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ABSTRACT Cucumber (Cucumis sativus L) has a large, patemally transmitted mitochondrial genome. Cucumber
plants regenerated from cell cultures occasionally show patemally transmitted mosaic (MSC) phenotypes, character-
ized by slower growth, chlorotic pattems on the leaves and fruit, lower fertility, and rearrangements in their mito-
chondrial DNAs (mtDNAs). MSC lines 3, 12, and 16 originated from different cell cultures all established using the
highly inbred, wild-type line B. These MSC lines possess different rearrangements and under-represented regions in
their mtDNAs. We completed RNA-seq on normalized and non-normalized cDNA libraries from MSC3, MSC12, and
MSC16 to study their nuclear gene-expression profiles relative to inbred B. Results from both libraries indicated that
gene expression in MSC12 and MSC16 were more similar to each other than MSC3. Forty-one differentially
expressed genes (DEGs) were upregulated and one downregulated in the MSC lines relative to B. Gene functional
classifications revealed that more than half of these DEGs are associated with stress-response pathways. Consistent
with this observation, we detected elevated levels of hydrogen peroxide throughout leaf tissue in all MSC lines
compared to wild-type line B. These results demonstrate that independently produced MSC lines with different
mitochondrial polymorphisms show unique and shared nuclear responses. This study revealed genes associated with
stress response that could become selection targets to develop cucumber cultivars with increased stress tolerance,
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and further support of cucumber as a model plant to study nuclear-mitochondrial interactions.

Plant mitochondrial DNAs (mtDNAs) are characterized by relatively
large sizes compared to animals and fungi, varying from 66 kb in
Viscum scurruloideum (Skippington et al. 2015) to over 11,300 kb in
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Silene conica (Sloan et al. 2012). Within the Cucurbitaceae family,
sevenfold differences in mtDNA sizes exist, from 379 kb in water-
melon (Alverson et al. 2010) to 2740 kb in melon (Rodriguez-Moreno
et al. 2011). These large mtDNA size differences are due in part to the
accumulation of repetitive sequences that can undergo recombination
to produce subgenomic molecules (sublimons) of varying structures
(Sloan et al. 2012). Relative frequencies of sublimons can change over
time or generations—a process referred to as substoichometric shifting
(Shedge et al. 2007; Wu et al. 2015)—and are associated with gene-
expression differences and increased tolerance to abiotic stresses
(Shedge et al. 2010).

Mitochondrial-nuclear interactions are important for plant perfor-
mance (Kihira 1982; Shen et al. 2015), and mitochondrial function can
be affected by stress (Millar et al. 2003; Vanlerberghe et al. 2009; Gill
and Tuteja 2010; Juszczuk et al. 2011; Atkin and Macherel 2009; Mréz
et al. 2015), mutations or rearrangements in the mtDNA (Lauer et al.
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1990; Newton et al. 1990; Hunt and Newton 1991; Gu et al. 1993;
Hartmann et al. 1994; Marienfeld and Newton 1994; Sakamoto et al.
1996; Janska et al. 1998; Lilly et al. 2001; Kuzmin et al. 2005; Juszczuk
et al. 2007), or substochiometric shifting (Shedge et al. 2007). Mito-
chondrial mutations are often deleterious and show chlorosis of
leaves, slower growth, and reduced fertility as exemplified by the
NCS mutations of maize (Coe 1983; Newton and Coe 1986; Newton
1995), chm-conditioned mutants of Arabidopsis thaliana (Martinez-
Zapater et al. 1992; Abdelnoor et al. 2003), and the mosaic (MSC)
mutants of cucumber (Malepszy et al. 1996; Lilly et al. 2001; Bartoszewski
et al. 2007). Beneficial mitochondrial mutants also exist, such as systems of
cytoplasmic male sterility (CMS) used to produce hybrid seed of many crop
plants (Havey 2004).

