to two groups of two sections (subgen. Chronosemium
sect.  Chronosemium and subg. Trifolium sect. Paramesus, 4.4%~52 %) and five sects. of
subg. Trifolium (Lupinaster, Trichocephalum, Trifolium, Vesicastrum and Trifoliastrum, 10.7%~20.7 %).
The contrasting repeat composition between organelle genomes was particularly evident in T. pratense,
which had smallest amount of repeat sequence in its mitogenome and the largest amount in its plastome
(Figure 3; Table 2).

Table 2. Comparison of repeat percentage between organelle genomes in Trifolium.

Mitogenome Plastome
Species Subgenus Section N o NCBI . Repeat NCBI

Size (bp) Repeat (%) Accession Size (bp) (32) Accession
T. aureum Chr i Ch ium 294,911 8.6 MT039392 126,970 52 NC_024035
T. grandiflorum Chronc i Chr ium 347,723 8.4 MT039391 125,628 4.7 NC_024034
T. boissieri Chronosemi Chr i Not applicable 125,740 5.1 NC_025743
T. strictum Trifolium Paramesus Not applicable 125,834 44 NC_025745
T. glanduliferum Trifolium Paramesus Not applicable 126,149 4.8 NC_025744
T. lupinaster Trifolium Lupinaster Not applicable 135,049 109 K]788287
T. subterraneum Trifolium Trichocephalum Not applicable 144,763 19.7 NC_011828
T. meduseum Trifolium Trichocephalum 348,724 8.5 MT039390 142,595 19.5 NC_024166
T. pratense Trifolium Trifolium 301,823 6.6 MT039389 146,573 20.7 MT039393

T. hybridum Trifolium Vesicastrum Not applicable 134,831 13.1 KJ788286

T. semipilosum Trifolium Vesicastrum Not applicable 138,194 15.8 KJ788291
T. repens Trifolium Trifoliastrum Not applicable 132,120 10.7 NC_024036

T. occidentale Trifolium Trifoliastrum Not applicable 133,806 111 KJ788289
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T. grandiflorum T’ pratense

T

Figure 3. Distribution pattern of dispersed repeat sequences in circular representations of organelle
genomes of two Trifolium species. Each ribbon represents a BLAST hit for a pair of dispersed repeats.
Brown circles are mitogenomes and green circles are plastomes. Multiple hits in a single region are
indicated by histograms in outer concentric rings. Data for repetitive sequences of all published
organelle genomes of Trifolium is available in Table 2.

2.3. Intracellular Gene Transfer (IGT) in Trifolium

The extent of IGT among the three genomic compartments was analyzed in T. pratense by BLAST
(Figure 4; Table 3). The amount of DNA shared between the two organelle genomes was very low
(0.3 kb). The organelle genomes shared considerable DNA with the nuclear genome and GC content
of shared DNA reflected the compartment of origin (45.8% for mitogenome and 35.1% for plastome).
In general, BLAST hits between nuclear and organelle genomes were very short and had high sequence
identity (Table 3).
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Figure 4. Shared DNA among three different genomic compartments in Trifolium pratense. Size of each
genome is presented below the bar. Values on arrows represent the amount of shared DNA. Round end
of arrow represents query sequence and pointed end represents subject sequence in BLAST analyses.

Table 3. BLAST hit statistics for shared DNA between nuclear and organelle genomes in
Trifolium pratense.

Length (bp)
Comparison Number Avera.ge GC (%) & P
Identity Min Max Mean Median
Nuclear vs.
Mitochondria 1830 95.5 45.8 33 3950 121.8 93.5
Nuclear vs. Plastid 1086 95.7 35.1 34 2027 144.2 118.5

A long contiguous region (348.5 kb) was identified from chromosome 4 of T. repens (position:
72,476,623-72,825,180) that shared substantial DNA with the mitogenome of T. meduseum (Figure S3).
This sequence had a high GC content (44.3%) compared to the entire chromosome 4 (33.2%).

2.4. Multiple Functional Transfers of Mitochondrial rps1 in Papilionoideae

A phylogenetic analysis of nuclear and mitochondrial copies of rps1 for papilionoid legumes was
conducted (Figure 5). Nuclear genomes of two Trifolium species (T. pratense and T. repens) (Table S1)
included multiple rps1 copies. Nuclear copies of rps1 were placed in two separate positions, one that
included Lotus sister to the taxa in the tribes Fabeae and Trifolieae and the second with four genera of
the tribe Trifolieae (Trigonella, Melilotus, Medicago and Trifolium). Branch lengths for the nuclear copies
of rps1 were substantially longer than mitochondrial copies indicating accelerated substitution rates.
The Trifolieae was monophyletic but the branch leading to the tribe was very short and the bootstrap
value (BS = 43%) was low. In Trifolieae, the mitochondrial rps1 sequences formed a paraphyletic grade
sister to a monophyletic group of nuclear rps1 (BS = 96%).
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Figure 5. Maximum likelihood phylogeny of rps1 gene. Bootstrap values are indicated at nodes.
Sequences from mitogenome are indicated in brown. Sequences from nuclear genome are indicated as
black and chromosome (Chr) numbers are specified in the parentheses when available.

2.5. Fission of ccmF in Land Plants

To investigate the phylogenetic distribution of the fission of ccmFn and conservation of two
ORFs ccmFnl and ccmFn2 in Trifolium, mitochondrial ccmF sequences were assembled using available
next-generation sequencing (NGS) reads (Table S2). The expanded taxon sampling confirmed the
adjacency of the ORFs ccmFnl and ccmFn2 and that the fission was restricted to Trifolium. All examined
Trifolium species shared the ccmFc intron loss. Draft nuclear genome sequences of four species of
Trifolium (T. subterraneum, T. pratense, T. pallescens and T. repens) were examined for intact copies
of ccmFnl and ccmFn2. Fragments of sequences similar to ccmFnl and ccmFn2 were identified in
T. subterraneum and T. pratense but no intact copies were detected. However, intact copies both of ccmFnl
and ccmFn2 from T. pallescens (chromosome 4) and T. repens (chromosomes 4 and 9) were identified
and were adjacent as in mitogenomes of Trifolium. Eleven ccmFn sequences (eight mitochondrial and
three nuclear copies) were detected in Trifolium (Figure S4a). All nuclear copies were identical to
their corresponding mitochondrial copy. Among mitochondrial copies, only three Trifolium species
(T. aureum, T. grandiflorum and T. pallescens) showed unique sequence and the remaining sequences in
the other five species were identical to each other in the coding region (Figure S4b).

Fission of ccmFc was analyzed in three species of Marchantia and two other genera of the
Marchantiales. Sequence alignment revealed that a single nucleotide deletion caused ccmFc fission in
one species of Marchantia, M. paleacea (Figure S5).

Examination of ccmFn fission in Brassicaceae included 17 taxa (Table S2). The ccmF genes were
assembled from Cleomaceae (Cleome violacen), the sister family of Brassicaceae and two early diverging
Brassicaceae genera (Aethionema and Odontarrhena). The fission of ccmFn was shared by all Brassicaceae
except Aethionema and in all cases ccmFn1 and ccmFn2 were found in different loci. Odontarrhena argentea
was the only member of the Brassicaceae that lost the ccmFc intron.

The phylogenetic position of ccmFn fission and separation in Fabaceae and Brassicaceae (Table S2),
were plotted on cladograms of each of family (Figure 6a,b). The location of the breakpoint of ccmFn
fission was also compared among the three families Fabaceae, Brassicaceae and Amaryllidaceae
(Figure 6¢). The fission occurred in different locations in the gene within each family and occurred
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in a more basal position in Brassicaceae than Fabaceae. The separation of ccmFnl and ccmFn2 only
occurred in Amaryllidaceae and Brassicaceae.

(a) Lotus (1) (b) Aethionemeae (1)
L Cicer (1) ) Tission and separation (: lccm.Fn ]
Vicia (1) ysseae (1)
E Trigonella (1) Brassiceae (3)
Melilotus (1)

Camelineae (2)

T Trifolium (8)

Fission of ccmFn

Medicago (1) Boechereae (1)

(c) .
~ 7 Nterminal C terminal
I || I Trigonella (Fabaceae)
1 locus
- - _ Aethionemeae (Brassicaceae)
CemFn
- - _ Trifolium (Fabaceae) 1 locus
CcemFnl CemFn2
- - _ Alysseae—Boechereae 2 loci
CemFnl CemFn2 (Brassicaceac)
- - _ Allium (Amaryllidaceae) 2 loci
CemFnl CemFn2
100 amino acids,

Figure 6. Fission events of ccmFn in angiosperms. (a) Examined genera of Fabaceae are plotted
on cladogram from Ellison et al. [42]. Number of examined species is indicated in the parenthesis.
The branch where the fission occurred is marked with grey bar. (b) Examined tribes of Brassicaceae
are plotted on cladogram from Huang et al. [47]. Number of examined genera is indicated in
the parenthesis. The branch where the fission and separation occurred is marked with grey bar.
(c) CcmFn gene organization compared among various taxa of angiosperms. Dark brown box indicates
conserved domains.

3. Discussion

3.1. Contrasting Evolutionary Trajectories of Trifolium Organelle Genomes

Trifolium mitogenomes (294,911 to 348,724 bp) (Table 1) are similar in size to the other Trifolieae
genus Medicago (271,618 bp), which has the smallest currently sequenced papilionoid mitogenome [8].
Mitogenomes of Trifolium have relatively little repetitive DNA (6.6-8.6%) (Table 2) compared to
mitogenomes of other Papilionoideae species (2.9-60.6%) [8]. This low repeat content in the mitogenome
is in contrast to the plastome of some Trifolium species. The acquisition of numerous, novel repeat
sequences and drastic rearrangement in the plastome of T. subterraneum and related species has
been reported [31,33,35]. Increased taxon sampling by Sveinsson and Cronk [34] revealed that
plastome expansion is shared by five sections, referred to as the “refractory clade” in subgenus
Trifolium (Lupinaster, Trichocephalum, Trifolium, Vesicastrum and Trifoliastrum). The distinct evolutionary
trajectory of organelle genomes in the genus is particularly evident in T. pratense, which has the lowest
percentage of repetitive DNA in the mitogenome and the highest in the plastome as well as the most
highly rearranged structure (Table 2 and Figure 3). In plant mitogenomes, accumulation of repeats,
genome expansions and rearrangements may be a consequence of error-prone DNA repair mechanisms
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such as nonhomologous end-joining or break-induced-replication [48-50]. In Geraniaceae, a correlation
between nonsynonymous substitution rates for DNA replication, recombination and repair (DNA-RRR)
genes and plastome complexity was reported [51]. The plastome-specific increase in repeat complexity
in the Trifolium refractory clade may be the result of disruption of “plastid specific’ DNA-RRR-protein
genes, some of which are targeted to both mitochondria and plastids [7]. More comprehensive taxon
sampling that includes data from all three plant genomic compartments of Trifolium is required to test
this hypothesis.

3.2. Multiple Functional Transfers of the Mitochondrial rps1 Gene to the Nucleus in Papilionoideae

An earlier investigation reported the functional transfer of mitochondrial 7ps1 to the nucleus in
three genera of Trifolieae (Trigonella, Melilotus and Medicago) [39]. In the current study, the complete
deletion of rps1 gene from mitogenomes of four Trifolium species was detected (Figure S1), which is
shared by the distantly related genus Lotus, a member of the tribe Loteae (Figure S2). There are two
possible explanations for the phylogenetic distribution of the loss/transfer. The loss of mitochondrial
rps1 could be due to a single IGT in a common ancestor with differential resolution in descendant
lineages, that is, acquisition of functional signals (or not) to stabilize transfer. Alternatively, there may
have been independent functional transfers from an ancestor in each of the two unrelated lineages.
To examine these alternatives, a maximum likelihood (ML) analysis was conducted using expanded
taxon sampling of nuclear and mitochondrial rps1 sequences. The resulting tree (Figure 5) included some
long branches, which may be affected by the well-known phenomenon of long-branch attraction [52].
Nuclear rps1 from Lotus and Trifolieae species were split into two independent clades, with intact and
pseudogenized mitochondrial rps1 placed between them. This pattern supports the explanation that
functional transfers of rps1 occurred at least two times in Papilionoideae, once in Lotus and a separate
event in the ancestor of the Trifolieae clade that includes Trigonella, Melilotus, Medicago and Trifolium.
The timing of the functional transfer of rps1 in Trifolieae would likely be after the divergence of Ononis
(Figure 5), which only has a mitochondrial copy [39].

Despite the putative functional replacement by nuclear rps1, the mitochondrial rps1 in three
genera (Trigonella, Melilotus and Medicago) was retained with limited sequence divergence (Figure 5),
whereas it is completely and precisely deleted in Trifolium (Figure S1). Coding regions of plant
mitogenomes are conserved by an accurate long homology-based repair mechanism, while non-coding
regions are not conserved and are repaired by error-prone mechanisms [50]. Differential selection
on mitogenomic molecules, which reduces harmful mutations on coding regions after double strand
breaks (DSBs), was proposed to explain this [48,49]. Pseudogenized copies of mitochondrial rps in the
three genera Trigonella, Melilotus and Medicago are located adjacent to nad5 exonl (ca. 200 bp apart) [39].
Mutations in 5’ region of nad5 exon1 that do not disturb transcription or translation of the functional
gene and only affect pseudogenized rps1 can be inherited by selection after DSBs. So, the adjacent
location of mitochondrial rps1 to nad5 exonl may enable retention of high sequence identity after
functional replacement by sharing the benefit of accurate repair. a similar situation is known for
the rps14 pseudogene that is adjacent to rpl5 in grasses [53]. Conservation of non-coding regions
adjacent to coding regions is also present in mitogenome-wide sequence divergence comparisons
across Fabaceae [8].

3.3. Shared DNA Among Genomes of Trifolium

Comparative analyses of the three genomic compartments (nuclear, mitochondrial and plastid)
in T. pratense revealed a substantial amount of shared DNA between nuclear and organelle genomes,
most of which was short fragments (Figure 4, Table 3). The shared DNAs between nuclear and
mitochondrial genome was 135.4 kb (Figure 4) and had GC content more similar to those of mitogenomes
(Tables 1 and 3) suggesting that most IGT was unidirectional (i.e., mitochondrion to nucleus) and
the nuclear genome of T. pratense includes numerous NUMTs. These NUMTs may integrate into the
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nuclear genome of T. pratense as short fragments. Alternatively, these short fragments may be the
consequence of post-IGT mutational decay and rearrangement of longer NUMT sequences [54].

The discovery of a long stretch of NUMTs (spanning 348.5 kb; GC: 44.3%) in chromosome 4 of
T. repens (Figure S3) supports a recent genomic scale IGT event. This type of large IGT was identified in
Arabidopsis thaliana (Brassicaceae) in which ~270 kb of 367 kb mitogenome transferred to the nucleus [55]
and covers an ~620 kb region of the nuclear genome [56]. To estimate the amount of NUMTs in
T. repens, a mitogenome sequence from the same DNA source (white clover cv ‘Crau’ derivative) [46,57]
is necessary. Large NUMTs were reported for animal nuclear genomes (little brown bat and fugu),
however, these were later shown represent artifacts of genome assembly [58,59]. The nuclear genomes
of Trifolium species are drafts with many gaps [43—46]. Verification of long putative NUMTs in Trifolium
is needed to confirm genomic scale IGT events from the mitochondrial to nuclear genome.

3.4. Multiple Fissions of ccmF in Land Plants and a Novel Event in Trifolium

The first fission of mitochondrial ccmF dates back to the early evolution of land plants and
split the gene into N-terminal (ccmFn) and C-terminal (ccmFc) coding regions [60]. In Marchantiales,
the ORFs are closely adjacent (Figure S5). The mitogenome study of Marchantia paleacea (misidentified
as M. polymorpha [61]) from the early 1990s [22] reported a fission of ccmFc (i.e., ccmFcl and ccmFc2) due
to a single nucleotide deletion. This fission event was accepted in several subsequent papers [3,21,60],
however, mitogenome sequences of two other Marchantia species (M. inflexa and M. polymorpha
subsp. ruderalis) did not show the single nucleotide deletion, consistent with the other two available
mitogenomes of Marchantiales (Figure S5). The initial report of a ccmFc fission in Marchantia should be
re-examined to determine if it is specific to M. paleacea or the result of sequencing error.

In angiosperms, two independent fissions of ccmFn have been reported in Allium
(Amaryllidaceae) [25] and Brassicaceae [24,62]. In both cases, ccmFn1 and ccmFn2 are distant from each
other in the mitogenome and they share a similar breakpoint for the fission (Figure 6). The phylogenetic
distribution of the fission in Amaryllidaceae was investigated by polymerase chain reaction using
four genera in the family (Narcissus, Tulbaghia, Ipheion and Allium) and revealed that the separation of
the two sequences is restricted to Allium [25]. However, the status of the other three genera without
separation of ccmFn sequences does not necessarily guarantee that the gene is not split because there
are cases of gene fission where the two new genes occupy a single locus, for example, fission of ccmF
(into ccmFn and ccmFc) in Marchantiales (Figure S5) and ccmFn (into ccmFnl and ccmFn2) in Trifolium
(Figure 2). The distribution and status of ccmFn fission in Amaryllidaceae needs further investigation
including broad taxon sampling as well as confirmation with additional sequencing.

In Brassicaceae, it was argued that the fission is shared by all members of the family because
it is present in five complete or draft mitochondrial genomes covering the earliest diverging genus
(Aethionema) and other core genera (Arabidopsis, Brassica, Raphanus), whereas the mitogenome of the
sister family Cleomaceae does not have the fission [62]. Further investigation, including additional
published mitogenomes and assembled mitochondrial contigs for ccmF genes (Table S2), indicates that
three species of Aethionema do not have the fission of ccmFn (Figure 6b). This discrepancy could be
due an assembly error since the Aethionema data in the previous study was a draft mitogenome [62].
Whatever was the cause of discrepancy, it is clear that the fission of ccmFn is shared by many but
not all Brassicaceae. The fission occurred after the divergence of Aethionema (Figure 6b); however,
it is unknown if there was an intermediate stage that had experienced the fission but not physical
separation of the ccmFnl and ccmFn2.

The independent fission of ccmFn in Trifolium represents a novel event. The fission was caused
by a deletion of 59 bp resulting in a frame shift and premature stop codon (Figure 2). An alternative
outcome of this deletion may be pseudogenization of the ccrnFn. Mutational decay and deletion of
pseudogenized mitochondrial genes can be delayed by proximity to functional genes (e.g., rps1 in some
Trifolieae genera and rps14 in grasses, see Section 3.2). However, the gene that is consistently adjacent
to ccmFn (ccmFnl and ccmFn2) is cemC, which is ca. 8kb away from ccmFn in the four Trifolium species

116



Int. ]. Mol. Sci. 2020, 21, 1959

(Figure 1). Moreover, the expanded ccmFn sequence sampling confirms that the two ORFs (ccmFnl and
ccmFn2) are conserved in eight Trifolium species with only a limited amount of sequence variation in
coding regions (Figure S4). The fission break point in Trifolium is different from other angiosperms that
express cytochrome ¢ maturation protein from two ORFs, yet the conserved domains of the product
remain intact (Figure 6¢). Hence, the two ORFs of ccmFn are regarded as functional. The fission
occurred after the divergence of genera Trigonella and Melilotus in the Trifolieae. The conserved
adjacency of the two ORFs (ccmFnl and ccmFn2) may represent an early stage of the fission as in ccmFn
and ccmFc in Marchantiales (Figure S5).

The fission of ccmFn in Trifolium leads to another question: is this event related to
“intercompartmental piecewise gene transfer” [21]? To explore this question, we searched for ORFs
of ccmFn in draft nuclear genomes of four Trifolium species (T. subterraneum, T. pratense, T. pallescens
and T. repens). Both T. pallescens and T. repens (Figure S4) contained the ccmFn NUMTs however
these were not restricted to a single ORF but included a locus covering both ORFs (ccmFnl and
ccmFn2) and their flanking regions. The NUMTs were identical to their counterpart in mitogenome
suggesting that the transfer was a recent event (or artifact in nuclear genome assembly, see discussion
Section 3.3). Furthermore, there was no post-IGT sequence modification to suggest a functional transfer.
Evidence did not support a relationship between fission of the mitochondrial gene ccmFn and piecewise
or functional transfer in Trifolium species.