Cucumber is a useful plant for mitochondrial genetics because, at
1.6 Mb, its mtDNA is among the largest known (Alverson et al. 2011)
and shows paternal transmission (Havey 1997). MSC mitochondrial
mutants of cucumber have been isolated after passage of the highly
inbred, wild-type line B through cell-culture systems such as protoplast
regeneration, cell suspension regeneration, or callus culture (Malepszy
et al. 1996; Ladyzynski et al. 2002). Regenerated plants or progenies
show paternal transmission of leaf mosaicism, slower growth, smaller
aberrant flowers and fruits, and smaller seed with relatively poor ger-
mination (Malepszy et al. 1996). MSC lines originating from different
cell cultures are phenotypically distinct (Ladyzynski et al. 2002;
Bartoszewski et al. 2007), and possess complex rearrangements in
their mtDNAs, including large deletions, duplications, and under-
represented regions (Lilly et al. 2001; Bartoszewski et al. 2004; Del
Valle-Echevarria et al. 2015). For example, MSC3 was derived from
liquid meristematic culture and possesses an under-representation
of the mitochondrial polycistronic region carrying nad5ex4-atp4-
nad5ex5; MSC12 was regenerated from salt-resistant callus and
MSC16 after leaf-callus culture, and both lines carry significantly
fewer copies of the mitochondrial rps7 coding region as well as dif-
ferent genomic deletions that carry no obvious coding regions (Del
Valle-Echevarria et al. 2015). Biochemical analyses of MSC16 showed
that mitochondrial complex I and chloroplast metabolism are nega-
tively affected (Juszczuk et al. 2007; Szal et al. 2008, 2009). In this
study, we used RNA-seq to compare among the transcriptomes of
independently derived MSC lines relative to each other and their
wild-type progenitor inbred B. We were interested to identify shared
nuclear responses that could become targets of selection or gene
editing to develop plants more tolerant to environmental stresses.

MATERIALS AND METHODS

Plant materials

The highly inbred (>S;) wild-type line B of cucumber originated from
the Polish cultivar “Borszczagowski” and was selected for regeneration
ability from cell cultures (Malepszy et al. 1996). MSC lines 3, 12, and
16 were derived independently from different cultures all established
using line B (Malepszy et al. 1996; Bartoszewski et al. 2004). Plants
regenerated from cell cultures were selected for MSC phenotype in Ry
(MSC3) or Ry (MSC12 and MSC16) generations and subsequently self-
pollinated (>Ss) to develop lines with stable expression of MSC
(Bartoszewski et al. 2007). Line B, is monoecious producing both male
and female flowers, and plants were self-pollinated using female and
male flowers from the same plant.

Seeds were surface-sterilized in a 10% (v/v) solution of commercial
bleach (final concentration of 0.45% sodium hypochlorite) for 5 min,
washed three times in distilled water and placed on wet filter paper to
imbibe for 24 hr at 28°. Imbibed seeds were sown into peat pots Jifty-7
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(Jiffy International AS, Kristiansand, Norway) at pH 6.0, and grown in
phytotron SANYO MLR-350H (SANYO, Osaka, Japan). For each line,
12 plants were grown at 25/20° day/night and a 16-hr photoperiod
under fluorescent white light 400 wmol m~! s=2 and a relative hu-
midity of 55-65%. Because MSC12 and 16 are slower growing, seeds
were planted 2 d earlier than MSC3 and inbred B. Upper plant parts
were harvested after cutting 0.5 cm below the cotyledons when plants
possessed fully expanded first true leaves at ~12 d after sowing for
line B and MSC3 and 14 d for MSC12 and MSC16 (Figure 1).
Tissues from six plants of each line were pooled and immediately
frozen in liquid nitrogen. Two biological replications were used for
sequencing, and three for validations using real-time quantitative
PCR (RT-qPCR).