4. Materials and Methods

4.1. Assembly of Trifolium Mitogenomes

Four species of Trifolium from the two subgenera Chronosemium (T. aureum and T. grandiflorum)
and Trifolium (T. meduseum and T. pratense) were selected for mitogenome assembly. The 100 bp
paired-end raw Illumina (San Diego, CA, US) reads (Table 1) for mitogenome assembly were from Sabir
et al. [31]. Assembly and mapping were conducted in Geneious Prime (https://www.geneious.com)
using Geneious assembler and mapper, respectively. To assemble mitogenomes, the methods in Choi
et al. [8] were followed. First, raw reads from the plastome were excluded by mapping total raw reads
to corresponding plastomes [T. aureum (NC_024035.1), T. grandiflorum (NC_024034.1), T. meduseum
(NC_024166.1) and T. pratense (MT039393)]. De novo assembly was subsequently conducted for
each with ~30 million plastome-filtered reads. Among the assembled contigs, mitochondrial contigs
were selected by BLAST searches against reference Fabaceae mitogenome sequences at National
Center for Biotechnology Information (NCBI) (https://www.ncbinlm.nih.gov/genome/organelle/)
using BLASTN 2.8.0+ [63] with default options. Mitochondrial contigs were manually assembled
as single chromosomes in Geneious. Finally, draft mitogenomes were refined by mapping total
plastome-filtered reads.

4.2. Annotation and Genome Content Comparison of Mitogenomes

To compare gene and intron content of Trifolium mitogenomes with related taxa, five previously
published mitogenomes were acquired—two from IRLC [Vicia faba (KC189947) and Medicago truncatula
(NC_029641)], one from the robinioid clade [Lotus japonicus (NC_016743)], which is sister to IRLC; and
two from millettioid sensu lato clade [Millettia pinnata (NC_016742)] and Glycine max (NC_020455)],
which is sister to the hologalegina clade (robinioid + IRLC). Annotation of rRNAs, protein coding genes
and introns was conducted based on a reference mitogenome of Liriodendron tulipifera (NC_021152)
with a set of 41 conserved mitochondrial genes in Geseq [64]. Annotation for protein coding genes
was manually corrected in Geneious to fit ORFs. The annotation for tRNAs was cross-checked by
tRN Ascan-SE v2.0 [65].
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4.3. Completion of the Trifolium Pratense Plastome

Plastome drafts of Trifolium pratense were reported in two different studies [31,34] but these
sequences contained a complex repeat structure. Since these previous assemblies were based on short
insert size data only (400-800 bp), the T. pratense plastome was redone using sequences generated
from one of the previous studies [31] as well as mapping data from mate-pair Illumina sequences
(ERX946087) with long insert sizes (7 kb) [43]. The newly assembled plastome was annotated as
described above but with MPI-MP chloroplast references in GeSeq [64].

4.4. Repeat Estimation in Organelle Genomes

Repeat content was estimated in four mitogenomes and 13 plastomes (Table 2). Tandem repeats
were identified using Tandem Repeats Finder version 4.09 [66] with default options. Other repeats
(larger than 30 bp) were analyzed by BLASTN [63] searches using each genome as both subject and
query with a word size of 7 and an e-value of 1e™® as described in Guo et al. [67]. All BLAST hits
were retained. Sequence coordinate information for BLAST hits was transferred to each genome as an
annotation in Geneious and overlapping regions between hits were excluded from the estimations
for repetitive DNA content. The distribution of dispersed repeat sequences across the genomes was
visualized by Circoletto [68].

4.5. Shared DNA among Different Genomic Compartments

Shared DNA was evaluated in Trifolium pratense because this is the only species examined
with completed sequences from all three genomic compartments. The mitogenome (MT039389)
and plastome (MT039393) in this study were utilized and the nuclear genome was available as
a chromosome-scale reference draft (LT990601- LT990607) [43]. Shared DNA among the genomes was
evaluated in MegaBLAST with a word size of 28 and an e-value of 1e~®. For nuclear and organelle
genome comparisons, each organelle sequence was used as the query against a subject database
comprising the nuclear genome. For the comparison of organelle genomes, the plastome was used as
the query and the mitogenome was the subject. BLAST hits with sequence identity higher than 90%
were retained. Overlapping regions between hits were excluded from the estimations of shared DNA.

To search for putative large-scale IGT (> 100 kb) events, shared DNA analysis was conducted as
described above but in this case the largest mitogenome (T. meduseum) and other published nuclear
genomes of Trifolium (Table S1) were utilized. BLAST hits between the mitogenome and a long stretch
of the nuclear region of T. repens were visualized by Circoletto [68].

4.6. Investigation on Status of rps1 in Nuclear and Mitochondrial Genome

Nuclear and mitochondrial sequences of rps1 generated for a previous study [39] were acquired
from NCBI. Nuclear rps1 sequences for other species were searched by MegaBLAST using the
options described above. Mitochondrial rps1 of Vicia faba was used to query nuclear genomes of
Lotus japonicus, Medicago truncatula, Trifolium subterraneum, T. pratense, T. pallescens and T. repens
(Table S1). Mitochondrial rps1 sequences were also extracted from mitogenomes of Glycine max,
Millettia pinnata, Vicia faba and Medicago truncatula. All rps1 sequences were aligned with MAFFT
v.7.017 [69] using default options. Nucleotide substitution models were evaluated in jModelTest
v.2.1.6 [70] by Akaike information criterion. ML analysis (GTR +G with 1000 bootstrap replications)
was conducted using G. max and M. pinnata as outgroups in RAXML v.8 [71] in the CIPRES Science
Gateway [72].

The status of mitochondrial rps1 in Trifolium was tested by sequence alignment of the mitochondrial
locus containing rps1 and nad5 exon1 in M. truncatula and the corresponding regions in four mitogenomes
of Trifolium. Sequences were aligned in MAFFT [69] using default options followed by manual
adjustments to minimize gaps and maximize apparent homologous regions.
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4.7. Investigation of ccmF Fissions in Selected Land Plants

To investigate previously reported fission events of ccmF genes in land plants [22-25],
all available sequences from published mitogenome sequences related to Marchantia,
Brassicaceae, Allium (Amaryllidaceae) and Fabaceae were acquired. For Marchantia, published
mitogenomes [22,73,74] of three species (M. inflexa, M. polymorpha subsp. ruderalis and M. paleacea)
were examined: two from NCBI [M. polymorpha subsp. ruderalis (NC_037508.1) and M. paleacea
(NC_001660.1)] and M. inflexa, which was downloaded from FigShare (https://figshare.com/
articles/Marchantia_inflexa_mitochondrion_and_chloroplast_genomes/6639209/1). Two mitogenomes
[Dumortiera hirsuta (NC_042873) and Riccia fluitans (NC_043906)], which are closely related to Marchantia
in Marchantiales [75,76], were also included. For Amaryllidaceae, a single mitogenome [Allium cepa
(NC_030100)] was available.

In addition to previously published and newly assembled mitogenomes, mitochondrial contigs
were generated from available NGS reads for Brassicales and Fabaceae (Table S2). Raw sequences were
mapped to reference ccmF sequences and the mapped reads were assembled in Geneious. The ccmF
sequences of Medicago truncatula and Batis maritima were used as references for Fabaceae and Brassicales,
respectively. Read depth of assembled ccmF genes (ccmFn and ccmFc) were compared to confirm that
sequences originated from mitogenome rather than from other genomic compartments (i.e., nuclear
and plastid genome). To search for nuclear copies of ccmFnl and ccmFn2, subject databases comprising
four Trifolium nuclear genomes (Table S1) were queried with the mitochondrial ccmFn of T. aureum
using MegaBLAST with default options. All sequences were aligned with MAFFT as described above.
The status of ccmFn was plotted on cladograms from published phylogenetic studies of Trifolium [42]
and Brassicaceae [47]. Conserved domains of ccmFn were detected using the Motif Scan of MyHits
(http://myhits.isb-sib.ch/cgi-bin/motif_scan) [77,78].

5. Conclusions

The newly sequenced mitogenomes of Trifolium allowed comparative analyses of genome evolution
for all three cellular compartments—mitochondrion, nucleus and plastid. Unlike many angiosperms,
Trifolium lacks the highly repetitive genome organization of mitogenome. Some Trifolium plastomes has
a much more complex organization and has accumulated more repeat contents than the mitogenome.
a substantial amount of organellar DNA was detected in nuclear genomes of Trifolium, likely resulting
from recent and nonfunctional IGT events. In addition, there has been an ancestral, functional transfer
of mitochondrial rps1 to the nuclear genome. a notable finding from the mitogenome of Trifolium was
a novel gene fission of ccmFn. Analyses of ccmF genes in selected land plants provided further insights
into the fission events. Although the current study is based on limited sampling of the three genomic
compartments, our findings expand the understanding of how these genomes evolved in Trifolium.
The underlying evolutionary and molecular mechanisms should be examined in future comparisons
that incorporate broader taxonomic sampling for all three genomic compartments.
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sequences between mitogenome of T. meduseum (left arc) and a continuous region of nuclear genome (right arc) of
T. repens (chromosome 4; NCBI accession: VCDJ01010667; position: 72,476,623-72,825,180). Figure S4. Sequence
variation of ccmFn in Trifolium species. Figure S5. Alignment of the mitochondrial region containing ccmFn and
ccmFc genes from five species of Marchantiales. Table S1. Information on nuclear genomes, used for comparative
study. Table S2. List of taxa for ccmF analysis with information about sequence sources and status of the genes.
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Abstract: Trentepohliales is an aerial order of Chlorophyta with approximately 80 species distributed
mainly in tropical and subtropical regions. The taxonomy of this genus is quite difficult and presents
a challenge for many phycologists. Although plentiful molecular data is available, most of the
sequences are not identified at the species level. In the present study, we described a new specimen
with detailed morphological data and identified it as Trentepohlia odorata. A phylogenetic analysis
showed T. odorata as a novel lineage in Trentepohliales. T. odorata has the closest relationship with
T. annulata, which is expected since sporangia of both species are without stalk cell and with dorsal
pore. Species with such morphological characteristics may represent deep lineages in Trentepohliales.
Although an increasing number of chloroplast genomes of Ulvophyceae have been reported in recent
years, the whole plastome of Trentepohliales has not yet been reported. Thus, the chloroplast genome
of Trentepohlia odorata was reported in the present study. The whole plastome was 399,372 bp in
length, with 63 predicted protein-coding genes, 31 tRNAs, and 3 rRNAs. Additionally, we annotated
95 free-standing open reading frames, of which seven were annotated with plastid origins, 16 with
eukaryotic genome origins, and 33 with bacterial genome origins. Four rpo genes (1poA, rpoB, rpoCl1,
and rpoC2) were annotated within ORF clusters. These four genes were fragmented into several
(partial) ORFs by in-frame stop codons. Additionally, we detected a frame shift mutation in the rpoB
gene. The phylogenetic analysis supported that Trentepohliales clustered with Dasycladales and
nested into the BDT clade (Bryopsidales, Dasycladales and Trentepohliales). Our results present
the first whole chloroplast genome of a species of Trentepohliales and provided new data for
understanding the evolution of the chloroplast genome in Ulvophyceae.

Keywords: chloroplast genome; free-standing ORFs; introns; phylogenetic analysis; taxonomic study;
Trentepohlia odorata; Trentepohliales

1. Introduction

Algae in the order Trentepohliales are characterized by uniseriate and branched filaments.
The order contains five genera and approximately 80 species that are primarily found in tropical
and subtropical areas, and many of them form masses of a striking color (such as orange, yellow,
and red) on tree trunks, walls, and stones [1]. Since the recorded species are completely aerial
or subaerial, Trentepohliales is a special group in Ulvophyceae, of which the other groups are
mainly composed of seaweeds or freshwater algae. The order can be easily distinguished from other

Int. J. Mol. Sci. 2019, 20, 1774; doi: 125 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2019, 20, 1774

ulvophycean algae by its specific sporangiate-lateral. Other special morphological and ultrastructural
features include the absence of pyrenoid in the net-like chloroplasts, plasmodesmata in the septa,
and a phragmoplast similar to Streptophyta visible during cytokinesis [2]. As the type genus of
Trentepohliaceae, Trentepohlia Martius is the earliest known and most studied. Several studies have
confirmed that Trentepohlia are polyphyletic groups [3-6]. There are more than 46 valid Trentepohlia
species recorded in AlgaeBase [1]. Among all the Trentepohlia species, T. odorata (F.H. Wiggers) Wittrock
is a controversial species since several phycologists considered this species synonymous with T. umbrina
or T. iolithus, whereas most phycologists treated T. odorata as valid separate species [7-10]. Moreover,
the current molecular data (i.e., 185 rDNA, rbcL cpDNA) available has shown that several species in
Trentepohlia are also polyphyletic, especially several widespread and common species, i.e., T. arborum
and T. umbrina [5,6]. Additionally, the morphology and phylogenetic position of Trentepohlia odorata
has rarely been reported.

Recent studies based on genome-wide data or multigene chloroplast data revealed that the
Ulvophyceae is not monophyletic and was recovered as two or more distinct clades [11-13]. However,
there are only several different chloroplast coding genes available in the database (i.e., GenBank),
and no whole chloroplast genome of Trentepohliales has yet been reported. Chloroplasts in species
of Ignatiales, Ulotrichales, Oltmannsiellopsidales, and Ulvales have been reported to share a similar
structure with most Viridiplantae, of which the circular plastome was composed by two inverted repeat
regions (IRa and IRb) and two single copy regions (LSC and SSC) [12,14-16]. The sequenced chloroplast
genome of the BCDT clade (Bryopsidales, Cladophorales, Dasycladales and Trentepohliales) have
unique plastome structures. For example, the chloroplast genome of a species of Cladophorales was
reported to consist of 34 small hairpin chromosomes and lost many genes [17]. All available chloroplast
genomes of Bryopsidales lack a large inverted repeat region [18,19]. In comparison with the relatives
of Trentepohiales, there is little known about the evolution and chloroplast genome of the order. Thus,
it is important to sequence the entire chloroplast genome of a species within Trentepohliales to increase
our knowledge about the order.

During 2010-2016, we collected lots of Trentepohliacean specimens from China, as reported in
previous study [5]. In the present study, we identified one corticolous specimen as T. odorata based on
morphological evidence. Short- and long-read high-throughput sequencing data of this isolate were
obtained and assembled. The aims of our study were: (1) to present the complete chloroplast genome
of Trentepohlia odorata, (2) to study the taxonomy of Trentepohlia odorata, (3) to reconstruct phylogenetic
relationship between Trentepohlia odorata and other species.

2. Results

2.1. Morphological Observation

Trentepohlia odorata (FH. Wiggers) Wittrock 1880

Description: The alga formed a dense mat over tree bark (Figure 1A,B). The thallus mainly
consisted of abundant erect parts and poorly prostrate filaments. Most of the erect filaments were nearly
parallel, consisting of 3-10 cells, rarely branched and with a tapering end (Figure 1C). Apical vegetative
cells of erect filaments were substantially longer than basal vegetative cells (Figure 1C,D). Cells of erect
filaments were approximately 7-16 pm in width and 14-21 um in length, with a length/width ratio of
about 1.1-1.9. Prostrate filaments were often branched and form compact patches, the cells of which
were mostly globose to ellipsoid or with other irregular shapes (Figure 1D,E). The size of the vegetative
cells was approximately 8-13 um in width and 12-18 um in length, with a length/width ratio about
1.0-1.5. Presumptive zoosporangia were apical, intercalary, or lateral and mainly produced on erected
filaments that are globose, ellipsoid, and obovate (Figure 1C—E). Most intercalary zoosporangia were
globes and smaller than apical and lateral ones. The lateral zoosporangia were often clustered and
are mainly obovate with an obvious dorsal pore (Figure 1E). The intercalary zoosporangia were
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approximately 8-12 pm in width and 9-16 um in length. The lateral and apical zoosporangia were
approximately 10-24 pm in width and 18-28 pum in length.

Figure 1. Morphology of Trentepohlia odorata. (A,B), steroscopic view of Trentepohlia odorata specimen
(preserved in Formol acetic alcohol solution) on surface of Fagus longipetiolata. (C), microscopic view of
heterotrichous thallus and its intercalary zoosporangium (arrow). (D), the apical zoosporangium with
a dorsal pore (arrow). (E), the lateral zoosporangia with dorsal pore in cluster (arrows) at the basal part
of thallus. Scale bars, 1 mm in (A), 200 pm in (B), 30 pm in (C-E).

This specimen was collected from a tropical botanical garden and formed abundant red growth
on the surface of Fagus longipetiolata trunk. The morphology of specimen DZ1317 was completely
consistent with primary description by Wittrock (1880) and Printz (1939) [7,10]. Despite being unable
to observe the holotype of Trentepohlia odorata from its type locality (Fiona, Denmark), there is little
morphological difference between our specimen and the holotype according to its primary description.

2.2. Phylogenetic Analysis

A phylogenetic analysis based on 73 sequences recovered from species in the Trentepohliales
consisted of two main clades. One main clade was composed of several small clades including the
Cephaleuros clade, T. aurea clade, T. arborum, and Printzina lagenifera clade. The other main clade was
composed by Phycopeltis, Printzina bosseae, T. umbrina, T. iolithus, and T. annulata (Figure S1). According
to the 18S rDNA phylogeny, T. odorata had the closest relationship with T. annulata (KM020077) and
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T. cf. umbrina (KX586916) (Figure 2). According to the phylogeny based upon rbcL matrix, T. odorata
clustered with Trentepohliales sp. (GU549443) and formed a robust clade with T. annulata (MH940266)
and T. abietina (MH940276) (Figure 3). Such topology was consistent with previous studies. All of the
analyses recovered T. odorata as a well resolved lineage.

KX586960 Cephaleuros karstenii
Ly KX586887 Cephaleuros tumidae-setae
KX586937 Cephaleuros henningsii
KX586965 Cephaleuros virescens
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Figure 2. The maximum likelihood phylogram inferred from 18S rDNA sequences of Trentepohliales.
The monophyletic genus Cephaleuros was used as outgroup. Maximum likelihood bootstrap values
(1000 replicates) and Bayesian posterior probabilities (PPs) are given near the nodes, and only bootstrap
proportion (BP) and PP values above 50 and 0.50 are shown. The full statistical support (100/1.00) is
marked with an asterisk. The Trentepohlia odorata was shaded in grey.
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Figure 3. Maximum likelihood tree of Trentepohliales based on rbcL sequence data. Bayesian posterior
probability (pp > 0.50) and maximum likelihood (ML > 50) bootstrap values are shown near the
branches. The asterisks represent full statistical support (1.00/100). The Trentepohlia odorata was shaded

in grey.
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Our phylogenetic analysis based on chloroplast genome showed that both Trebouxiophyceae
and Ulvophyceae were paraphyletic due to Chlorellaceae and the Bryopsidales, Trentepohliales,
and Dasycladales clade (BDT clade) did not fall into core Trebouxiophyceae and core Ulvophyceae,
respectively (Figure 4). Both maximum likelihood analysis and Bayesian analysis strongly supported
that Trentepohliales clustered with Dasycladales. In the maximum likelihood analysis, the BDT clade
was supported by a bootstrap value of 60; however, such topology did not occur in the Bayesian
inference analysis (Figure S2). Both maximum likelihood analysis and Bayesian inference supported
that Trentepohliales may have the closest relationship with Dasycladales.
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Figure 4. Maximum likelihood tree inferred from a dataset consisted of 31 common cpDNA-encoded
genes of 43 core Chlorophytes. The genera Picocystis (NC024828) and Nephroselmis (NC024829) were
selected as outgroup. Maximum likelihood bootstrap values (1000 replicates) are given near the nodes.
Taxonomic arrangement follows AlgaeBase, and Trentepohlia odorata is in red.

2.3. Chloroplast Genome Analysis

We obtained 21 contigs with a total of 355,893 bp and one circular molecule with a length 399,372
bp from short-read sequencing data and long-read sequencing data, respectively. The dot plot showed
a high-level congruence between the 21 contigs and one circular molecule (Figure S3), indicating that
the plastome of T. odorata was circular and had a length of up to 399,372 bp. Our annotation results
showed that the plastome possesses the typical quadripartite structure. Two inverted repeat regions
were 26,700 bp and 26,778 bp, respectively. The large single copy region (LSC) was 178,629 bp, while
the small single copy region (SSC) was 167,265 bp (Figure 5). The overall G + C content of the circular
cpDNA was calculated to be 29.75%. The analysis revealed that the cpDNA encodes 97 genes (Table 1).
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Figure 5. Circular map of the chloroplast genome of the Trentepohlia odorata (MK580484). Genes
are color coded according to the functional categories listed in the index below the map. The GC
content and inverted repeats (IRA and IRB) which separate the genome into two single copy regions
are indicated on the inner circle. Genes on the inside of the outside circle are transcribed in a clockwise

direction; those on the outside of the map are transcribed counterclockwise.

The genes were grouped into two major categories, coding genes and non-coding genes. The
coding genes consisted of 63 predicted protein-coding genes, including five atp genes, four chl genes,
four pet genes, five psa genes, 15 psb genes, seven rpl genes, four rpo genes, 11 rps genes, two ycf genes,
and six other genes (ccsA, two cIpP, infA, rbcL, and tufA). The non-coding gene category included 31
tRNAs and three rRNAs (Table 1). We annotated a total of 49 introns, of which 39 group I introns were
present in eight genes (rrl-IRa (8), r7l-IRb (8), rrs (2), psaA (2), psbA (3), psbC (5), psbD (3), petB (4), and
rbcL (2)), nine group IT introns in eight genes (rpl2, rps12, psaA (3), psbA, psbD, psaC, petB, and tufA),
and one unidentified type intron (rpoB). The IR regions contained only two of the same rRNA gene
(rrl) and no other genes. Additionally, we detected that the rrs gene was not located in IR regions but
had only one copy in the SSC region. The ycf3 gene was located across LSC region and IRb region;
however, there was only a partial sequence of this gene detected in the IRa region. We annotated two
copies of clpP in the LSC region and SSC region, respectively. Additionally, there were 95 free-standing
OREFs (length >100 aa) annotated in the intergenic region, with a total length up to 72,720 bp (18.21%)
(Figure 6). Among the free-standing ORFs, seven were annotated with plastid origins (POP), 16 with
eukaryotic genome origins (EOP), and 33 with bacterial genome origins (BOP) (Figure 7). Four genes
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(rpoA, rpoB, rpoC1, and rpoC2) were annotated within four ORF clusters (including partial ORFs). All
four genes were fragmented into several ORFs by in-frame stop codons (Figure 8, red asterisks). There
were three fragments annotated in rpoC1, three in rpoC2, eight as rpoB, and two as rpoA. In the rpoB
OREF cluster, we detected a frame shift mutation (Figure 8, arrow).

Table 1. Genes encoded by Trentepohlia odorata chloroplast genome.

Gene Products Genes
ATP synthase atpA,B,F H, 1
Chlorophyll biosynthesis chiB,I,L,N
Cytochrome b6/f petA, B, D, G
Photosystem I psaA, B,C, 1]
Photosystem II psbA,B,C,D,E,EH, L], K, L M,N, T, Z
Large subunit ribosomal proteins 1pl2,5,12,14, 16, 20, 23
RNA polymerase rpoA, B, C1, C2

Small subunit ribosomal proteins

rps2,3,4,7,8,9,11,12, 14,18, 19

Unknown function proteins ycf1,3
Other proteins clpp (2 copies), ccsA
Rubisco rbcL.
Translation factors tuf A, inf A
Ribosomal RNAs rrl (2 copies), rrs
trnA(TGC), C(GCA), D(GTC), E(TTC), F(GAA), G(TCC),
Transfer RNAs H(GTG), I(AAT), K(TTT), L(CAA), L(TAA), L(TAG), M(CAT)

(5 copies), N(GTT), P(TGG), Q(TTG), R(ACG), R(CCT), R(TCG),
R(TCT), S(GCT), S(TGA), T(TGT), V(TAC), W(CCA), Y(GTA)

tRNA, 2353

rRNA, 21699

Figure 6. The size of CDS (protein coding regions), ORF (open reading frames, >100 aa), tRNA, rRNA
and other regions in Trentepohlia odorata chloroplast genome. The number represents its size (bp).
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Figure 7. Blast result of free-standing ORFs in Trentepohlia odorata chloroplast genome.
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Figure 8. The fragmentation of rpo gene cluster. The red asterisk represents a detected in-frame stop
codon; the shift mutation was labelled in a blue arrow. The BOP, EOP and POP represent ORF may
have a bacteria, eukaryotic nucleus, and chloroplast origin respectively. ORF without BOP, EOP or POP
label means no blast hit.

3. Discussion

The taxonomic controversy related to T. odorata primarily focused on whether or not the species
was synonymous with T. umbrina or T. iolithus [7,8]. The main differences between T. iolithus and
T. odorata was their substratum. Trentepohlia iolithus was only found on exposed stones or concrete, and
T. odorata was found on tree bark [7,9,20]. A previous study reported T. odorata on other substratum,
such as concrete, which was not consistent with the original description [21]. Although T. odorata has a
very similar vegetative morphology with T. iolithus var. yajiagengensis, the morphology of sporangia
and the phylogenetic position suggests that they are different species [22]. Trentepohlia umbrina is a
paraphyletic species as sequences from T. umbrina clustered into several small clades in many studies.
There was an obvious morphological difference between the two species. According to the original
description, the thallus of T. odorata is heterotrichous and the thallus of T. umbrina is prostrate. The
vegetative cells of T. odorata have a greater length/width ratio than that of T. umbrina. In the present
study, our observation was consistent with the original description and the Printz description, thus
we support Printz in that T. odorata is a morphologically distinct species, rather than Hariot [7,10].
The phylogenetic result shows that Trentepohlia odorata has the closest relationship with Trentepohlia
annulata. One possible explanation for their close relationship is that both algae seem not to possess
sporangiate-lateral. Trentepohlia species with lateral or intercalary sporangia and dorsal pore sporangia
may represent several deep lineages in Trentepohliales. Additionally, there are few images regarding
Trentepohlia odorata in previous studies, and our study provided new morphological evidence to
compare those Trentepohlia species.

Although a considerable number of published plastomes are available, there are many gaps in
Chlorophytes plastomes, especially in several orders of Ulvophyceae [12]. A recent study reported
that chloroplast genomes in Cladophorales are fragmented into many small hairpin chromosomes [17].
The chloroplast genome in Bryopsidales are circular but lack a large inverted repeat [18]. Our study
reported the first whole plastome of Trentepohliales, with a size up to 399,372 bp, which is the largest
currently identified within Ulvophyceae. The plastome of Trentepohlia odorata presented a quadripartite
structure, which differs from its close relatives, Cladophorales and Bryopsidales. We found several
free-standing ORFs of bacterial origin and fragmentation by in-frame stop-codons in rpoA, rpoB, rpoC1,
and rpoC2 genes, which is similar with Bryopsidales [18]. The rrf gene was not detected in this
study. We detected that the r7I gene located in IR region, and the rrs gene located in the SSC region.
Fragmentation by introns were found in the 7] gene, with eight group-I introns. Similar cases were
also found in Caulerpa manorensis, Jenufa perforata, Schizomeris leibleinii, and Floydiella terrestris, with
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seven, five, seven, and eight introns, respectively [18,19,23,24]. Two copies of the clpP gene were
annotated. This gene duplication is very common in the nuclear genome and is usually caused by
two repeats located at the two sides of the genes in the organellar genome. However, we did not
detect repeat sequences at the sides of the two clpP genes. Our phylogenetic analysis using chloroplast
genomes indicated that both Ulvophyceae and Trebouxiophyceae are paraphyletic, which is consistent
with previous studies [11,13]. Trentepohliales clustered with Dasycladales in present study, which
is also reported by previous studies [11,13]. However, we cannot rule out that Trentepohliales have
a closest relationship with Cladophorales since species in Cladophorales was not included in our
phylogenomic analysis.

4. Materials and Methods

4.1. Morphology and Cultivation

The specimen of T. odorata was derived from samples collected from the tree bark of Fagus
longipetiolata located in the Hainan Tropical Botany Garden (19°30'49” N, 109°30'14” E) in December
2013, with the voucher number DZ1317. The specimen was primarily examined under a stereoscope
microscope (Zeiss model KL1500 LCD; Carl Zeiss, Gottingen, Germany). Filaments were isolated using
forceps and dissecting needles. We selected clean and complete filaments, placed them in culture dishes,
and then spread the branches while using a stereoscope. Morphology was observed under differential
interference contrast microscopy using a Leica DM5000B microscope (Leica Microsystems, Wetzlar,
Germany). Micrographs were captured using a Leica DFC320 digital camera. Voucher specimens were
deposited in the Freshwater Algal Herbarium (IHB), Institute of Hydrobiology, Chinese Academy of
Sciences. The unialgal strain was aerially cultivated in a photo-reactor described by Chen et al. [25].

4.2. DNA Extraction, PCR, and Phylogenetic Reconstriction

The genomic DNA was extracted using a Axygen Universal DNA Isolation Kit (Axygen, Suzhou,
China). Partial 185 rDNA was obtained as described in Zhu et al. (2017). The PCR products were
purified and then sent to Tsingke Biotech Company, Inc. (Wuhan, China) for sequencing. Additional
18S rDNA and rbcL sequences from Trentepohliales species were downloaded from GenBank for
analyses. Sequence matrices for phylogenetic analysis were initially aligned with MAFFT 7.0 and
refined manually using Seaview [26,27]. ModelFinder was utilized to select the best-fitting evolutionary
models for each marker according to Bayesian information criterion calculations [28]. IQ-TREE and
MrBayes3.2 were used to infer the phylogeny [29,30]. We performed two phylogenetic analyses
using the 185 rDNA matrix. First, Cladophorales was used as the outgroup to infer the topology of
Trentepohliales. Based upon the results of the first phylogenetic analysis, we selected Cephaleuros
as the outgroup to perform the second analysis. In the phylogenetic analysis using the rbcL. matrix,
Ulotricales was selected as the outgroup.

4.3. Chloroplast Genome Assembly and Annotation

A paired-end Illumina sequencing library was prepared from total DNA using the NEBNext
Ultra DNA Library Prep Kit (E7370S). The libraries were sequenced using an Illumina NovaSeq
6000 with 150 bp insertion fragments (Illumina, San Diego, CA, USA). High-throughput sequencing
data was sequentially analyzed by SOAPnuke v1.3.0 and SPAdes v3.10.0 [31,32]. A 1D genomic
DNA by ligation (SQK-LSK108) kit was used to construct a long-reads library according to the
manufacturer’s instructions. The prepared library was loaded on Oxford Nanopore GridION X5
platform and sequenced. Only reads with mean scores >7 were retained. Long-read sequencing data
were assembled using Canu v.1.6.0 [33]. The contigs were used to screen the chloroplast genome using
the Blast program [34]. The selected chloroplast genome contig was assembled using Sequencher 4.10.
Following this, we used Geneious 8.1 to map all the reads to the spliced genome sequence to verify
that the contig was concatenated [35]. Finally, we obtained 21 chloroplast contigs from short-read
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sequencing data and one circular molecule from long-read sequencing data. A multicollinear dot plot
was performed using Genome Pair Rapid Dotter v1.40 to detect the homology between 21 contigs and
one circular molecule [36].

The chloroplast genome was primarily annotated using the online program DOGMA (Wyman et
al., 2004) [37] and MAKER [38]. All open reading frames (ORFs) (with length >300 bp) were extracted
by ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/), and then BLASTn and BLASTp (http:
/ /blast.ncbinlm.nih.gov/) were used with the e value set to 1e-10 to annotate the free-standing ORFs.
Transfer RNA and ribosomal RNA genes were identified using tRNAscan-SE v1.23 and RNAmmer,
respectively [39,40]. Intron boundaries were determined by modeling intron secondary structures
and by comparing intron-containing genes with intronless homologs [41,42]. The graphical gene map
was designed with Organellar Genome DRAW program (https:/ /chlorobox.mpimp-golm.mpg.de/
OGDraw.html) [43]. The annotated chloroplast genome was submitted to GenBank under the accession
number MK580484.

We obtained a nucleoid dataset of 16,359 unambiguously aligned positions consisting of 31
common cpDNA-encoded genes of 43 Chlorophytes from Genbank (https://www.ncbi.nlm.nih.gov/
genbank/), of which Picocystis salinarum and Nephroselmis astigmatica were used as the outgroup taxa.
Most the genome accession numbers were presented before species name in Figure 8. Accession
numbers of Cephaleuros sp., Acetabularia peniculus and Scotinosphaera sp. chloroplast genome sequences
were MG721699-MG721754, MH545187-MH545222, and MG721898-MG721961 respectively. The
data partition and best-fit models were selected using ModelFinder according to Bayesian inference
criteria [28]. We used IQtree v1.7 and MrBayes 3.2 to perform maximum-likelihood analysis and
Bayesian inference, respectively [29,30]. Additionally, because genes in the Cladophorales plastome
were unique and there were fewer genes than the chloroplast genomes of other green algae, we did
not include it in our analysis.

5. Conclusions

The morphological observation and phylogenetic analysis recovered Trentepohlia odorata as a
separate species. According to phylogenetic results, Trentepohlia odorata has the closest relationship
with Trentepohlia annulata, which could be explained by the shared morphological evidence, i.e., the
absent sporangiate-lateral. The chloroplast genome of Trentepohlia odorata is 399,372 bp, with 97 genes
and 95 free-standing ORFs. The typical quadripartite structure of Trentepohlia odorata is different from
Cladophorales and Bryopsidales. However, the fragmention of rpo gene clusters by in-frame stop
codons and the frame shift mutation detected in the present study is similar to Bryopsidales. Our study
describes the first chloroplast genome of Trentepohliales and provides new data for understanding the
evolution of the chloroplast genome in BCDT clade. Since Trentepohliles is an exclusively aerial order
in core Chlorophytes, future study focused on plastomes of the other Trentepohliaceaen groups such
as Trentepohlia aurea, Trentepohlia bosseae and Cephaleuros might have more interesting findings.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/
1774/s1. Figure S1. Maximum likelihood phylogram inferred from 185 rDNA sequences. Cladophorales was
used as outgroup. Bootstrap values (1000 replicates) were given near the nodes. Figure S2. Bayesian tree inferred
from a dataset consisted of 31 common cpDNA-encoded genes from 43 core Chlorophytes. Figure S3. The dot
plot between the 21 contigs and one circular molecule.
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Abstract: Utricularia amethystina Salzm. ex A.St-Hil. & Girard (Lentibulariaceae) is a highly
polymorphic carnivorous plant taxonomically rearranged many times throughout history. Herein,
the complete chloroplast genomes (cpDNA) of three U. amethystina morphotypes: purple-, white-,
and yellow-flowered, were sequenced, compared, and putative markers for systematic, populations,
and evolutionary studies were uncovered. In addition, RNA-Seq and RNA-editing analysis were
employed for functional cpDNA evaluation. The cpDNA of three U. amethystina morphotypes
exhibits typical quadripartite structure. Fine-grained sequence comparison revealed a high degree of
intraspecific genetic variability in all morphotypes, including an exclusive inversion in the psbM and
petN genes in U. amethystina yellow. Phylogenetic analyses indicate that U. amethystina morphotypes
are monophyletic. Furthermore, in contrast to the terrestrial Utricularia reniformis cpDNA, the
U. amethystina morphotypes retain all the plastid NAD(P)H-dehydrogenase (ndh) complex genes.
This observation supports the hypothesis that the ndhs in terrestrial Utricularia were independently
lost and regained, also suggesting that different habitats (aquatic and terrestrial) are not related to
the absence of Utricularia ndhs gene repertoire as previously assumed. Moreover, RNA-Seq analyses
recovered similar patterns, including nonsynonymous RNA-editing sites (e.g., rps14 and petB).
Collectively, our results bring new insights into the chloroplast genome architecture and evolution of
the photosynthesis machinery in the Lentibulariaceae.

Keywords: Utricularia amethystina; Lentibulariaceae; chloroplast phylogenomics; organelle genome;
carnivorous plants; polymorphic species; intraspecific variation; ndh genes

1. Introduction

The species of the carnivorous plant family Lentibulariaceae are grouped in three genera: Pinguicula
L., Genlisea A.St-Hil., and Utricularia L. [1,2], and are increasingly becoming important plant models
mainly due to their alternative nutrient uptake system, their morphological non-orthodox body
structure, characterized by Fuzzy Arberian Morphology [3,4], and particular genomic characteristics,
such as high mutational levels with nuclear genome shrinkage and expansion in some lineages [5,6].
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Utricularia is the biggest genus and most widespread group of carnivorous plants and is very
diverse regarding its distribution and habit (e.g., terrestrial, aquatic, lithophytes, epiphytes, and
reophytes) [7]. Moreover, several species are polymorphic, which may lead to controversial taxonomic
classification. For instance, Utricularia amethystina Salzm. ex A.St.-Hil. & Girard is a terrestrial herb,
with petiolate and rosetted leaves. The species is broadly distributed in about 18 different countries of
the tropical and subtropical America [7], commonly found in different altitudes (from inselbergs in the
Guianas [8] to the coast of Brazil [9]) and habitats such as humid sandy soil of the savannas, swamps,
and soil between rocks usually near streams, rivers, and waterfalls.

The species is classified in the Utricularia sect. Foliosa Kamieniski, showing common morphological
characteristics making it easy to distinguish from other Utricularia sections due to its connate bracts
and bracteoles, which is the singular morphology of utricles (carnivorous traps), and the capsule
dorsoventrally and bivalvate dehiscence. However, the distinction between the conspecific species is
not a trivial task, as U. amethystina shows high intraspecific variation, mainly between reproductive
characters, such as the corolla shapes and colors, which can vary from shades of purple (Figure 1A),
white (Figure 1B) to yellow (Figure 1C) [7].

Figure 1. Utricularia amethystina species morphotypes are differentiated mainly by corolla color. (A)
U. amethystina purple morphotype; (B) U. amethystina white morphotype; (C) U. amethystina yellow
morphotype.

This intraspecific morphological variation resulted in several taxonomic rearrangements since
the earliest descriptions at nineteenth century [10,11] and even now there is much controversy about
if the species is one or more [12,13]. Taylor (1989) [7] struggled to separate the species based on
reproductive characters, such as corolla shape, pedicel sizes, palynological characters, and calyx
indumentum, but he couldn’t find traits for enough taxonomical circumscriptions to split the different
morphotypes. Indeed, in his Utricularia taxonomic monograph, he synonymized 31 taxa under the
binomial “Utricularia amethystina” and he wrote “U. amethystina is a most ‘difficult’ and excessively
polymorphic species...” (Taylor, 1989 [7], p. 291). Therefore, he assumed one name for the species, as he
was unable to find discontinuities to support taxa separation due to the high degree of polymorphism
between populations. However, to date, there is no proper taxonomic treatment to solve this question.
In addition, only a few genetic differences have been explored [13], such as the chloroplast regions
rps16, trnL-F, trnD-T, and nuclear ITS, but these markers were not able to give enough resolution to
distinguish them all. In this context, chloroplast genomes are a valuable resource for phylogenies, and
the study of their structure and content can provide clues for improving inter- and intraspecific studies,
such as population biology [14], and even the discovery of new species [15].

The chloroplast genomes of most angiosperms have conserved quadripartite structure separated
in Large and Small Single Copy regions (LSC and SSC, respectively) and two inverted repetitive
regions (IRs) [16]. However, comparative analyses indicate that some plants, such as parasitic [17],
mycoheterotrophic (e.g., in [18,19]), and species of carnivorous plants from the order Caryophyllales [20,21],
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have suffered substantial rearrangement and gene losses throughout plant evolution. For example,
across diverse lineages of plants, chloroplast genomes lack NAD(P)H-dehydrogenase (ndh) complex
genes, genes that could have been involved in the transition from aquatic to terrestrial habit thought
plant evolutionary history [22,23].

Within Lentibulariaceae family, there are published chloroplast genomes (cpDNA) of Pinguicula
ehlersiae [24] and seven Genlisea species [24,25]. There are cpDNA genomes available for four Utricularia
species: U. gibba [26], U. macrorhiza [24], U. reniformis [27], and U. foliosa [28].

All published Utricularia cpDNAs have the typical quadripartite structure and the same genes
as most angiosperms. However, some species exhibit variation, such as two complete copies of ycf1
and ndhF in U. gibba, and U. reniformis, which has reduced chloroplast size due to several losses in
all ndhs genes repertoire that could not be integrally found either in the mitochondrial genome [29]
nor in the nuclear DNA (unpublished data). Indeed, U. reniformis is a terrestrial species and other
assessed Utricularia are aquatic, and based on this observation, Silva et al. (2016) proposed that the loss
of ndhs could be related to terrestrial habit [27]. Nonetheless, other studies are still needed for a better
understanding of genes especially the evolution of the ndh genes in the genus.