RNA extraction

Total RNA was isolated using Concert Plant RNA Reagent (Invitrogen,
Carlsbad, CA). RNA was treated with DN Ase I (TURBO DNA -free kit;
Ambion Inc., Austin, TX) and PCR checked for lack of DNA contam-
ination using specific primers to actin CsActF37 and CsActR438
(Mizuno et al. 2002). The concentrations and the preliminary qual-
ities of RNAs (260/280 and 260/230 ratios) were measured with a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA) before and after DNase I treatment. RNA integrity was checked by
measuring RNA Quality Index (RQI) using Experion Automated Elec-
trophoresis System according to manufacturer’s instructions (Bio-
Rad Laboratories, Hercules, CA). Samples of RNA used for sequencing
had total amounts of RNA = 22 g, concentrations = 400 ng/.l, major
ribosomal subunit ratio 285:18S = 1, and RQI = 8.

Construction and sequencing of normalized and
non-normalized cDNA libraries

The four normalized cDNA libraries (one each from line B and MSC
lines 3, 12, and 16) were synthesized from the total RNAs using the
SMART approach (Zhu et al. 2001) by Evrogen (Moscow, Russia).
Normalization used the duplex-specific nuclease (DSN) method
(Zhulidov et al. 2004), which included cDNA denaturation and reasso-
ciation, treatment by DSN (Shagin et al. 2002), and amplification of the
normalized fraction by PCR using SMART primers. The four normal-
ized libraries were sequenced as single reads using the Illumina
HiSeq2000 platform as recommended by the manufacturer (Illumina,
San Diego, CA).

Using total RNAs from two biological replications of line B and the
three MSC lines, eight non-normalized libraries were synthesized at
BGI-Tech (Shenzhen, China). RNA integrity was confirmed using
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Polyadeny-
lated messenger (m) RNA was purified using oligo(dT) magnetic
beads. mRNA was sheared to fragments of ~200 bp and used as
template for cDNA synthesis with random hexamers. Sequencing
adapters were ligated after end repair of cDNAs. Gel electrophoresis
was used for cDNA purification and suitable fragments were enriched
by PCR. Libraries were multiplexed and paired-end sequenced in a
single run using the Illumina HiSeq2000 (Illumina). Sequence
reads from the normalized and non-normalized libraries were de-
posited in National Center for Biotechnology Information (NCBI,
Bethesda, MD).

Differential gene expression analysis and gene ontology
(GO) annotation

For both normalized and non-normalized libraries, reads were aligned
to the nuclear reference genome of Chinese Long 9930 v2 cucumber
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Figure 1 Representative developmental stage of plants of wild-
type inbred B and the three MSC mitochondrial mutants sampled
for transcriptome sequencing and validation of gene-expression
differences.

(Huang et al. 2009). A reference index for normalized libraries was
created using the Bowtie-build function (Bowtie2 v2.2.3; Langmead
and Salzberg 2012), and each read set was aligned to the reference using
TopHat2 (v2.0.12; Kim et al. 2013) with default settings. Read counts
mapping to genes were determined using Cuffdiff tool of the Cufflinks
program (Trapnell et al. 2012) and provided estimates of the fragments
per kilobase of transcript per million mapped reads (FPKM) for each
transcript. Differential expression was determined as fold-change of
FPKM for each MSC mutant (FPKM_MSC) compared to B (FPKM_B)
calculated as log2(FPKM_MSC/FPKM_B), and values were used to
cluster lines and gene expression using Gene Cluster version 3.0
(de Hoon et al. 2004). Centroid linkage and hierarchical clustering
were completed using Pearson’s uncentered correlation, and vi-
sualized using TreeView (Saldanha 2004). Given the large num-
ber of differentially expressed genes (DEGs), Gene Cluster was
then used to filter data to only include genes that had expression
differences of at least twofold compared to B, such that |log2(FPKMMSC/
FPKMB)| = 1.0 for at least one of the MSC lines, and hierarchical
clustering and visualization were completed as before. Sets of uniquely
and differentially transcribed genes were identified for each MSC line
by selecting clusters of expression profile similar among mutants,
within MSC12 and MSC16, and unique to MSC3. The GO enrich-
ment tool at the cucurbit genome database (http://www.icugi.org/)
was used to determine ontology of DEG clusters. Uncorrected p-values
from tail-end hypergeometric distribution where p < 0.05 were consid-
ered significant and GO terms with at least 4% cluster frequency were
selected.