Herein, we present the chloroplast genomes of three Utricularia amethystina morphotypes to assess
inter- and intraspecific sequence variability and polymorphic regions that could be used for further
phylogenetic studies. In addition, we employed chloroplast transcriptome to assess gene expression
and identify the RNA editing sites in each chloroplast. We also compare ndh gene gains and losses
across the sequenced Utricularia cpDNA species, to examine the variation of structural changes across
the genus.

2. Results

2.1. Structure of Chloroplasts in Utricularia amethystina

A total of 2,873,574 million paired-end reads were generated of all Utricularia amethystina
morphotypes. Approximately 7.57%, 9.10%, and 9.56% represents cpDNA-derived reads and were
used for the de novo assembly of U. amethystina purple, white, and yellow, respectively. For each
morphotype, the assembly using SPAdes resulted in a contig with the entire LSC region, followed
by two contigs containing the IR and SSC regions. The cpDNA contigs were joined in a supercontig
and circularized using MITOBim iterative read mapping. The three U. amethystina cpDNAs have a
consistent quadripartite structure similar to the majority of other angiosperms, and slightly varying in
size (Figure 2) (Table 1) (Supplementary Table S1).

Table 1. The summary of characteristics in Utricularia amethystina chloroplast genomes. Between
parentheses the percentage that represents each part in comparison to the cpDNA genome.

U. amethystina Morphotypes Purple White Yellow
Genbank accession number MN223721 MN223722 MN223720
Genome size (bp) 150,115 150,332 150,020
Large single copy (LSC) length (bp) 82,388 (54.9%) 82,561 (54.9%) 82,256 (54.8%)
Small single copy (SSC) length (bp) 16,969 (11.3%) 17,070 (11.4%) 16,870 (11.3%)
Inverted repeats (IR, +IRy,) length (bp) 25,399 (34.7%) 25,350 (33.8%) 25,447 (34.0%)
Noncoding regions (bp) 40,199 41,901 41,259
Intronic regions(bp) 18,052 19,260 20,280
%GC 37.5 375 37.7
Coverage 84x 119x 123x
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Figure 2. Chloroplast genome map for Utricularia amethystina purple, white, and yellow. The map
represents all three cpDNAs. Gene order and number are the same, except that yellow has an inversion
in the petN and psbM genes (see at 2 o’clock in the map). Black thick lines of the outer circle indicate
the extension of the inverted repeats. The direction of the arrows denotes the transcription direction.
Genes are colored according to their functional groups. The inner graph corresponds to the GC content
for each cpDNA region in the chloroplast of each species morphotype. Purple, yellow, and gray bars
denote U. amethystina purple, yellow, and white morphotypes, respectively.

The three cpDNA exhibited in total of 137 annotated genes, including 39 unique protein-coding
genes, 30 tRNA, and four rRNA. Eighteen genes (petB, petD, atpF, rpoC1, rps12, rpsl6, rpl2, ndhA,
ndhB (2x), trnK-UUU, trnA-UGC (2x), trnl-GAC (2x), trnG-UCC, trnL-UAA, trnV-UAC) contain one
intron, and two genes (cIpP, ycf3) have two introns; 18 genes (pl2, rpl23, ycf2, ycf15, ndhB, rps7, rps12,
trnl-CAU, trnL-CAA, trnV-GAC, 16S rRNA, trnl-GAU, trnA-UGC, trnR-ACG, trnN-GUU, 23S rRNA,
4.55 rRNA, 55 rRNA) have duplicates and five (ycf68, orf42, orf56, ycf1, rps19) partial genes (putative
pseudogenes) in the IR regions. All assessed cpDNAs have collinear gene content and arrangement.
The main difference among the three morphotypes is the inversion of petN and psbM genes position in
U. amethystina yellow in comparison to other Utricularia (Figure 2).

2.2. Repeats and Chloroplast Microsatellites (cpSSR)

REPuter identified 22, 29, and 27 repeats in U. amethystina purple, white, and yellow, respectively
(Figure 3A). Most were characterized as forwarding and palindromic repeats. The repeats were mainly
distributed among the ycf2, rpoC1 and trnS-GCU, ycf3, ndhA genes, and rbcL-accD, and rps12-trnV-GAC
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intergenic region (Supplementary Tables S2-54). The identified microsatellite (cpSSR), vary from 7 to
369-bp for U. amethystina purple, 7 to 264-bp for U. amethystina yellow, and 7 to 245-bp for U. amethystina
white (Figure 3B). The amount of identified cpSSR repeats are similar within all morphotypes, with
the mono- (346, 350, 343), and dinucleotide repeats as the most abundant (42, 43, 40), followed by
tri- (4, 3, 4) and tetra- repeats (2 for U. amethystina purple and 10 for white and 7 for yellow). Interestingly,
penta- nucleotides were only found in U. amethystina yellow, and hexa- repeats were not found in any
morphotypes (Supplementary Table S5).
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Figure 3. Quantity of repeats in Utricularia amethystina. (A) Long repeats. (B) Simple sequence repeats
(cpSSRs). Purple, yellow, and gray bars denote U. amethystina purple, yellow, and white morphotypes,
respectively. (Additional information can be found in Supplementary Table S5).

2.3. Interspecific Comparison

The interspecific chloroplast genome divergence among all available Utricularia cpDNAs, using
U. amethystina purple as a reference, showed that U. amethystina specimens have a high degree of synteny;
however, for ycf1 and non-coding sequences, they are highly divergent (<50% identity; Figure 4).
Furthermore, the coding regions ccsA, matK, rpoC2, rpoC1, rps19, ycf1, ycf2; the introns atpF and rps16;
and most intergenic spacers, such as trnK-rps16, rps16-trnQ, psbK-psbl, trnL-trnF, and trnH-psbA, showed
high levels of variation that can be used for phylogenetic and DNA-barcoding studies (Figure 4).

The SSC regions of Utricularia amethystina morphotypes are similar to most Utricularia, except for
U. reniformis, due to the deletion of ndhs genes (Figure 5), and U. gibba, which have an extra copy of
ycf1 and ndhF.

2.4. Intraspecific Comparison: Species Polymorphism

The nucleotide diversity () analyses indicated that the IRs exhibited lower variability than
LSC and SSC regions (Figure 6). There are twelve spots of chloroplast genome regions that showed
remarkably higher 7t values (>0.02), including nine gene (trnH, psbA, trnC, petN, psbM, trnD, psaA, ycf4
and ndhF) and 12 intergenic regions (trnH-psbA, rps16-trnQ, trnC-petN, rpoB-trnC, petN-psbM, trnC-petN,
psbM-trnD, trnD-trnY, psaA-ycf3, ycf 3-trnS, psal-ycf4, ndhF-rpl32). (More details in Supplementary
Table S6.)
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2.5. Chloroplast Expression

RNAseq clustering analyses indicated distinct expression profiles for each Utricularia amethystina
morphotype. The psbA and rbcL genes showed much higher levels of expression, followed by psaA,
psaB, psbB, psbC, and psbD, in comparison to other genes in all samples (Figure 7; Supplementary
Table S7).
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Figure 7. Heat map representation of Utricularia amethystina cpDNA transcript level. The underscore
“_1” and “_2” denotes each gene duplicate. The rps12 is a duplicated trans-spliced gene, therefore it
was analyzed in three parts.
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2.6. RNA Edit

The RNA editing analyses were carried out using the PREPACTS3 tool, and in-house script to search
for validation of editing sites using RNA-Seq mapped reads. The PREPACT3 predicted 154 sites for
U. amethystina purple, 140 for U. amethystina white, and 146 for U. amethystina yellow. Most amino acid
changes are shared between populations, and comparison between Utricularia amethystina morphotypes
showed 22 genes with the same editing sites and 15 genes with differences in the quantity and amino
acid composition changes (for more information see Supplementary Tables S8-510). According to the
results, there are 13 types of amino acid transitions in the three U. amethystina. The most prevalent
nonsynonymous substitutional changes occurred between Alanine to Valine and Serine to Leucine,
followed by Leucine to Phenylalanine, Proline to Serine, Threonine to Isoleucine, Serine to Phenylalanine,
Proline to Leucine, Histidine to Tyrosine, Threonine to Methionine, Proline to Phenylalanine, Arginine
to Cysteine, Glutamine to Stop codon, and Arginine to Tryptophan (Figure 8). For RNA-Seq-based
results, only three nonsynonymous amino acid substitutions were found (Figure 8; Table 2).
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Figure 8. Quantities of amino acid changes from the prediction and RNA-Seq data of RNA-editing
sites for each Utricularia amethystina morphotype. Purple, yellow, and gray bars denote U. amethystina
purple, yellow, and white morphotypes, respectively.

The results from RNA-Seq data showed eight nonsynonymous and eight synonymous sites for
the three U. amethystina morphotypes. Regarding nonsynonymous sites, U. amethystina purple and
yellow have rps14 and petB genes edition, and for U. amethystina white, edition sites were two in rps14,
petB, and ndhB (Table 2). The same edited sites in the same gene position were found in petB for all
U. amethystina samples. In addition, the rps14 gene from purple is the same as rps14 in position 36,572
for white, and rps14 gene from yellow is the same as the rps14 in position 36,497 for white.
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Table 2. RNA editing sites predicted using RNAseq data in Utricularia amethystina copDNA. The editing
level is given in percentage and is showed for each biological replicate. * denotes amino acids with a
change in physicochemical composition.

Genome Codon ) . Editing Level
Morphotype Gene (cpDNA) Codon Position mino Acid (Each Biorep)
Purple Position Strand from to from to P1 P2 P3
rpsl4* 36,640 - UCA UUA 2 S L 96 100 100
petB 74,797 + CCA CUA 2 P L 100 100 97
White w1 w2 W3
ndhB 138,239 + CCA CUA 2 H Y 92 82 0
ndhD 113,305 - CUA UUA 1 Synonym 100 0 100
rbcL 55,651 + GCC GCUu 3 Synonym 100 100 0
55,777 + AUC  AUU 3 Synonym 100 100 0
rpsl4* 36,572 - UCA UUA 2 S L 38 14 75
36,497 - CCA CUA 2 P L 100 0 72
36,553 - AAC AAU 3 Synonym 100 100 0
psbB 72,140 + GGC  GGU 3 Synonym 100 100 0
71,372 + UAC UAU 3 Synonym 100 0 100
psaA 39,370 - AUC AUU 3 Synonym 100 100 100
petB 74,816 + CCA CUA 2 P L 100 0 97
Yellow Y1 Y2 -
rpsl4 36,439 - CCA CUA 2 P L 69 71 -
ccsA 111,950 + CUA UUA 1 Synonym 18 16 -
petB 74,948 + CCA CUA 2 P L 100 100 -

2.7. Phylogeny

The phylogenetic tree based on available chloroplast genomes of 15 Lentibulariaceae specimens
is shown in Figure 9. Both maximum likelihood (ML) and Bayesian inference (BI) trees exhibited
identical phylogenetic topologies, and support values (bootstrap for ML and posterior probabilities for
BI) are 100% for all clades. The Lentibulariaceae is known to be monophyletic, and Pinguicula is a sister
clade to Utricularia-Genlisea. The results show that the Utricularia genus is monophyletic and the three
U. amethystina are closely related to U. reniformis. Also, the U. amethystina yellow is sister to purple,
with white as having the same common ancestor (Figure 9).

100 G. aurea
100 100 G. tuberosa
100 100 G. fififormis
100 100L0G-G. pygmaea
100 100 100-G. repens
100 —————————G. margaretae
G.violacea
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00 004 008

Figure 9. Bayesian inference tree for available Lentibulariaceae chloroplast genomes and studied
Utricularia amethystina. The values above branches denote the posterior probabilities and below maximum
likelihood bootstrap. The branch colors correspond to each U. amethystina morphotype flower color.
(G. = Genlisea; P. = Pinguicula; U. = Utricularia). The scale represents the expected changes per site.

3. Discussion

Due to the plasticity in corolla shape and color, Utricularia amethystina is one of the most polymorphic
species within the Utricularia genus. This polymorphism resulted in a historically taxonomic complicated
group with its systematics only partially resolved to date. During the last decades, several efforts
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attempted to separate the different U. amethystina morphotypes into different species, yet without much
success [7,12,13].

In this study, we analyzed the cpDNAs of three morphologically distinct Utricularia amethystina
from different populations: the purple, white, and yellow morphotypes, aiming to detect intra- and
interspecific variations and phylogenetic signals and provide new cpDNA regions for evolutionary
studies. In addition, we evaluated the transcription and RNA editing sites for U. amethystina populations.

In an attempt to diminish the environmental conditions bias, we have collected the specimens
from close populations (~2.8 km between purple and white, 0.2 km between white and yellow,
and 2.82 km between purple and yellow. The specimens of U. amethystina cpDNA have a typical
quadripartite structure present in most land plants and have a similar organization and GC content to
other Utricularia [24,27].

Among the three Utricularia amethystina morphotypes, we found an inversion between the petN
and psbM genes in U. amethystina yellow, representing the first known gene inversion in LSC region
identified in Lentibulariaceae chloroplast genomes. Indeed, the same inversion was detected in the
chloroplast genome of species of Cannabaceae [30], and microstructural short inversions of 10 bp were
also found in the petN-psbM region in Solanus species [31]. Some comparative cpDNA studies have
also identified structural mutations in monilophyte chloroplast genomes, including as many as six
inversions and some gene losses (e.g., in [32-34]).

In general, chloroplast deletions/losses are observed among Lentibulariaceae. Indeed, Utricularia
reniformis suffered a major SSC region retraction due to the losses of NAD(P)H-dehydrogenase (ndh)
complex genes [27]. In contrast, all other sequenced Utricularia cpDNAs have complete ndhs gene
complexes. These chlororespiratory genes are ndhA, B, C, D, E, F, G, H, I, ], and K, and encode
subunits of the NADH dehydrogenase complex in plant chloroplast genomes that play a role in plant
signaling in the photosynthesis reaction [35] and the reduction and oxidation of plastoquinones [36].
As U. reniformis is a terrestrial species, it has been proposed that possibly all terrestrial species of
Utricularia may lack members from the ndh genes complex [27,28]. However, U. amethystina is terrestrial,
and all three morphotypes retain all plastid ndhs complex genes. Therefore, our results now suggest that
the ndhs in terrestrial Utricularia were independently lost and regained, thus refuting the hypothesis
(at least for Utricularia) that terrestrial species have experienced the loss of ndhs genes.

Chloroplast repeats are important regions for replication and DNA stability [37]. Microsatellites
or SSRs are tandem repeats of 1-6 base pairs units long that can be used as genetic markers [38].
They are most commonly found in plants and due to genetic variation in the number of tandem
repeats units. Therefore, as they produce polymorphism detectable with PCR-based methods banding
pattern and genotyping, the SSRs are widely used in population genetics and evolutionary studies [39].
Utricularia amethystina has high amounts of mononucleotide repeats in the cpSSR, which is similar to
other angiosperms, such as Arabidopsis thaliana [40], and other Lentibulariaceae [24,25,27]. Previous
results for Utricularia indicated that most of SSR were found in coding regions for U. gibba, U. macrorhiza,
Genlisea margaretae, and Pinguicula ehlersiae. However, for U. reniformis, more cpSSR were found in
non-coding regions. In U. amethystina, long repeats have similar quantities between populations, and
as seen in other Utricularia, most of them are in coding regions [24,27], an uncommon fact for other
angiosperms chloroplast genomes (e.g., see [41]), which could indicate high rates of recombination and
rearrangement, as discussed in Silva et al. (2016) [27]. Although long repeats could be the cause for
gene rearrangements, we could not find repeats in flanking regions of the genes psbM and petN in
U. amethystina yellow. Therefore, this indicates that other evolutionary forces were involved with the
observed inversion of these genes in this species.

For some Utricularia, DNA barcoding approaches have been considered a difficult task to perform.
For instance, the DNA-barcoding markers, such as ITS, rbcL, and matK, could not discriminate all
Utricularia accessions at the species and population level due to their low level of polymorphism
(e.g., Utricularia sect. Utricularia in Astuti et al., 2019 [42]). Furthermore, rps16, trnL-F, and trnD-T
markers cannot discriminate U. amethystina populations [13]. Therefore, it is important to explore
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regions with high variability at inter- and intraspecies levels that represent potentially useful markers
for future studies. Using mVISTA results for the interspecific divergence analysis, it is noticeable that
the LSC and SSC regions are more variable than IR regions, corroborating with the results found for
identity analyses with Genlisea species [25] and other angiosperms [41]. The results showed highly
variable regions between the different species, mostly represented by intergenic spacers, such as
trnH-psbA, trnK-rps16, and rps16-trnQ, which could be used for interspecies identification.

It is previously proposed that populations from closely related environments should be less
divergent if they are of the same species. However, we observed high intraspecific chloroplast sequence
variability, although geographical sampling covered a restricted area. Among the regions with high
nucleotide diversity and intraspecific variations, there is the intergenic spacer, trnH-psbA, which is
already being used as DNA barcoding in many studies [43]. This study also revealed spots that can be
used for populations and phylogenetic analyses due to high variability, such as the genes trnH, psbA,
and intergenic regions, such as trnH-psbA, ycf3-trnS, and rps16-trnQ (see more in the Results section
and Supplementary Material S6). Nevertheless, the spots of diversity near the genes petN and psbM
should be avoided due to low primer annealing considering that the region could be inverted, as seen
in U. amethystina yellow.

The preparation of paired-end libraries was enriched for polyadenylated transcripts which causes
the instability of organelle transcripts, therefore there is probably underrepresentation of transcripts [44].
However, we were able to observe that almost all chloroplast protein-coding genes are expressed in all
sampled flower tissue of U. amethystina, except for ycf15, both rpl23 duplicated genes in U. amethystina
purple and yellow, and the atpF gene in U. amethystina purple (Supplementary Table S7).

The expression profile is similar between samples of the same morphotypes and even expression
profile clustering corresponds to the phylogenetic hypothesis proposed in this research. The rbcL gene
was one of the most highly expressed genes and encodes for one of the most abundant enzymes in
nature, the large subunit of ribulose-1-5-biphosphate carboxylase [45]. This protein is involved in fixing
CO; and photorespiration [46]. Moreover, high levels of gene expression were found in Photosystem I
(PSI) and II genes (PSII), such as psaA and psaB, and psbA, psbB, psbC, and psbD, these proteins are
involved in photosynthesis [47]. Studies of barley leaf activities showed that dark-grown plants were
deficient in PSI and PSII proteins [48]. Moreover, Klein et al. (1988) showed that the elongation of
translation in psaA, psaB, psbA, and rbcL are regulated by light [49,50]. Therefore, considering that
the corollas were collected during the day, our results are congruent with the hypothesis of a protein
exhibiting light-induced translation.

Interestingly, the petN and psbM genes are expressed in all Utricularia amethystina biological
samples, indicating that, the inversion observed in U. amethystina yellow did not affect the expression
of these genes.

RNA editing sites are common features of a plant chloroplast. These mutations usually occur from
C-to-U in mRNA molecules, and thus have an important role in the differential amino acid generation
that can lead to different proteins originated from the same gene [51]. RNA-Seg-based results showed
that there is a sum of eight editing sites for all U. amethystina morphotypes (Table 2).

The PREPACT3’s prediction showed that most nonsynonymous substitutions were characterized as
Alanine to Valine and Serine to Leucine. Both lead to protein variations (Table 2, Tables S8-510), whereas
amino acid changes from Alanine to Valine, Histidine to Tyrosine, Leucine to Phenylalanine, Proline to
Phenylalanine, Proline to Leucine, Proline to Serine, Arginine to Tryptophan, Threonine to Isoleucine,
and Threonine to Methionine result in no physicochemical properties changes in protein. In addition,
the Arginine to Cysteine, Serine to Leucine, and Serine to Phenylalanine mutations can modify protein
formation due to hydrophilic (Serine and Arginine) to hydrophobic (Leucine, Phenylalanine, and
Cysteine) molecule changes [52,53]. Moreover, PREPACTS3 has predicted that the genes rps2 and rpl32
can be edited from Glutamine into a Stop codon, and despite they could be polycistronic genes as in
other plants [54], these genes are still transcribed according to RNA-Seq data.