For non-normalized libraries, raw sequencing reads were pro-
cessed using Trimmomatic (v0.32; Bolger et al. 2014) to remove over-
represented sequences and low-quality bases using a minimum phred
quality score of 22 and minimum length of read of 50 nt. High-quality
paired-end reads (after trimming) were mapped to the reference of
9930 v2 (Huang et al. 2009) using TopHat2 (v2.0.13; Kim et al. 2013).
Sorting and indexing of mapping results was performed using the
SAMtools package (v0.1.19; Li et al. 2009). Read counts for each gene
were determined using Bedtools (v2.16.2; Quinlan and Hall 2010)
and then normalized [trimmed mean of M values (TMM)] and cal-
culated using Trinity wrapper scripts (r20131110; Haas et al. 2013)
for EdgeR Bioconductor (Robinson et al. 2010) to identify DEGs in
the MSC mutants relative to wild-type line B. DEGs were identified
using a fold change =4 and p-value <0.01, and were clustered based
on their expression profile at 40% tree height. Sequences of DEGs
were blasted against NCBI protein database using default settings.
The Blast2GO (v2.7.2, Conesa et al. 2005) was used to retrieve GO
terms and annotations using all available databases in InterProScan.
Functional annotations were enriched by alignment to the TAIR10
proteins database (http://www.arabidopsis.org/) and identification of
the A. thaliana orthologs.
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Figure 2 Clustering of genes from normalized cDNA libraries showing
at least twofold expression difference in mitochondrial mutants MSC3,
12, and 16 relative to wild-type inbred B. Red lines indicate upregulation
and green downregulation of genes. A hierarchical clustering was
completed using Pearson’s uncentered correlation and visualized using
the TreeView software.

cDNA synthesis and RT-qPCR

Concentrations of high-quality RNAs were adjusted to 300 ng/ul and
cDNAs synthesized using the Transcriptor High Fidelity cDNA Synthesis
Kit (Roche, Basel, Switzerland) in 20 .l reactions using oligo(dT) primers
according to manufacturer’s instructions. RT-qPCR analyses were per-
formed using diluted cDNA (1:11.5) reverse transcribed from 2.1 pg of
total RNA, and carried out using CFX96 Touch cycler (Bio-Rad Labora-
tories) with Master Mix Maxima SybrGreen qPCR MM 2x ROX (Thermo
Fisher Scientific), according to the manufacturer’s instructions, using 4 .l
of ¢cDNA in each reaction. The PCR program was 50° for 2 min pre-
treatment, initial denaturation at 95° for 10 min, followed by 40 cycles of
15 sec at 95° and 1 min at 58°. Melting curve analysis was performed
immediately after RT-qPCR. The temperature range used for the melting
curve generation was from 70 to 95° (increments of 0.5°). Parameters of
RT-qPCR were established by series of preliminary experiments
with various PCR cycle number and annealing temperature gradient
(55-65°). The mean efficiency of amplification in RT-qPCR was
assessed using LinRegPCR (v2013.1; Ramakers et al. 2003) based
on linear regression calculated for the slope of the regression line
in the exponential growth phase of the product for each sample
individually.
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Validation of expression profiles of DEGs

Eleven candidate genes were evaluated as potential references for
RT-qPCR (Supplemental Material, Table S1 in File S1), and 24 inde-
pendent reactions (three biological X two technical replications for each
of the four cucumber lines) were performed for each candidate gene as
described previously. Results were analyzed using three algorithms:
geNorm (v3.4; Vandesompele et al. 2002), NormFinder (v0.953;
Andersen et al. 2004), and BestKeeper (v1; Pfaffl et al. 2004). The final
ranking was established by calculating the geometric mean (GeoMean)
for the data generated by each applet based on the method developed by
Zyzynska-Granica and Koziak (2012). Genes TIP41, F-box and UBI-ep
showed the lowest geometric mean (GeoMean) and greatest stability of
expression (Table S2 in File S1), and were chosen as references for
RT-qPCR.