The presented evolutionary history, based on whole chloroplast DNA genomes, and reconstructed
by ML and Bl approaches supported the same relationship within the Lentibulariaceae when compared
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with one or few loci-loci analyses (Figure 8) [2,55]. These analyses and many other studies indicated
that Utricularia amethystina can be paraphyletic [13]. However, in this study, despite the differences in
the specimen, they are still a monophyletic taxon. This indicated that U. amethystina morphotypes have
a common ancestry, but the sampling of other species from sect. Foliosa (U. tricolor and U. tridentata) and
species from the close phylogenetically related sect. Psyllosperma would be necessary to shine this issue.

Our results support that the sampling based on three different morphotypes proved to be insufficient
to allow firm conclusions on the U. amethystina species separation, considering we sampled one individual
per morphotype. However, the scenario presented here based on chloroplast genomes suggests that
U. amethystina morphotypes may be different species as previous studies based on morphometric
approach [12] and phylogeny with few loci [13], but with more populations, have suggested.

Moreover, the comparative and functional analyses provided by this study bring new insights into
the Utricularia chloroplast genome architecture, in particular, the evolutionary history of ndh complex
genes and other important photosynthesis-related genes. Taken together, these results prove that we are
just in the beginning for the understanding of the evolution of chloroplast photosynthesis machinery in
the Lentibulariaceae.

4. Materials and Methods

4.1. Sampling and DNA Extraction

The three Utricularia amethystina morphotypes were collected from natural populations
geographically close to each other (~2.8 km between purple and white; 0.2 km between white and yellow;
and 2.82 km between purple and yellow). The samples were preserved in silica gel and stored at room
temperature. Vouchers were deposited at Universidade Estadual Paulista (UNESP) in the Herbarium
JABU (Table S1). The total genomic DNA was extracted from approximately 0.1 pg of flowers with
Qiagen DNeasy Plant Mini extraction kit (Qiagen, Hilden, Germany) following manufacturer’s protocol.
The quality and quantity of DNA were estimated with Nanodrop 2000 (Thermo Scientific, MA, USA)
and Qubit fluorometer (Life Technologies, CA, USA), respectively.

4.2. Organellar Genome Sequencing, Assembly and Annotation

Sequence libraries were quantified using Bioanalyzer 2100 (Agilent, CA, USA). The paired-end
libraries were prepared using Illumina library preparation manufacturer’s protocol, and genomic
DNA of 2 x 100 bp and insert size of ~200 bp was sequenced using Illumina MiSeq platform (Illumina,
San Diego, CA, USA)

The produced paired-end reads filtered for adapters, low-quality bases (Phred score Q > 24) and
size (length cutoff for 50 bp), and possible contaminants using Trimmomatic v. 0.38 [56]. The resulting
paired-end reads were mapped in the search for discarding mitochondria and nuclear reads with
Bowtie2 v.2.2.3 [57] using very sensitive local and -N 1 parameters and Utricularia spp. (NC_021449,
KY025562, and KT336489) chloroplasts as reference genomes. The resulting reads were assembled
using SPAdes v. 3.7.1 [58] and regions with assembly uncertainties were extended using iterative read
mapping performed using MITObim v.1.8 [59].

The organelles genomes were primarily annotated using DOGMA [60], cross checked with
GeSeq [61], and start and stop codons were adjusted manually for annotation refinements. The tRNAs
were annotated using tRNA-scan [62], implemented in DOGMA and Aragorn [63]. The rRNAs were
annotated using RNAmmer and BLASTn searches with available Utricularia cpDNA genomes. The cp
genome map was constructed using the Organellar Genome Draw program [64].

4.3. Repeats and SSR Analyses

To avoid redundant results, only one IR of each Utricularia amethystina cpDNA was used and direct,
forward, reverse, and palindromic repeats were identified using REPuter [65] with a minimal size of
30 pb and Hamming distance of 3. Simple sequence repeats (SSR) were detected using MISA-web [66]
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by setting the minimum number of repeats to 7, 4, 4, 3, 3, and 3, for mono-, di-, tri-, tetra-, penta-, and
hexanucleotides, respectively.

4.4. Phylogenetic Reconstruction

Sequence alignment for all published and available Lentibulariaceae cpDNA genomes (Species and
accession number, respectively: Utricularia foliosa, KY025562; U. gibba, KC997777; U. reniformis, KT336489;
U. macrorhiza, HG803177; Pinguicula ehlersiae, HG803178, Genlisea aurea, MF593121; G. violacea, MF593126;
G. tuberosa, NC_037082; G. filiformis, MF593122; G. pygmaea, MF593123; G. repens, MF593124; G. margaretae,
HG530134) were performed with online MAFFT v.7 [67] with default parameters. The phylogenetic
tree reconstruction was performed using the Bayesian inference (BI) and maximum likelihood (ML)
approaches under the best-of-fit model GTR+G+1, in accordance with Akaike Information Criterion
(AIC), assessed by Mr.ModelTest v.2.4 [68]. For BI, set for the substitution model accordingly, we
employed Mr.Bayes v.3.2.6 software with 5 x 107 generations sampled for each 1000 generations using
two runs and four chains, until the average standard deviation of split frequencies became less than
0.01, beginning with random trees. The initial trees were discarded after reaching stationary (~25%).
For ML we used the software RAXML v.8.2.10 [69] with 1000 bootstrap pseudoreplicates. The analyses
were performed using implementations within CIPRES Science Gateway v.3.3 (https://www.phylo.org/)
and cladograms were edited using TreeGraph v.2.15 beta [70]. The species Tectona grandis (NC020098),
Sesamum indicum (NC016433), and Tanaecium tetragonolobum (NC027955) were used as outgroup.

4.5. Intraspecific Polymorphism Analyses

For polymorphism analyses, the Utricularia amethystina chloroplasts were aligned using MAFFT
v.7, with default parameters. Based on the cpDNA multiple alignments, polymorphism analysis was
conducted for coding genes, introns, and intergenic spacers. The nucleotide diversity was calculated
using Tassel v.5.2.54 [71] with a sliding window of 500 bp length.

4.6. Interspecific Comparison

Using the Utricularia amethystina purple as a reference and previously published Utricularia
(Utricularia foliosa, KY025562; U. gibba, KC997777; U. reniformis, KT336489; U. macrorhiza, HG80317), the
identity of cpDNA was assessed using mVISTA online software (http://genome.lbl.gov/vista/mvista/
submit.shtml) with Shuffle-LAGAN Mode.

4.7. RNA Extraction, Sequencing and RNA Editing Site Analyses

The corollas of Utricularia amethystina were stored in RNAlater® (Thermo Fisher Scientific, MA,
USA) from each analyzed population and were used as plant tissues for RNA-Seq. The corollas
(~5 per specimen) were pooled in three replicates for U. amethystina white and purple and two for
U. amethystina yellow, and total RNA was extracted using PureLink RNA MiniKit (Thermo Fisher
Scientific, MA, USA), according to manufacturer’s protocol. The extracted RNA was analyzed with
Agilent 2100 Bioanalyzer and Qubit 2.0 Fluorometer for quality and quantity assessment, and only
samples with RNA Integrity Number (RIN) > 7.0 were used for the sequencing.

The eight libraries (3 libraries for each U. amethystina purple and white and 2 for U. amethystina
yellow) were constructed following the TruSeq Stranded mRNA LS Protocol sample preparation
protocol. The paired-end (2 x 100 pb) sequencing was performed in one lane on an Illumina platform
(HiSeq 2500) following supplier-provided protocols (Illumina, San Diego, CA, USA).

The raw sequencing data, was preprocessing with high stringency using the following steps. (1)
For the 3’ end, the adapter and low-quality reads were removed using Scythe (https://github.com/
vsbuffalo/scythe; default parameters, except for -n 5 and -M 15); (2) for the 5" end, the removal of
adapter and low quality reads were performed with Cutadapt [72]; default parameters, except for
—overlap 5; -minimum-length = 15; —times = 2); (3) to filter reads with more than 30% of unknown base
(Ns), polyA/T tails we used the software Prinseq [73].
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Filtered RNA-seq reads were mapped against the assembled chloroplast genome using STAR
version 2.7.2a [74], using default parameters except for adjusted parameters to perform an end-to-end
mapping, diminish multiple mapping of the same reads, minimum and maximum size of introns
and the number of allowed mismatches (-outFilterMultiMapMax = 3; —outFilterMismatchNmax =
2; —outFilterMismatchNoverLmax = 0.1; —outSJfilterReads = Unique; —alignEndsType = EndtoEnd;
—alignIntronMin = 70; —alignIntronMax = 2500). To estimate differential transcripts abundance between
biological replicates, normalized count data was obtained using relative log expression (RLE) method
in DESeq2 version 3.9 [75] and results were showed following with log2(norm. counts+1). The
rps12 is a duplicated trans-spliced gene, therefore it was analyzed in three parts and “_2” and “_3"
represent the duplicated regions. The putative RNA edit sites were predicted following PREPACT3
software [76] with BlastX searches (using default parameters) against the Nicotiana tabacum, as reference.
The prediction results were compared with the results obtained with an in-house script that counts
the number of editing sites according to the previous STAR mapped reads, except for the number
of mapped reads, which was set to 1 (only uniquely mapped reads). All of the sites were inspected
for C to U nucleotide substitutions by a custom Perl script, with the use of the following parameters;
presence in at least two of the biological replicates, editing set with a minimum coverage of 10x.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6130/s1.
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Abstract: Macrosolen plants are parasitic shrubs, several of which are important medicinal plants,
that are used as folk medicine in some provinces of China. However, reports on Macrosolen are
limited. In this study, the complete chloroplast genome sequences of Macrosolen cochinchinensis,
Macrosolen tricolor and Macrosolen bibracteolatus are reported. The chloroplast genomes were sequenced
by Illumina HiSeq X. The length of the chloroplast genomes ranged from 129,570 bp (M. cochinchinensis)
to 126,621 bp (M. tricolor), with a total of 113 genes, including 35 tRNA, eight rRNA, 68 protein-coding
genes, and two pseudogenes (ycfl and rpl2). The simple sequence repeats are mainly comprised of
A/T mononucleotide repeats. Comparative genome analyses of the three species detected the most
divergent regions in the non-coding spacers. Phylogenetic analyses using maximum parsimony and
maximum likelihood strongly supported the idea that Loranthaceae and Viscaceae are monophyletic
clades. The data obtained in this study are beneficial for further investigations of Macrosolen in respect
to evolution and molecular identification.

Keywords: Macrosolen; Macrosolen cochinchinensis; Macrosolen tricolor; Macrosolen bibracteolatus;
Santalales; gene loss; chloroplast genome; phylogenetic relationship

1. Introduction

The traits of trophic specialization in all parasitic plants are described as “parasitic reduction
syndrome”. At the genetic level, parasitic reduction syndrome includes the functional and physical
reduction of heterotrophs’ plastid genomes, where rampant gene loss and an acceleration of molecular
evolutionary rates occur [1,2]. Considering the partial or complete absence of their photosynthetic
capacity, parasitic plants have to absorb organic nutrients, inorganic nutrients, and water from their
hosts [3]. Most parasitic plants are included in the order Santalales and the families Orobanchaceae
and Orchidaceae [2]. The first complete chloroplast genome of a parasitic plant was obtained from
Epifagus virginiana, and all of its photosynthesis and energy producing genes have been lost [4].
Petersen et al. reported the complete plastome sequences of one species of Osyris and three species
of Viscum. These researchers found that these four species have experienced rearrangements, and a
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number of protein-coding genes and two tRNA genes have been pseudogenised or completely lost [5].
The complete chloroplast genome of Schoepfia jasminodora has been reported; S. jasminodora represents
the early stages of chloroplast genome degradation along with its transition to heterotrophy in related
taxa [6]. Li et al. determined the complete chloroplast genome sequences of Taxillus chinensis and
Taxillus sutchuenensis. The results showed that all ndh genes, three ribosomal protein genes, seven
tRNA genes, four ycf genes, and the infA gene of these two species have been lost [7]. Previous
studies have reported that Rafflesia lagascae only contains small fragments of plastid sequences at
low coverage depth, and they cannot recover any substantial portions of the chloroplast genome [8].
In the parasitic family Orobanchaceae, the complete chloroplast genomes of some species, including
Cistanche deserticola [9], Aureolaria virginica, Lindenbergia philippensis [10], and Lathraea squamaria [11],
have been reported. These chloroplast genomes have shown physical and functional gene loss or
pseudogenization. The Balanophora plastid genomes of Balanophora laxiflora and Balanophora reflexa [12],
at 15.5 kb in size with only 19 genes, are the most reduced plastomes reported thus far, except for the
11.3 and 15.2 kb genomes of two holoparasitic species of Pilostyles [13] and the 12.8 kb genome of the
myco-heterotroph Sciaphila thaidanica [14]. Rhopalocnemis phalloides [15], which belongs to the family
Balanophoraceae, has also shown highly plastid genome reduction with 18.6 kb in length. In addition,
gene loss has also been found in myco-heterotrophs [16], where carbon is obtained from fungi, thus
forming mycorrhizal symbiosis with their roots. Photosynthesis-related genes are lost first, followed
by housekeeping genes, which eventually results in a highly reduced genome [17].

The chloroplast is an important organelle in plant cells, and it primarily carries out photosynthesis
and carbon fixation. The chloroplast genome is independent of nuclear genes, and the chloroplast
possesses its own independent transcription and transport system [18,19]. A typical chloroplast
genome of most angiosperms consists of four parts, namely a pair of inverted repeats (IRa and IRb),
a large single-copy (LSC) region and a small single-copy (SSC) region [20]. The chloroplast genome
sequences are highly conserved in gene order and content [21], and they are thus ideal research models
for the study of molecular markers [22,23], species identification [24-26], and species evolution [27].

Macrosolen plants are parasitic shrubs that belong to the family Loranthaceae. There are
approximately 40 species of Macrosolen, and most of them are distributed in Southern and Southeastern
Asia, whereas five species of Macrosolen are dispersed in China [28]. Macrosolen cochinchinensis,
Macrosolen tricolor, and Macrosolen bibracteolatus have been used as folk medicines in China for a long
time. M. cochinchinensis is used to clear heat and fire, remove blood stasis, and relieve pain. M. tricolor is
used to dissipate heat and relieve coughing. M. bibracteolatus is used to invigorate the liver and kidney,
expel wind, remove dampness, and strengthen tendons and bones [29-31]. These species exhibit
different medicinal effects. However, they have similar morphologies when they are not in fluorescence
(Figure 1), resulting in an extreme difficulty in their identification on the basis of morphological
features. The limited reports on Macrosolen hinder the related research and development. In this
study, we determined the complete chloroplast genome sequences of M. cochinchinensis, M. tricolor
and M. bibracteolatus. To reveal the phylogenetic positions of the three species and the evolution of
Macrosolen within Santalales, we conducted phylogenetic trees using the maximum parsimony (MP)
and maximum likelihood (ML) methods on the basis of common protein-coding genes from 16 species.
Our results can provide important genetic resources for the study of Macrosolen.
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Figure 1. Plant materials of three Macrosolen species. D Macrosolen cochinchinensis; @ Macrosolen tricolor;
and @ Macrosolen bibracteolatus.

2. Results

2.1. Complete Chloroplast Genomes of Three Macrosolen Species

The length of the three studied chloroplast genomes ranged from 129,570 bp (M. cochinchinensis) to
126,621 bp (M. tricolor) with a typical quadripartite structure consisting of a pair of IRs (24,703-25,445 bp)
separated by the LSC (70,692-73,052 bp) and the SSC (5320-5724 bp) regions (Figure 2). The three
chloroplast genomes were found to highly conserved in GC content, gene content and gene order
(Table 1 and Table S1). All three species comprised 113 genes, including 68 protein-coding genes, 35
tRNAs, eight IRNAs and two pseudogenes (rps12 and ycf2). A total of 17 genes were found to be
repeated genes, and 79 were found to be unique genes in the chloroplast genomes. Three genes (cIpP,
ycf3 and rps12) contained two introns, whereas 10 genes (atpF, rpoC1, rpl2, rpl16, petB, petD, trnA-UGC,
trnl-GAU, trnK-UUU and trnL-UAA) had only one intron (Table 2 and Table S2).

Table 1. Length of chloroplast genome of three Macrosolen species and their base composition.

Species M. cochinchinensis M. tricolor M. bibracteolatus
Accession No. MH161424 MH161425 MH161423
Genome size (bp) 129,570 126,621 127,169
LSC length (bp) 73,052 71,895 70,692
SSC length (bp) 5724 5320 5587
IRs length (bp) 25,397 24,703 25,445
GC content (%) 37.3 37.7 37.9
Number of genes 113 113 113
Number of protein-coding genes 68 68 68
Number of tRNAs 35 35 35
Number of rRNAs 8 8 8
Number of pseudogenes 2 2 2
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Figure 2. Gene map of the complete chloroplast genome of three Macrosolen species. Genes outside
the large ring circle are transcribed in a counter-clockwise direction, and genes inside the circle are
transcribed clockwise. The same color represents the same category of genes. Deep grey in the inner
circle represents GC content, and lighter grey represents A/T content.

Table 2. Gene list of chloroplast genome of three Macrosolen species.

No. Group of Genes Gene Names Number
1 Photosystem I psaA, psaB, psaC, psal, psa] 5
psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl,
2 Photosystem I1 psb], psbK, psbL, psbM, psbN, psbT, psbZ 15
3 Cytochrome b/f complex petA, petB *, petD *, petG, petL, petN 6
4 ATP synthase atpA, atpB, atpE, atpF *, atpH, atpl 6
5 NADH dehydrogenase - 0
6 RubisCO large subuni rbcL 1
7 RNA polymerase rpoA, rpoB, rpoC1 *, rpoC2 4
. . rps2, 1ps3, rpsd, rps7 (X2), rps8, rpsll, rps12
8 Ribosomal proteins (SSU) e (x2), rps14, rps18, rps19 12(2)
. . rpl2 * (X2), rpl14, rpl16 *, rpl20, rpl22, rpl23
9 Ribosomal proteins (LSU) (x2), rpl33, rpl36 10(2)
Proteins of unknown .
10 function ycfl(X2), ycf2(x2), ycf3 **, ycf4 6(2)
11 Transfer RNAs 35 tRNAs (4 contain an intron, 7 in the IRs) ~ 35(7)
12 Ribosomal RNAs rrm4.5 (X2), rrmb(x2), rrm16 (X2), rrn23 (x2)  8(4)
13 Other genes accD, clpP **, matK, ccsA, cemA 5

* One or two asterisks following genes indicate one or two contained introns, respectively. (x2) indicates that the
number of the repeat unit is two. The numbers in parenthesis at the line of ‘Number’ indicate the total number of
repeated genes.
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2.2. Codon Usage Analyses and RNA Editing Sites

Relative synonymous codon usage (RSCU) is the ratio between the use and expected frequencies
for a particular codon and a measure of nonuniform synonymous codon usage in coding sequences [32].
On the basis of the sequences of protein-coding genes, the codon usage frequency was estimated for
the chloroplast genome of the three Macrosolen species (Figure 3). All the protein-coding genes were
found to consist of 21,581, 21,598 and 21,520 codons in the chloroplast genomes of M. cochinchinensis,
M. tricolor and M. bibracteolatus, respectively (Table S3). Figure 3 shows that the RSCU value increased
with the increase in the quantity of codons which coded for a specific amino acid. Most of the amino
acid codons show preferences except for methionine and tryptophan. Potential RNA editing sites were
also predicted for 29 genes in the chloroplast genomes of the three species. A total of 39 RNA editing
sites were identified (Table S4). The amino acid conversion from serine (S) to leucine (L) occurred
most frequently, whereas that from proline (P) to serine (S) and from threonine (T) to methionine (M)
occurred the least.

m
3.00
2.00
Il l

Asp Leu lle Met Asn Val Phe Ser Pro Gin Lys Glu Thr Ala Tyr His Cys Tp Arg Gly Stop
CTA AGT AGA

Figure 3. Codon content of 20 amino acids and stop codons in all of the protein-coding genes of the
chloroplast genomes of three Macrosolen species.

RSCU Value
N
o
3

2.3. IR Constriction and Expansion

Figure 4 shows the comparison of the boundaries of the LSC/IR/SSC regions of three Macrosolen
species. The LSC/IR/SSC boundaries and gene contents in the chloroplast genomes of the three species
were found to be highly conserved, featuring the same sequence structure and differences in length.
In the three species, the rpl2 gene, which is a normal functional gene, crossed the LSC/IRa boundary,
but the rpl2 pseudogene with a length of 1268 bp formed in the IRb region. The SSC/IRb boundaries
of M. cochinchinensis, M. tricolor and M. bibracteolatus were found to be located in the complete ycfI
gene, and their ycfl pseudogenes with lengths of 2457, 2455 and 2448 bp, respectively, were found to
be produced in IRa.
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Figure 4. Comparison of the borders of the large single-copy (LSC), small single-copy (SSC), and
inverted repeats (IR) regions among the chloroplast genomes of three Macrosolen species. The number
above the gene features means the distance between the ends of genes and the borders sites. These
features are not to scale. ¥: pseudogenes.

2.4. Simple Sequence Repeats (SSRs) and Repeat Structure Analyses

A simple sequence repeat (SSR), which is also known as microsatellite DNA, is a tandem repeat
sequence consisting of one to six nucleotide repeat units [22]. SSRs are widely used as molecular
markers in species identification, population genetics, and phylogenetic investigations due to their
high polymorphism level [33,34]. A total of 238, 226 and 217 SSRs were identified in the chloroplast
genomes of M. cochinchinensis, M. tricolor and M. bibracteolatus, respectively (Table 3). Amongst all
SSRs, the numbers of mononucleotide repeats were the highest, with values detected at 169, 166
and 162 times in M. cochinchinensis, M. tricolor and M. bibracteolatus, respectively. Amongst these
mononucleotide repeats, A/T was found to be the most frequent SSR. In accordance with the number
of repeats, mononucleotide and dinucleotide SSRs exhibited a certain base preference that mainly
contained A/T units. Long repeat sequences should be >30 bp, and these repeats are mainly distributed
in the gene spacer and intron sequences. The result shows that M. cochinchinensis presented the
highest number, comprising six forward, seven palindromic, four reverse and one complement repeats
(Figure 5). Two types of M. tricolor, comprising six forward and nine palindromic repeats, were present.
M. bibracteolatus presented seven forward, six palindromic and two reverse repeats.

Table 3. Types and amounts of simple sequence repeats (SSRs) in the chloroplast genomes of three
Macrosolen species.

Amount Ratio (%)
SSR Type Repeat Unit

@ @ ® @ 9] ®
mono A/T 161 159 153 95.3 95.8 94.4
C/G 8 7 9 47 42 5.6

di AC/GT 5 4 4 9.6 8.5 9.3
AG/CT 13 14 13 25 29.8 30.2
AT/TA 34 29 26 64.4 61.7 60.5

tri AAT/ATT 4 4 0 66.7 66.7 0
ATC/ATG 2 2 2 333 333 100

tetra AAAG/CTTT 3 3 3 333 429 30

AATC/ATTG 1 1 0 11.1 14.3 0

ACAG/CTGT 1 1 1 11.1 14.3 10

AAAT/ATTT 3 1 3 333 14.3 30

AATG/ATTC 1 0 1 11.1 0 10

AGAT/ATCT 0 1 1 0 14.3 10

ACAT/ATGT 0 0 1 0 0 10

penta AATAT/ATATT 1 0 0 100 0 0

hexa ATATCC/ATATGG 1 0 0 100 0 0

@ M. cochinchinensis; @ M. tricolor; and @ M. bibracteolatus.
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Figure 5. Repeat sequences in the chloroplast genomes of three Macrosolen species. F, P, R, and C
indicate the repeat types F (forward), P (palindrome), R (reverse) and C (complement), respectively.
Repeats with different lengths are indicated in different colors.

2.5. Comparative Genomic Analyses

The complete chloroplast of the three chloroplast genomes were compared with that of
M. cochinchinensis as a reference using the mVISTA program. As shown in Figure 6, the ycfI and ccsA
genes were found to be the most mutant genes. Except for these genes, the other genes were found to be
highly conserved, and most of them showed similarities of >90%. The variations in the coding regions
were smaller than those in the noncoding regions. Amongst the three chloroplast genomes, the most
divergent regions were found to be localized in the intergenic spacers such as trnF-trnM. The rRNA
genes of the three species were highly conservative, and almost no variations were observed. The K
values (sequence divergence between species) were calculated, and the sliding windows of the K values
were constructed by the DnaSP [35] (Figure 7). Figure 7 shows that the sequence divergence between
M. tricolor and M. cochinchinensis was much higher than the other two K values. M. bibracteolatus and
M. tricolor showed a small divergence (K < 0.05). The LSC and SSC regions were more divergent than
IRs. Two mutational hotspots were found with high K values, and they were located at the LSC and
SSC regions. Combined with genes location and the mVISTA result, the two hotspots were found to be
trnF-trnM and ycfl.
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Figure 6. Sequence identity plot comparing the three chloroplast genomes with M. cochinchinensis as a
reference by using mVISTA. Grey arrows and thick black lines above the alignment indicate genes with
their orientation and the position of their IRs, respectively. A cut-off of 70% identity was used for the
plots, and the Y-scale represents the percent identity ranging from 50% to 100%.
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Figure 7. Sliding window analyses of the three whole chloroplast genomes. X-axis: position of a
window. Y-axis: sequence divergence between species of each window. K(a): K values between
M. bibracteolatus and M. tricolor; K(b): K values between M. bibracteolatus and M. cochinchinensis;
K(c): K values between M. tricolor and M. cochinchinensis.

2.6. Phylogenetic Analyses

To analyze the phylogenetic relationships of Macrosolen in Santalales, we constructed phylogenetic
trees using 58 common protein-coding genes of 16 species and matK genes of 15 species by the MP and
ML methods with a bootstrap of 1000 repetitions. The MP and ML trees were the same whether they
were constructed by either common protein-coding genes or matK genes (Figure 8). All nodes in all
the phylogenetic trees received a >50% bootstrap value. All four phylogenetic trees showed that the
three Macrosolen species are sister taxa with respect to S. jasminodora (Olacaceae). M. cochinchinensis,
M. tricolor and M. bibracteolatus were gathered into one branch with a well-supported bootstrap value
(100%). The three species within the genus Viscum grouped with Osyris alba (Santalaceae) and all
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Santalales species were clustered within a lineage distinct from the outgroup. As shown in Figure 8,
the trees constructed by common protein-coding genes also received a higher bootstrap value than the

trees constructed by the matK genes.

Taxillus chinensis Taxillus chinensis
Taxillus sutchuenensis Taxillus sutchuenensis
Taxillus thibetensis Taxillus thibetensis
Taxillus delavayi Loranthaceae Taxillus delavayi
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Figure 8. Phylogenetic trees constructed with the matK genes of 15 species by using the maximum
parsimony (MP) (A) and maximum likelihood (ML) (B) methods. Phylogenetic trees constructed with
58 common protein-coding genes of 16 species using the MP (C) and ML (D) methods. Numbers at
nodes are bootstrap values.

3. Discussion

Numerous variations occur in the chloroplast genomes of parasitic plants. However, only a small
number of plants within Santalales have been studied. In this study, the complete chloroplast genomes
of M. cochinchinensis, M. tricolor and M. bibracteolatus from Santalales were assembled, annotated
and analyzed. Compared with the chloroplast genomes of the model plant Nicotiana tabacum, all the
ndh genes of the chloroplast genomes were lost amongst the three species, and the infA gene, which
codes for a translation initiation factor, was also missing in these species. These cases were similar to
those of T. chinensis and T. sutchuenensis [7]. The rpl16 and ycf15 genes were lost in the three species,
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but they were still present in T. chinensis as pseudogenes (Figure 9). However, compared with the
results reported by Shin et al. [36], different gene contents of the chloroplast genome were observed in
M. cochinchinensis. These studies have shown that M. cochinchinensis contains the exon 1 fragment of
the ndhB gene and a fragment of the infA gene, whereas the rpl36 gene is completely lost. However, the
rpl36 gene is still present in the chloroplast genome according to our results. M. cochinchinensis has lost
the infA gene and all ndh genes. The number of tRNA genes also differed between the two studies.
We annotated 35 tRNA genes, but previous studies only obtained 30 tRNA genes. The evolution of
the chloroplast genome in parasitic plants, particularly nonphotosynthetic holoparasites, can lead to
significantly reconfigured plastomes [21]. The losses of ndh genes are associated with nutritional status
or extensive rearrangements of chloroplast structures [37], and they have occurred in the reported
chloroplast genomes of parasitic plants [7]. Our study also showed that ndh genes were lost in the
transformation from autotrophy to heterotrophy [38].

Genes M. cochinchinensis M. tricolor M. bibracteolatus T.chinensis O. alba S. jasminodora N. tabacum
infA

ndhA
ndhB
ndhC
ndhD
ndhE
ndhF
ndhG
ndhH
ndhl

ndhJ
ndhK
mpl16
mpl32

rps15

ps16
tmA-UGC
trnG-GCC
trnG-UCC
trnH-GUG
trnl-CAU
trnl-GAU
trnK-UUU
trnL-CAA
trnL-UAA
trnP-UGG
trnV-UAC

yeft
yef15

Figure 9. Comparison of the chloroplast genome gene content of six parasitic plants and one model
plant (Nicotiana tabacum). The common existing genes in the complete chloroplast genome of the seven
species are not listed. Red boxes indicate each gene present, and green boxes indicate that each gene is
considered as a pseudogene. The yellow boxes indicate an absent gene.

The Santalales order consists of a small number of autotrophic species and a large number
of parasitic species which are root or aerial (stem) parasites [39]. According to the Engler system,
Santalales consists of seven families. We downloaded five families belonging to Santalales, which
were available in the National Center for Biotechnology Information (NCBI) at that time, and two
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species as outgroups to analyze the phylogenetic relationships of Macrosolen in Santalales. The present
study showed that Loranthaceae is closely related to Olacaceae, whereas Viscaceae is closely related
to Santalaceae and Opiliaceae. These results are similar to those of previous studies [13,14]. All the
phylogenetic results strongly support that Loranthaceae and Viscaceae diverged independently from
each other.

As folk medicine in China, M. cochinchinensis, M. tricolor and M. bibracteolatus have been used to
treat diseases for a long time, and their dried stems and branches with leaves are used as medicinal
parts. However, Macrosolen species are similar in appearance, especially when they are processed
into medicinal slices, thereby causing difficulty in their identification. The identification of parasitic
medicinal materials has rarely been reported. Though phytochemical approaches have played an
important role in species identification [26], they are inadequate because they are limited to the
environment and harvest period. Molecular characterization has shown an improved specificity for
plants [23,26]. In our study, mutational hotspots such as the ycfI gene, the ccsA gene and the trnF-trnM
intergenic region are potential sites for identification of Macrosolen species.

4. Materials and Methods

4.1. Plant Materials

All the samples in this study were collected from the Guangxi Province of China. Fresh leaves of
M. cochinchinensis and M. tricolor were collected from Qinzhou city, and fresh leaves of M. bibracteolatus
were collected from Chongzuo city. The three samples were identified by Yonghua Li, who is from the
College of Pharmacy, Guangxi University of Traditional Chinese Medicine. The collected fresh leaves
were stored in a —80 °C refrigerator until use.

4.2. DNA Extraction, Sequencing and Assembly

All the methods in this article were based on the methods of Zhou et al. [40]. Total genomic DNA
was extracted from samples using the DNeasy Plant Mini Kit with a standard protocol (Qiagen Co.,
Hilden, Germany). The DNA was sequenced according to the manufacturer’s manual for the Illumina
Hiseq X. Approximately 6.2 Gb of raw data from M. cochinchinensis, 6.5 Gb of raw data from M. tricolor,
and 6.3 Gb of raw data from M. bibracteolatus were generated with 150 bp paired-end read lengths.
The software Trimmomatic (version 0.39, Institute for Biology, Aachen, German) [41] was used to filter
the low-quality reads of the raw data, and the Q value was defined as Sanger. Then, all the clean reads
were mapped to the database on the basis of their coverage and similarity. Burrows-Wheeler Aligner
(BWA-MEM, Wellcome Trust Sanger Institute, Wellcome Genome Campus, Cambridge, UK) was used
in chloroplast genome assembly to generate the bam files. The depth was calculated using Samtools
(Medical Population Genetics Program, Broad Institute, Cambridge, MA, USA) and plotted using
Rscript (with the smoothScatter function). The accuracy of the assembly of the four boundaries (S5C,
LSC and IR regions) of the chloroplast sequences was confirmed through PCR and Sanger sequencing
using the validated primers listed in Table S5. The assembled complete chloroplast genome sequence
of M. cochinchinensis, M. tricolor and M. bibracteolatus were submitted to the NCBI, and the accession
numbers were MH161424, MH161425 and MH161423, respectively. The raw data of three species
were submitted to the NCBI. The Bioproject ID of this study is PRINA587349. The SRA accession ID
of M. tricolor is SRR10442639, that of M. bibracteolatus is SRR10442640, and that of M. cochinchinensis
is SRR10442641.

4.3. Genome Comparison and Phylogenetic Analyses

The whole-genome alignment for the chloroplast genomes of three Macrosolen species were
performed and plotted using the mVISTA program (http://genome.lbl.gov/vista/mvista/submit.
shtml) [42]. Gene content comparison was analyzed by CPGAVAS2 (Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing,
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China) [43] and identified by manual correction. To determine the phylogenetic positions of
three Macrosolen species within Santalales, we analyzed the chloroplast genomes of 16 species,
encompassing 11 other taxa within this lineage, Viscum album (KT003925), V. coloratu (NC_035414),
V. crassula (KT070881), V. minimum (KJ512176), Osyris alba (KT070882), Schoepfia jasminodora (KX775962),
Champereia manillana (NC_034931), T. chinensis (KY996492), T. sutchuenensis (KY996493), T. delavayi
(MH161426), and T. thibetensis (MH161427). The chloroplast genomes of Panax ginseng (AY582139) and
N. tabacum (NC_001879) were used as outgroups.

4.4. Other Analyses

On the basis of the study of Zhou et al. [40], we analyzed the complete chloroplast genome of three
Macrosolen species, including genome structure analyses (genome length, gene content and GC content),
codon usage analyses, RNA editing site prediction, and repeat sequences analyses. The distribution of
codon usage was investigated using the CodonW software (University of Texas, Houston, TX, USA)
with the RSCU ratio [32]. Potential RNA editing sites were predicted using the Predictive RNA Editor
for Plants (PREP-Cp, Center for Plant Science Innovation, University of Nebraska-Lincoln, Lincoln,
NE, USA) suite online program [44] with a cutoff value of 0.8. Simple sequence repeats were detected
using the MISA software (Pgrc.ipk-gatersleben.de/misa/) [45]. Repeat sequences were identified by
REPuter (University of Bielefeld, Bielefeld, Germany) [46].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5812/s1.
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Abstract: In recent years, plant genetic engineering has advanced agriculture in terms of crop
improvement, stress and disease resistance, and pharmaceutical biosynthesis. Cells from land
plants and algae contain three organelles that harbor DNA: the nucleus, plastid, and mitochondria.
Although the most common approach for many plant species is the introduction of foreign DNA
into the nucleus (nuclear transformation) via Agrobacterium- or biolistics-mediated delivery of
transgenes, plastid transformation offers an alternative means for plant transformation. Since there
are many copies of the chloroplast genome in each cell, higher levels of protein accumulation can
often be achieved from transgenes inserted in the chloroplast genome compared to the nuclear
genome. Chloroplasts are therefore becoming attractive hosts for the introduction of new agronomic
traits, as well as for the biosynthesis of high-value pharmaceuticals, biomaterials and industrial
enzymes. This review provides a comprehensive historical and biological perspective on plastid
transformation, with a focus on current and emerging approaches such as the use of single-walled
carbon nanotubes (SWNTs) as DNA delivery vehicles, overexpressing morphogenic regulators to
enhance regeneration ability, applying genome editing techniques to accelerate double-stranded
break formation, and reconsidering protoplasts as a viable material for plastid genome engineering,
even in transformation-recalcitrant species.

Keywords: chloroplast; SWNTs; morphogenic regulators; CRISPR; protoplast regeneration

1. Introduction

The plastids of algae and land plants are semi-autonomous organelles with their own genomes,
complete with transcription and translation machinery [1] that arose from endosymbiosis between
a eukaryotic ancestor and a photosynthetic cyanobacterium [2]. The plastid genome is a circular double-
stranded DNA molecule that encodes 100-250 genes and is maternally inherited in angiosperms [3].
The size of chloroplast genomes varies between species, ranging from 107 kbp (Cathay silver fir,
Cathaya argyrophylla) to 218 kbp (Geranium, Pelargonium spp.). The plastid genome is present in
many copies inside the organelle and is protected from gene silencing pathways that typically lower
transgene expression, thereby allowing high levels of foreign protein to accumulate, achieving 5-40%
total soluble protein (TSP) [4] and up to 70% of total soluble protein in tobacco (Nicotiana tabacumn) [5-7].
An even higher protein yield (>75% TSP) was recently achieved in tobacco transplastomic plants
expressing a hyper-thermostable form of 3-glucosidase cloned from the hyperthermophilic bacterium
Pyrococcus furiosus [8]. Compared to nuclear transformation, plastid transformation has many advantages.
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First, the maternal inheritance of the chloroplast genome prevents genes from escaping through
pollen grains in most plants and thus reduces the spread of transgenes in the environment and
avoids issues with Genetically Modified Organisms (GMOs) [9]. Second, the multiple copies of the
plastid genome contained within the organelle results in the high expression of foreign genes and the
accumulation of the encoded proteins [10]. Third, since plastid transformation involves homologous
recombination (HR) of the transgene into a so-called neutral site, the method largely avoids gene
silencing caused by position effects [11]. Fourth, the chloroplast employs a prokaryotic gene expression
system and allows the easy and simultaneous expression of polycistronic genes [12]. Last, the stacking
of multiple transgenes can be performed in a single and highly efficient transformation event [13].
Plastid transformation is, therefore, gaining traction [14].

The main crop species used for plastid transformation are in the Solanaceae, including
tobacco, potato (Solanum tuberosum), tomato (S. lycopersicum), eggplant (S. melongena), and pepper
(Capsicum annuum). Plastid transformation has also been reported in other important crop
species, including soybean (Glycine max, Fabaceae), lettuce (Lactuca sativa, Asteraceae), cauliflower
(Brassica oleracea var. botrytis, Brassicaceae), cotton (Gossypium spp., Malvaceae), carrot (Daucus carota,
Umbelliferae), bitter squash (Momordica charantia, Cucurbitaceae) and rice (Oryza sativa, Poaceae)
(Table 1). To date, the plastids of over 20 flowering plants have been transformed [15] (Table 1).
In addition to the crops mentioned above, recent successes in plastid transformation have been reported
in the plant species bitter melon [16], and the medicinal plant sweet wormwood (Artemisia annua) [17]
and licorice weed (Scoparia dulcis) [18,19] (Table 1).

Table 1. Species in which plastid transformation has been demonstrated.

Selection

Family Scientific Name Common Name M Resistance Method Reference
arker
Chl Chlamydomonas 1 T
amydomonadaceae . " Chlamydomonas aphA6 Kan Biolistic [20]
reindhartii
Euglenaceae Euglena gracilis Euglena andA Spec 2/Strep > Biolistic [21]
Funariaceae Physcomitrella patens moss aadA Spec PEG* [22]
Asteraceae Lactuca sativa lettuce aadA Spec Biolistic [23]
Amaranthaceae Beta vulgaris sugarbeet aadA Spec Biolistic [24]
Asteraceae Artemisia annua sweet wormwood aadA Spec Biolistic [17]
Brassicaceae Arabidopsis thaliana Arabidopsis aadA Spec Biolistic [25]
Brassicaceae Brassica capitate cabbage aadA Spec/Strep Biolistic [26]
Brassicaceae Brassica napus oilseed rape aadA Spec Biolistic [27]
Brassicaceae Brassica OIE".ICW var cauliflower aadA Spec PEG [28]
botrytis
Brassicaceae Lesquerella fendleri popweed aadA/GFP Spec/Strep Biolistic [29]
Cucurbitaceae Momordica charantia bitter squash aadA Spec Biolistic [16]
Fabaceae Glycine max soybean aadA Spec Biolistic [30]
Malvaceae Gossypium spp. cotton aphAé/nptIl KNO;/Kan Biolistic [31]
Poaceae Oryza sativa rice hpt Hygromycin Biolistic [32]
Salicaceae Populus alba poplar aadA Spec Biolistic [33]
Scrophulariaceae Scoparia dulcis licorice weed aadA Spec Biolistic [19]
Solanaceae Capsicum annuum pepper aadA Spec Biolistic [34]
Solanaceae Nicotiana tabacum tobacco aadA Spec Biolistic 8]
Solanaceae Solanum lycopersicum tomato aadA Spec Biolistic [35]
Solanaceae Scoparia melongena eggplant aadA Spec Biolistic [36]
Solanaceae Solanum tuberosum potato aadA Spec/Strep Biolistic [37]
Solanaceae Petunia xhybrida petunia aadA Spec/Strep Biolistic [38]
Umbelliferae Daucus carota carrot aadA Spec Biolistic [39]

! Kanamycin; 2 Spectinomycin; 3 Streptomycin; * PEG-mediated transformations.

Based on these successful cases, plastid transformation should be applicable to many plant
families, whether they are monocots or dicots. However, plastid transformation remains much more
challenging than nuclear transformation and is not as widespread in plant research. Furthermore,
Bock [7] raised the issue of reproducibility of plastid transformation, as the plastids of fewer than ten
species have been demonstrably transformed in at least two independent reports since 1988, the year
the first example of plastid transformation was published in the unicellular green alga Chlamydomonas
(Chlamydomonas reinhardtii) [7,40]. Major critical points limiting current plastid transformation attempts
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are 1) the method of DNA delivery, 2) homologous recombination efficiency and 3) methods for efficient
selection and robust regeneration of transformants. In this review, we will address each of these issues
and will highlight recent innovative technologies and strategies in plastid transformation. We hope
to give readers a new perspective on the potential of plastid transformation with concrete examples,
setting the stage for plastid transformation in more plant species in the future.

2. How to Transform a Chloroplast in Three Steps

Plastid transformation can be divided into three steps: first, foreign DNA is delivered to cells
of an explant [41]. Second, the foreign DNA is inserted into the chloroplast genome through
homologous recombination at a predetermined and precise location. Third, candidate transformants
are repeatedly screened on selection medium until the wild-type genome is eliminated (a state known
as homoplasmy) [9]. Positive explants are then regenerated into stable transgenic plants.

2.1. Robust Methods for DNA Delivery into the Chloroplast

The two most common methods for introducing foreign DNA into chloroplasts are biolistic
transformation [9] and polyethylene glycol (PEG)-mediated transfection [42]. Biolistics delivers
particles coated with DNA into plant cells by high-speed bombardment through a gene gun or a
particle delivery system. This method can be applied to various plants by adjusting bombardment
parameters such as distance to the target tissue, chamber vacuum pressure, particle size and DNA:
particle ratios, to accommodate variations in leaf texture. The PEG-mediated plastid transformation
method works on plant cells from which the cell wall has been removed (protoplasts). The co-culture
of protoplasts in the presence of PEG vesicles loaded with plasmid DNA allows DNA uptake by
protoplasts, leading to the integration of foreign DNA into the plastid genome [42]. Although the
PEG method requires the enzymatic digestion of tissues to release protoplasts, it is a more economical
procedure because it does not rely on a specialized and expensive delivery system.

A new strategy for plastid transformation via nanoparticles was recently introduced [43].
This method allows DNA to be delivered to chloroplasts simply through single-walled carbon nanotubes
(SWNTs) without the need for additional instruments or protoplast isolation, or the aid of chemical
reagents. Nanocarriers for transformation consisted of chitosan-complexed single-walled carbon
nanotubes (CS-SWNTs). These nanotubes are positively charged and can, therefore, carry negatively
charged plasmid DNA via electrostatic interactions; the resulting DNA-SWNT conjugate may easily
enter leaf mesophyll cells by infiltration using a syringe from stomatal pores. Once the DNA-SWNT
conjugate passes through the leaf surface and enters the mesophyll, it will eventually be trafficked to
the chloroplast bilayers by way of lipid exchange envelope penetration [43].

The power of this delivery strategy lies in the fact that the DNA can be selectively released in
the chloroplast due to differences in pH within the cell. The acidic cytosol (around pH 5.5) leaves
the DNA tightly bound to chitosan; by contrast, the carriers tend to unload the DNA inside the
chloroplast due to its weakly alkaline environment (~pH 8.0). This preferential release accomplishes
the selective release of DNA at its intended target site. A similar strategy may also be applied to
protoplasts by effectively replacing PEG with nanotubes [43]. Indeed, DNA alone does not have the
ability to penetrate plant cells in the absence of the SWNT carrier, as demonstrated with protoplasts
co-cultured with DNA only. Notably, the efficiency of DNA entrance depends on the zeta potential
and hydrodynamic radius of SWNTs rather than the concentration of plasmid DNA. Using a reporter
construct carrying the Yellow Fluorescent Protein gene (YFP), YFP fluorescence was detected after 24 hr
incubation of protoplasts with a DNA:SWNT mixture in a 1:6 ratio, and the YFP signal largely coincided
with chloroplasts. However, no fluorescence was detected when the DNA:SWNT ratio was increased
to 1:1. Excess DNA, bound to SWNTs, will neutralize their surface charge, which will not only reduce
the entry of DNA-SWNT conjugates but also increase their instability, resulting in a partial or complete
loss of membrane crossing [43].
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Using the same YFP reporter, the method was further tested on living plants, in the form here of
four-week old arugula (Eruca sativa) plants. The authors tested different DNA:SWNT ratios (1:1, 1:3
and 1:6); not surprisingly, based on the reasoning provided above, only ratios of 1:3 and 1:6 expressed
YFP. Transient YFP expression reached its peak 48 h after the initial infiltration. An impressive aspect
of the study was the low amounts of DNA (~20 ng) required for successful delivery and expression of
plasmid DNA to chloroplasts, far less than for PEG-mediated transformation (20-50 pg) or biolistics
(5 ng) [44-46].

This article demonstrated the delivery and expression of a transgene to chloroplasts in five different
plant species, including four mature living plants and isolated protoplasts, which indicates the potential
of this nanoparticle delivery method for widespread application [43]. Recently, another method by
Santana et al. used a chloroplast signal peptide as a guide to delivering nanomaterials loaded with
chemicals into Arabidopsis chloroplasts [47]. Tagged with a 14-amino acid guide peptide, the cargo
was sent to the translocons at the outer and inner membrane of chloroplasts (TOC/TIC) and was
transported into the chloroplast stroma. This, therefore, provides a targeted way to deliver materials
into plastids via a biorecognition motif [47]. In addition to biolistics and PEG-mediated delivery
methods, carbon nanotubes and biorecognition peptides now join the team of plastid transformation
tools and combine the advantages of low DNA amounts and high delivery accuracy.

However, all SWNT tests were based on transient expression using a single plasmid carrying
flanking regions from switchgrass (Panicum virgatum) [43]. Although the YFP signal indeed originated
from the chloroplast and thus demonstrated the trafficking function of SWNTs to the organelle,
homologous recombination within the chloroplast genome remains to be confirmed. In the case of the
signal peptide delivery technique [47], the chemical cargo was the subject of the test and not DNA.
Therefore, the ability and the efficiency of stable transformation through these two methods remain to
be determined.

2.2. Harnessing Homologous Recombination in Chloroplasts

Homologous recombination is a crucial step after DNA delivery into the chloroplast that determines
the subsequent success of the transformation. The frequency of HR events is highest when the foreign
DNA carries a sequence of at least 121 bp that is identical to the target integration site [48]. Careful
consideration should be given to the choice of promoter and regulatory elements (5" and 3’ untranslated
regions), as well as the insertion site in the plastid genome, to maximize transformation efficiency,
as shown in Table 2. The psbA promoter, from the plastid-encoded photosystem II protein D1 precursor,
was first used over 30 years ago in Chlamydomonas and still appears to be the best position in which
to insert a target gene, as the psbA gene product is the most highly translated plastid protein [49].
Boynton, Gillham, and colleagues first achieved plastid transformation of Chlamydomonas with this
plastid promoter in 1988 [40]; Svab, Hajukiewicz and Maliga followed, in 1990, with the first report
of plastid transformation in tobacco, although they used a different fragment of chloroplast DNA in
their target plasmid [50]. Plastid transformation has since been reported in many flowering plants,
such as tobacco [50-52], Arabidopsis [53,54], potato [55], rice [56], rapeseed [57], and tomato [58].
A protocol for plastid transformation of an elite rapeseed cultivar (B. napus L.) has been developed [27].
The highest protein yields were accomplished by using the 7rn promoter from the plastid rRNA operon,
as reported in several reviews [7,8,59,60].

Table 2. Promoters, untranslated regions, and insertion sites commonly used for plastid transformation.

Promoters 5’-UTRs 3’-UTRs Insertion Sites

psbA 89188 psbA trnl/trnA
rrm T7g10 rpsl6 rbcL/accD
rbcL rbcL rbcL trnfM-trnG
psbA petD trnV/rps12

atpB trnN-trnR

ycf3-trnS
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2.3. Selection Methods and Regeneration Protocols for Transplastomic Cells and Plants

Ideally, plant species commonly used for plastid transformation, such as tobacco, should have
a well-developed tissue culture system and high regeneration potential. It is therefore generally
considered that plastid transformation is confined to crops that fulfill these two criteria. Different
plant species, or even different cultivars from the same species, require specific tissue culture
conditions. Protocols for in vitro culture often take time to set up, including the optimization
of the growth temperature, humidity, the composition of the culture medium, to name a few variables.
Plastid transformation studies and their applications are thus still largely restricted to certain plant
species like rice, tobacco, and lettuce.

Although plant tissue culture conditions vary extensively, the selection procedure for screening
homoplasmic plants are quite similar and have not changed much over the past decades [60].
Several antibiotics have been used in plastid transformation [15,61]. For example, the expression of
Neomycin Phosphotransferase (nptIl) or Aminoglycoside 3'-Phosphotransferase (aphA6) confers resistance
to kanamycin [31,62], while the expression of Bialaphos Resistance (bar) provides resistance to the
herbicide glyphosate in transgenic plants. However, the gene Streptomycin 3'-Adenylyltransferase (aadA),
a spectinomycin and streptomycin resistance gene, remains the most commonly used marker for plastid
transformation [15,60]. Spectinomycin inhibits plastid protein translation by binding to chloroplast
ribosomes [63,64]. At least in Chlamydomonas and tobacco, mutations in the plastid ribosomal
subunit targeted by spectinomycin confer resistance to the antibiotic. In fact, the first report of plastid
transformation in tobacco used a plastid DNA fragment carrying such a mutation to demonstrate
transformation potential and act as a selectable marker at the same time [50].

Parker etal. reported that one spectinomycin tolerance strategy in Arabidopsis involves Acetyl-Coa
Carboxylase 2 (ACC2) [65,66]. Indeed, seedlings cannot develop beyond the cotyledon stage under
spectinomycin selection when they have a functional copy of the nuclear ACC2 gene, thereby limiting
selection efficiency in Arabidopsis plastid transformation. Based on these results, Yu et al. went on to
use an acc2 loss of function Arabidopsis mutant (SALK_148966C) to test the effectiveness of particle
bombardment with a plasmid encoding an aad A-GFP fusion [25]. Transformation efficiency increased
around 100-fold in the acc2 mutant background. Ruf et al. later used clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9-mediated genome editing to inactivate the ACC2 locus
and create a recipient line for plastid transformation. Transformants in this acc2 mutant background
grew to maturity and produced seeds, as the loss of ACC2 function is not accompanied by visible
growth phenotypes [67]. These reports may, therefore, open an avenue for routine engineering of the
plastid genome in Arabidopsis, and provide valuable information for plastid transformation in other,
more recalcitrant species.

3. Can Plastid Transformation Work in Crops? CRISPR-Cas, Morphogenic Regulators,
and Protoplast Regeneration Can Help

Although tobacco is an excellent species for plastid transformation, its leaves are not edible, so any
recombinant protein produced in the chloroplast needs to be purified before use. By contrast, plastid
transformation of vegetable and fruit plants would offer significant advantages for the production
of edible vaccines. Fruits are easier to store and transport relative to leafy vegetables like lettuce.
The establishment of plastid transformation in species that bear fruit suitable for human consumption
is a hot research topic.

For plastid transformation, the formation of double-strand DNA breaks (DSBs) in the chloroplast
genome is a critical factor for HR [56], which might be stimulated at the chosen editing site by the use of
the CRISPR nuclease Cas9 or transcription activator-like effector nucleases (TALENs). The CRISPR/Cas9
system allows for precise genome editing by guide RNAs (gRNAs) that direct the Cas9 nuclease to
a target site. To increase plastid transformation efficiency, Yoo et al. [68] applied genome editing in
Chlamydomonas chloroplasts by introducing two plasmids: one plasmid carried both a gRNA and
a Cas9 expression cassette, while the other plasmid bore the donor DNA fragment for integration

177



Int. . Mol. Sci. 2020, 21, 4854

at the DSB site created by the action of Cas9 and the gRNA. Both plasmids were transformed into
the alga by biolistics; cell lysates from individual transformants were screened by PCR 28 days after
bombardment. When Cas9/gRNA was placed under the control of the strong chloroplast psaA promoter,
two transformants out of 20 had the donor DNA at the intended integration site. By contrast, no HR
events were observed when Cas9/gRNA were expressed from the weaker plastid psbD promoter,
or when the first plasmid carried the gRNA but not Cas9. These results indicate that DNA breaks
indeed promote donor DNA integration. Although the CRISPR-Cas approach has not yet been applied
to plastid transformation in plants, a sequential transformation method was used to generate nuclear
HR transgenic lines in Arabidopsis [69]. Two transgenic lines expressing Cas9 were used as parental
lines for stable transformation with a second construct carrying the sgRNA and donor DNA. Using this
sequential transformation approach, transgenic plants with HR in the target site of the nuclear genome
were successfully identified [69]. Similarly, incorporating Cas9 and gRNAs into plastid transformation
protocols should accelerate DSB formation and raise the frequency of HR, as high expression of Cas9
would enhance the likelihood of HR in transgenic plants.

TALENSs constitute another potential strategy for site-specific gene modification and have been
widely used in algae and flowering plants to generate transformants with desired traits [70-72].
For example, Li et al. [73] co-bombarded a plasmid carrying a TALEN construct and a plasmid carrying
an HR DNA fragment in rice using biolistics. The transformation efficiency of the TALEN-assisted
group was twice as high as that of a group transformed only with the HR fragment-containing plasmid.
Together, these recent results provide a convincing foundation for the application of genome editing by
Cas9 or TALENS in plastid transformation.

Another limiting factor for any plastid transformation effort is the regeneration efficiency during
tissue culture. Harnessing growth-related genes to promote plant growth is not a new concept:
in fact, the idea of affecting plant morphogenesis to recover transformants can be traced back to the
1980s [74]. Previous studies have shown that overexpressing morphogenic genes can increase nuclear
transformation rates and enhance regeneration ability [75,76]. To date, several morphogenic genes
(Baby boom (BBM) and Wuschel2 (WUS2)) have been successfully used in nuclear transformation [76-78].
This strategy has not yet been applied to plastid transformation and is worth exploring as an approach
to support plastid transformation in more species, especially those plants that are recalcitrant to
transformation or are only marginally transformable.

Thanks to the advances in transformation technology, research facilities and purity of chemicals,
protoplasts might be an option worth (re)-considering for plants that are not amenable to transformation
by biolistics or when morphogenic regulators are ineffective. Protoplast regeneration was reported as
early as the 1970s [79]. Unfortunately, protoplast regeneration is perceived by many as being hard
to establish and labor-intensive and is always considered as a last resort, when it is even considered.
This impression might stem from the poor quality of chemicals and laboratory conditions in the
early days. With the development of more effective tissue culture protocols and the evolution of
laboratory facilities, protoplast regeneration may be established in any plant tissue culture laboratory
with minimal effort [44,80]. This technique, in fact, offers many advantages: there is no need for expensive
instruments and consumables cost is low. Protoplast transformation may even be considered as being
more efficient than other transformation techniques for flowering plants. Multiple rounds of particle
bombardment are typically required on hundreds of leaves to obtain transformants, while protoplasts
derived from only two leaves and transformed with PEG vesicles loaded with target DNA can produce
positive clones in a single experiment [42]. Numerous articles have reported success in PEG-mediated
protoplast transformation and regeneration [42,80-82]; some studies also demonstrated that protoplast
transformation supported the transformation of non-transformable plants and increased the expression
of a foreign (target) gene. In cauliflower, no transformants were obtained by biolistics, but DNA uptake
was achieved by protoplasts in the presence of PEG, although the transformation efficiency was not
high [82]. In potato, high activity levels were detected for a reporter carrying the beta-Glucuronidase
(GUS) gene transformed into protoplasts using the PEG method. By contrast, transgenic plants
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obtained by biolistics showed variable GUS activity levels, and truncated RNA species were detected
in plants with low GUS activity [81]. This phenomenon of transgene silencing in lines generated by
biolistics is frequently reported, in contrast to Agrobacterium- or PEG-mediated transformation in rice
and barley [83,84].

To date, our laboratory has successfully transformed protoplasts with the PEG-mediated method
and regenerated whole plants for tobacco and N. benthamiana, tomato, wild tomato (S. peruvianum),
rapid-cycling Brassica and Arabidopsis. Taking tobacco as an example, it only took our laboratory about
two years to establish the entire procedure, from protoplast isolation and CRISPR/Cas9 transformation
by PEG-mediated transfection to protoplast regeneration [80]; by no means a short time frame,
but definitely manageable and attainable. With the incorporation of the latest tools such as SWNTs
delivery or morphogenic regulators, we believe that our platform can attain a wider application by
reaching more crops or when applied to plastid transformation.

4. What Needs Can Plastid Transformation Fill?

Plastid transformation was developed over three decades ago, and numerous transplastomic
algae and flowering plants have been created successfully. What can these transplastomic plants do?
Here, we review the plastid transformation literature to give our readers an understanding of the
potential applications.

Engineering chloroplasts with desired agronomic traits has garnered interest in recent years.
For instance, expressing a bacterial 4-Hydroxyphenylpyruvate Dioxygenase (HPPD) gene in tobacco
or soybean chloroplasts conferred enhanced herbicide resistance [30], while expression of Betaine
Aldehyde Dehydrogenase (BADH) in carrot chloroplasts provided strong salt tolerance [39]. As mentioned
earlier, tobacco remains by far the most suitable species for plastid transformation, although the
technique has also been successfully applied to other species such as tomato [85,86], potato [37],
maize [87], sugar beet [24], cotton [31] and wheat [88]. For example, the simultaneous expression of
protease inhibitors and chitinase in transplastomic tobacco plants conferred resistance to multiple
biotic and abiotic stresses [89]. Multiple economic and agronomic traits of interest have been
engineered into chloroplasts, including resistance to cold, drought, insects or herbicides as well as
salt tolerance [30,90-92]. Herbicide resistance is perhaps one of the most notable traits in plastid
transformation. Plants resistant to the herbicide glyphosate (commercialized as Roundup) were
generated by introducing the 5-Enolpyruvylshikimate-3-Phosphate Synthase (EPSPS) gene into the tobacco
plastid genome, which encodes an enzyme that detoxifies glyphosate [4]. Agronomic characters
obtained by the engineering of the chloroplast genome are listed in Table 3; most transformations relied
on biolistics, although these largely predate the publication of the SWNTs tool, which may provide a
new opportunity for scientists thanks to its low cost and ease of use.

Table 3. Agronomic traits engineered into crops by plastid transformation.

Integration Regulatory Sequence
Site Promoter/Terminator

Efficiency of

7 Enhanced Trait(s) References
Expression

Transgene

Photosynthesis and biomass
rbcLfaccD PrrnfrbcL 3 panD >4-fold p-alanine production in response to high [90]
temperature stress
>150-fold RbcS

trnl/trnA T7g10 or PpsbA RbcS transcript Photosynthetic performance [93]
tralftrnA PpsbA/TpsbA AQP1, TicAQP1 16-fold transcript Photosynthetic performance [94]
trnV/orf708 PpsbA/TpsbA bicA ~0.1% TLP Photosynthetic performance [95]
700% leaf starch
trnV/rps12 Prrn/T7¢10/Trps16 Trx f, Trx m increased Carbohydrate/starch content [96]
tral/trnA PpsbA/TpsbA bgl-1 >160-fold enzyme Resistance to whitefly and aphids [971
, >169-fold
trnl/trnA Prrn/ggagg/psbA 3 tps1 transcript Drought tolerance [98]
trnlftrnA PpsbA[T7g10/Trps16 badh 93-101 umol/g DW  Salt tolerance (up to 400 mM NaCl) [39]
rbeLjaccD PpsbA/rbcL 3 hppd 5% TSP Resistance to herbicide [30]
rbel JaccD Prin/TpsbA EPSPS NR Resistance to the herbicide [99]

glyphosate (>5 mM)
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Table 3. Cont.

Integ.r ation Regulatory Seq.u ence Transgene Efﬁuenc.y of Enhanced Trait(s) References
Site Promoter/Terminator Expression
Resistance to the herbicide
o
rps7,12/trnV Prrn/T7¢10/Trps16 EPSPS >10% TSP glyphosate [92]
tnV/rps12,7 Pren/TrbeL bar >79% in TSCP Resistance to the herbicide [100]
phosphinothricin
Lycopene
3 ) p-cyclase, Herbicide resistance and carotenoid
trnfM/trnG Patpl/Trps16 Phytoene NR biosynthesis [85]
synthase
trnljtrnA PrenT7g10/Trps16 mt1 NR Phytoremediation capability on [101]
¢ mercury accumulation
3 Phytoremediation capability on
trnl/trnA Prrn/ggagg/TpsbA merA, merB NR mercury accumulation [102]
32-38% TSP; Resistance to viral and bacterial
trulftrnA PpsbA/TpsbA RC101, PG1 17-26% TSP infections [103]
trulftrnA Prrn/TpsbA Bt-cry2Aa2 45.3% TSP Insecticidal protein content [104]
trulftrnA Prrn/T7¢10/Trps16 MSI-99 89.75 ug/g FW Resistance to rice blast fungus [105]
) Resistance to caterpillar (Anticarsia
trnV/rps12,7 Prrn/T7g10/TrbcL crylAb NR gemmatalis) [106]
o Resistance to potato tuber moth
trnl/trnA TrbcL Bt-cry9Aa2 10% of TSP (Phthorimaca operculella) [107]
Resistance to moth (Heliothis
rbcL/accD Prrn/TpsbA cry2Aa2 2-3% TSP virescens, Helicoverpa zea, and [108]
Spodoptera exigua)
-1 S .
rbelaceD PpsbA/SD/Trspl6 TC, y-TMT 3.05 nmolh_ mg Vitamin E content in tobacco and [109]
protein lettuce
HPT, TCY, Vitamin E content in fruit;
trnfMftrnG Pren/TrbeL T™MT NR cold-stress tolerance 1331
sporamin. = Resistance to phytopathogens and
trulftrnA Prrn/TpsbA CeCPl, chitinase 0.85-1% TSP insects [89]
Resistance to fungal infection
trnl/trnA PpsbA/TpsbA cpo 15-fold increased (Fusarium verticillioides, Verticillium [110]
dahliae and Alternaria alternata)
g o «-tocopherol content to regulate
trnl/trnA Prn/T7¢10/TpsbA y-TMT 7.7% TLP abiotic stress resistance [91]
tral/trnA PpsbA/TpsbA PelB, PelD 242 ]{]J//ﬂgg’ 231 Resistance to Erwinia soft rot [111]
Resistance to aphid, whitefly,
trnl/trnA PpsbA/TpsbA pta 5.16-9.27% TSP Lepidopteran insects, and bacterial [112]
and viral pathogens
trnljtrnA PpsbA/TpsbA pha 14.71 U/mg plant Capaclty.ff)r cyto_plasn.uc male [13]
protein sterility engineering

DW: dry weight; FW: fresh weight; NR: not recorded; SD: Shine-Dalgarno sequence; TLP: total leaf protein; TSCP:
total soluble cellular protein; TSP: total soluble protein.

4.1. Antigen Vaccines and Protein-based Drugs

Globally, the number of individuals suffering from diabetes is expected to rise from 170 million in
2000 to a projected 366 million by 2030 [114]. More than 90% of the global population cannot afford the
cost of insulin [3,115]. Protein-based drugs such as insulin are expensive because they are produced in
yeast fermentation systems and later kept in cold storage, but the final pure product still has a short
shelf-life [116]. However, protein-based drugs produced in transplastomic plants may solve many of
the associated issues without raising costs or compromising drug efficacy [3]. Many vaccine antigens
and biopharmaceuticals have been successfully produced from the chloroplasts of flowering plants.

The induction of insulin production in human subjects is an attractive alternative to daily
insulin injections. Exendin-4 (EX4), an analog of the peptide hormone Glucagon-like peptide,
was expressed in tobacco chloroplasts, fused to the Cholera toxin B (CTB) subunit to facilitate delivery
by crossing the intestinal epithelium. Lyophilized tobacco leaf extracts increased insulin production
levels in mice without inducing hypoglycemia, even when a 5000-fold excess dose of CTB-EX4
was delivered orally [117]. In addition, the accumulation of human interferon-gamma in tobacco
chloroplasts reached 0.42% of total soluble protein [118]. Unlike microorganisms, plant chloroplasts
can perform post-translational modifications of protein-based drugs and promote their proper folding:
phosphorylation, amidation, and disulfide bond formation [119].
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Human papillomavirus (HPV) is a cause of cervical cancer, which kills over 250,000 women each
year. Protein E7 from HPV type 16 (HPV-16 E7) is an attractive anti-cancer vaccine antigen that has been
expressed in tobacco via plastid transformation or transient expression [120-122]. The plant-produced
proteins successfully induced an immune response and mediated tumor regression in the murine
model. Using the transient transfection system with Agrobacterium LBA4404 and the pBIN-NSs vector
containing the TSWV NSs silencing suppressor gene, the E7 protein fused with Zera®was expressed
only at levels ranging from 0.1-6 g/kg [121]. Via plastid transformation, E7 could reach 0.1% TSP in
transplastomic plants [122]. Notably, E7-potato virus X coat protein fusion proteins accumulated to
levels around five times higher than the unfused E7 [120,122].

Human coagulation factors made from plants have also been shown to improve immune tolerance
in hemophilia murine and canine models [23,123]. In addition, high-level expression of vaccine antigens
and therapeutic proteins has been achieved in plant chloroplasts (leaves and roots) or chromoplasts
(fruits) for antigens associated with the plague, tetanus, human immunodeficiency virus (HIV), cholera,
malaria, Alzheimer’s disease and hemophilia [123-130]. Table 4 provides a partial list of vaccine
antigens and drug proteins expressed in the chloroplast. Although high levels of protein expression are
desirable for chloroplast production of protein-based drugs, excessive expression of foreign proteins
may poison host plants. However, the chloroplast of the unicellular green alga Chlamydomonas largely
possesses the same machinery necessary for folding and assembling complex eukaryotic proteins,
as that of flowering plants and tolerates the accumulation of eukaryotic toxins [20]. Protein-based drugs
and vaccine antigens produced in Chlamydomonas chloroplasts are shown in Table 5 [20,131-137].

Table 4. Vaccine antigens and protein-based drugs produced by chloroplasts.

Trait Protein Being Expressed Expression Host Plant References

Insulin EX4 14.3% TSP tobacco [117]

- 1.79 mg/g DW in lettuce; lettuce; [123]
Hemophilia B FIX 3.8% TSP in tobacco tobacco [124]
- 852 ug/g DW in lettuce; lettuce; [23]
Hemophilia A FVIII 370 mg/g FW in tobacco tobacco [138]

) PMK, MVK, MDD, AACT, HMGS, HMGRt;
Malaria IPP, FPP, ADS, CYP71AV1, AACPR 0.1 mg/g FW tobacco [125]
HIV Pr55gag 78-% TSP tobacco [139]
HPV E7 3-8% TSP tobacco [120]
Human cytokine IFN«2b 3 mg/g FW tobacco [126]
Human cytokine IFN-y 6% TSP tobacco [140]
Human cytokine hCT-1 5% TSP tobacco [141]

7.3 % TSP in tobacco; tobacco;

Cholera AMAT 13.2 % TSP in lettuce lettuce (271
Tuberculosis Mtb72F and ESAT6 1.2-7.5% TSP tobacco [142]
Tuberculosis CFP10, ESTA6 and dIFN >0.035% TSP carrot [143]
Dengue virus EDIIT 0.8-1.6% TSP tobacco [144]

DW: dry weight; FW: fresh weight; NR: not recorded; TLP: total leaf protein; TSP: total soluble protein.

Table 5. Protein-based drugs produced in Chlamydomonas reinhardtii chloroplasts.

Therapeutic Protein Expression References
«CD22HCH23PE40, «CD22PE40 o
-Targets and kills B cell tumor 02-03% TSP (201
Tumor necrosis factor-related apop.tosmfmducmg ligand (TRAIL) 0.43-0.67% TSP [131]
-Leads to the apoptosis of cancer cells
GBSS-AMAT1, GBSS-MSP1 0.2-1.0 pg/mg [132]
-Anti-malarial Starch -
Human glutamic acid decarboxylase (hGAD65) o
-For the treatment of Type I diabetes 0.25-0.3% TSP (1331
Protein VP1 of Foot-and-mouth dls.ease virus (FMDV-VP1) 39 TSP [134]
-Mucosal vaccine
Bovine mammary-assoc_lat.ed serum amyloid (M-SAA) 3-5% TSP [135]
-Mucin induction
Protein E2 of classical swine fevler virus (CSFV-E2) 1.5-2% TSP [136]
-Prevents classical swine fever
Protein VP2 of Infectious burial disease virus (IBDV-VP2) 0.8-4% TCP [137]

-Prevents IBDV infection

DW: dry weight; FW: fresh weight; NR: not recorded; TCP: total cellular protein; TSP: total soluble protein.
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4.2. Industrial Enzymes and Biomaterials

The chloroplast genome has been repeatedly engineered to produce industrial enzymes and
biomaterials. Polyhydroxyalkanoates (PHAs) are a large class of biodegradable polyesters biopolymers
naturally synthesized by many microorganisms that can be used as an alternative to petroleum-based
plastics [137]. The first described and most well-studied PHA is polyhydroxybutyrate (PHB). Various
systems have been adapted for the production of PHB, including microbial cells and various plant
tissues. To date, however, the highest level of PHB accumulation was achieved in tobacco plastids,
with levels of 18.8% of dry weight (DW). The tobacco system was based on an operon extension strategy
to synthesize high PHB levels by introducing a bacterial operon, consisting of three genes encoding
enzymes necessary for PHB biosynthesis, into the tobacco chloroplast genome [145]. The high amounts
of PHB produced in this system stems from the high flux of the PHB biosynthetic precursor acetyl-CoA
released during fatty acid biosynthesis [146]. Typical examples of industrial enzymes and biomaterials
obtained through plastid transformation are given in Table 6 [8,97,145,147-151].

Table 6. Industrial enzymes and biomaterials obtained via chloroplast production in tobacco.

Products Gene(s) Expression References
B-Glucosidase bgl-1 444 U/g FW [97]
B-Glucosidase, Cellulases bgll, celA, celB 9.9-58.2 U/mg of TSP [147]
Cellulases, Xylanase endo, celB, xyn 0.38-75.6% TSP [8]
Cell wall-degrading enzyme bgl1C, cel6B, cel9A, xeg74 ~ 5-40% TSP [148]
-Mannanase manl 25 U/g FW [149]
Xylanase xynA, xynl0A, xynl1B 0.2-6% TSP [150]
p-Hydroxybenzoic acid ubic 25% DW [151]
Polyhydroxybutyrate PHB pathway genes 18.8% TSP [145]

DW: dry weight; FW: fresh weight; NR: not recorded; TCP: total cellular protein; TSP: total soluble protein.

4.3. Phytoremediation

Mercury (Hg), especially in its organic form, is a highly toxic pollutant that affects humans, animals,
and plants alike. At present, phytoremediation is a cost-effective method to remove heavy metals
from contaminated soils by using plants to clean up contaminated environments by taking up the
desired pollutant [152]. In plants, Hg mainly targets chloroplasts, where it impairs electron transport
and photosynthesis. Therefore, chloroplasts would be ideal sites in which to increase resistance to
organic and inorganic Hg and repair damage resulting from Hg exposure [153].

Transgenic tobacco plants with engineered chloroplasts exhibited enhanced uptake of inorganic
Hg, accumulating about 100-fold more than in untransformed plants [154]. An operon containing
the bacterial genes merA (mercuric ion reductase gene) and merB (organomercurial lyase gene),
expressed in tobacco chloroplasts, significantly improved plant tolerance to organic compounds [102].
Integrating the murine Metallothionein gene (MT1) into the tobacco chloroplast genome allowed high
Hg accumulation within tobacco cells. These transplastomic lines were resistant up to 20 uM Hg and
remained healthy with normal chlorophyll content and biomass [101]. Plastid transformation may also
increase tolerance to high concentrations of copper, and sustain higher growth rates [91].

4.4. Biofuels Production

At present, biofuels research mainly focuses on the production of liquid fuel using sugars
and lignocellulose from cassava (Manihot esculenta), sweet sorghum and other starchy or sugary
non-grain crops as raw materials. The most important step in biofuels production is the hydrolysis of
lignocellulose [155], with enzymatic digestion being the most efficient and environmentally friendly
method, although fungi or bacteria producing the necessary cellulase make the process less efficient and
more expensive. A chloroplast-based cellulolytic enzyme has been applied as an industrially pretreated
feedstock (Arundo donax) for biofuel production [8]. The high levels and compartmentalization of toxic
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proteins possible within chloroplasts can however protect transgenic plants from multidirectional
effects, turning the many chloroplasts within each cell into ideal bioreactors for industrial enzyme
production [156]. Enzymes from various fungi and bacteria have been successfully produced in plant
chloroplasts: for example, 3-glucosidase [8,157], 3-1,4-endoglucanase [158], cutinase, exoglucanase,
pectinase, xylanase, lipase and acetyl xylan esterase were expressed in tobacco chloroplasts to produce
fermentable sugars [111,159-162].

The enzymes derived from transplastomic plants have high activities for further applications.
The p-glucosidase BglC and the endoglucanase Cel6A from Thermobifida fusca were highly active
against synthetic test substrates when expressed in tobacco chloroplasts [157,163]. Treatment of cotton
fiber with chloroplast-derived cutinase resulted in enlarged segments and the irreversible unwinding of
intertwined inner fibers due to the expansion activity of cutinase. Transgenic plants accumulating cutinase
also exhibited esterase and lipase activities [164]. A cocktail of these enzymes efficiently promoted
sugar release from filter paper, pine wood and citrus peel [111]. The -1,4-endoglucanase EGPh
from the Archaeon P. horikoshiiwere, expressed in tobacco chloroplasts, can hydrolyze carboxymethyl
cellulose (CMC) equally well in dry and fresh leaves. Furthermore, the inactive form of EGPh in
mature leaves is easily removed by heat treatment [158]. The expression of endo-3-mannanase from
Trichoderma reesei reached 25 units per gram of leaf (fresh weight), and the activity of endo--mannanase
from chloroplast extracts was 67 fold higher than in Echerichia coli extracts, while also having higher
temperature stability (40 °C to 70 °C) and wider pH optimum (pH 3.0 to 7.0) [149]. These reports
provide convincing evidence that chloroplast-made enzymes have better temperature stability and a
wider pH optimum range than those made in other systems [8,111,162].

The contributions of different elements of plastid transformation vectors can be assessed by
comparing different efforts to produce the same protein. Xylanase is an important enzyme for
lignocellulosic biomass fermentation and sugar release that has been transgenically expressed in
tobacco. The xylanase genes used to date have been selected from different fungi or bacteria, expressed
using different promoters, and inserted to the different sites in the chloroplast genome (Table 7).
A comparison shows that the Prrn promoter drives the highest accumulation among these xyn
transplastomic tobacco plants, although the Prrn-driven xylanase still has variable accumulation
levels that might arise from the insertion site or source of the gene [8,111,150,161,165]. Kolotilin et al.
tested different expression cassettes with Prrn or psbA promoter to express xylanase in tobacco [150].
Using Prrn as the promoter did indeed generate the most transcript in tobacco leave; however, it caused
growth retardation in the transgenic plants, and ultimately produced similar protein accumulation
levels as the construct using psbA as the promoter. These results indicate that mRNA accumulation can
be too high in some cases and might even be lethal to the plant.

Another factor to consider is that different sources of genes will have dissimilar codon usage.
As the amount of foreign protein expressed in the chloroplast is related to both the promoter and its
codon usage preference, codon optimization of the gene of interest provides an alternative way to
increase protein expression [166].

Table 7. Xylanse produced by tobacco chloroplasts.

Gene Source Expression Level Promoter Insertion Site Reference
xyn Alicyclobacillus acidocaldarius 35.7% TSP Prrn rrn16/trnV-rps12/7 [8]
xynA Bacillus subtilis strain NG-27 6% TSP Prrn rbcL-accD [165]
xyn2 Trichoderma reesei 421 U/mg TSP Prrn trnl-trnA [111]
xyl10B Thermotoga maritima 13%TSP; 61.9 U/mg DW Prrn rbcL-accD [161]
xynA Clostridium cellulovorans 0.5% TSP llj?r;:h:r trnl-trnA [150]
xyn10A Aspergillus niger 0.2% TSP PpsbA trnl-trnA [150]
xynl1B Aspergillus niger 6% TSP PpsbA trnl-trnA [150]

DW: dry weight; TSP: total soluble protein.
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4.5. Everything Looks Great, Right?

There are still many challenges facing the widespread adoption of plastid transformation
technologies. These include: low transformation efficiency; lack of efficient screening methods
for homoplasmy in transgenic plants outside of tobacco, especially in important crops such as rice,
corn and other monocotyledonous plants, due to the lack of suitable selection markers and regulatory
elements [167]; lack of appropriate tissue-specific regulatory sequences [168]; degradation of foreign
proteins [169]; and foreign protein expression sometimes causing male sterility, yellow leaves and
stunting. Inducible systems such as the ethanol-induced T7 promoter system, IPTG-lac system,
and theophylline-inducible riboswitch system were developed because of the damage caused by
constitutive foreign protein expression in host plants, but even these systems suffer from drawbacks:
they are complex, toxic and costly. Although plastid transformation has been applied to various fields,
it will also be critical to raise awareness among the general public of the usefulness of marker-free
transplastomic plants.

5. Conclusions and Prospects

There is no doubt that plastid transformation has afforded a new direction for plant genetic
engineering and constitutes a research hotspot because of its many advantages over nuclear
transformation. Indeed, high transgene expression and engineering of polygenic traits are not amenable
to classical nuclear transformation. However, plastid transformation can meet human needs, it is
cost-effective, environmentally friendly, safe and efficient. It can be used to modify agronomic traits,
and for phytoremediation and biofuels production. More importantly for human health, antigen
vaccines and protein-based drugs can be produced in chloroplasts. Although plastid transformation
has been achieved in many crops, many others still remain recalcitrant to plastid transformation [137].
The protocols of plastid transformation in crops would offer significant advantages for the production of
edible vaccines and medical proteins, biofuels and industrial enzymes, as well as enhanced agronomic
traits. In this review, we have illustrated the potential advantages from new studies and technologies
like CRISPR-Cas9 for introducing double-strand DNA breaks for HR and create new varieties/mutants
(acc2) to increase selection efficiency during plastid transformation. No longer limited to biolistic
methods, nanotubes can be an alternative material for DNA delivery to increase the donor DNA into
chloroplasts. Although they have not yet been applied to plastid transformation, the morphogenic
regulators (BBM, WUS2, and cytokinin biosynthesis genes) and the new chemicals/technology for tissue
culture and regeneration can increase the regeneration of transformed cells. These new approaches
should also entice researchers to reconsider protoplast-based strategies for plastid transformation.
Combined with nuclear transformation and other methods, plastid transformation may allow the
production of important proteins.
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Abbreviations

CMC Carboxymethyl Cellulose

CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats
CSFV Classical Swine Fever Virus

DAP Day After Pollination
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DSB
DW
FW
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Double Strand Breaks
Dry Weight
Fresh Weight

GMO Genetically Modified Organisms

HIV Human Immunodeficiency Virus
HR Homologous Recombination
IBDV Infectious Burial Disease Virus
PEG Polyethylene Glycol

SWNT  Single-Walled Carbon Nanotubes
TALEN  Transcription Activator-Like Effector Nucleases

TLP Total Leaf Protein

TRAIL Tumor Necrosis Factor Related Apoptosis-Inducing Ligand

TSP Total Soluble Protein

TSCP Total Soluble Cellular Protein

YFP Yellow Fluorescent Protein
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