Primers for all DEGs from the non-normalized libraries were
designed using the CDS sequences (Huang et al. 2009; http://www.
icugi.org/) and Primer3 (Koressaar and Remm 2007; Untergrasser
et al. 2012) (Table S3 in File S1). Initially, the primers were tested on
mixed, equal amounts of cDNAs from all lines by RT-qPCR as de-
scribed above using three biological and three technical replicates, and
four negative controls. Relative normalized expression (2~44t method)
of DEGs and statistical analysis (Student’s ¢-test) were performed to
determine significant differences using software CFX Manager (v3.1;
Bio-Rad Laboratories). Expression-level differences between the msh1
mutant and wild-type Arabidopsis were evaluated for the validated
DEGs between MSC lines and inbred B using microarray data from
NCBI accession PRINA151951.
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I mscie
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Figure 3 Hierarchically clustered Spearman
rep2 correlation matrix resulting from pairwise
MS(C12 comparison of transcript expression values
rep‘] (TMM-normalized FPKM) for each pair of
samples for mitochondrial mutants MSC3,
rep2 12, and 16 and wild-type inbred B for the
M SC3 first (rep1) and second (rep2) biological repli-
rep‘] cations. The results were visualized using
Trinity wrapper scripts (20131110) for EdgeR
repz I B Bioconductor.
Ine
rep1

Detection of hydrogen peroxide (H,0,)

H,0, accumulation is commonly used as a stress indicator in plants
(Inzé et al. 2012), and amounts were estimated by visualization after
infiltration of leaves with 3,3’-diaminobenzidine (DAB) (Thordal-
Christensen et al. 1997). Polymerization of DAB with H,0, in the
presence of peroxidase produces a brown product, which was detected
using a Leica M165FC stereo microscope (Leica Microsystems,
Wetzlar, Germany) as described by Wituszynska et al. (2015). De-
tection was performed on leaves of six independent plants of each
line grown under optimal conditions, including wild-type B. The
positive control was six leaves of inbred B that had been repeatedly
squeezed using tweezers to produce mechanical stress points.

Data availability

Sequence data from this study are available at NCBI GenBank as
BioProject PRINA382994 and Sequence Read Archives (SRA)
SAMNO06768506-SAMNO06768517.

RESULTS

Sequencing of normalized cDNA libraries

We initially sequenced normalized cDNA libraries from MSClines 3,12,
and 16, and their wild-type progenitor B to determine if independently
produced MSC lines show evidence of unique gene-expression profiles
relative to each other and B. Total numbers of reads were between
50.6 and 59.3 million for each line, of which 50, 56, 42, and 49%
mapped to the 9930 v2 reference for inbred B and MSC 3, 12, and
16, respectively; >1000 genes showed at least twofold differential
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expression for each MSC line compared to B. For MSC12 and MSC16,
clusters of 1714 genes were upregulated and 1476 genes downregulated
relative to B, and uniquely expressed compared to MSC3. MSC3 had
clusters of 281 genes that were uniquely upregulated and 699 genes
uniquely downregulated compared to inbred B and the other two MSC
mutants. Clustering of gene expression patterns clearly showed more
similarity between MSC12 and MSC16 vs. MSC3 (Figure 2). The sim-
ilarity of gene expression shared by MSC12 and MSCI6 relative to
MSC3 provides evidence for specific nuclear responses to mitochon-
drial mutations in the same highly inbred nuclear background. GO
annotations of gene clusters that were upregulated or downregu-
lated in all three MSC lines compared to inbred line B were generally
associated with catalytic activity, transcription factors, and oxido-
reductase activity. These differences are likely the result of stress
responses due to dysfunctional mitochondria. Previous studies have
shown altered oxidation-reduction and accumulation of reactive
oxygen species (ROS) in MSC16 relative to B (Szal et al. 2009;
Juszczuk et al. 2011).

Sequencing of non-normalized cDNA libraries

In order to identify and validate DEGs specific to all three MSC mutants
compared to their progenitor inbred B, RNA-seq was performed on non-
normalized libraries from two biological replications of each line.
Sequencing yielded >25 million raw reads from both replicates for
each line. After quality checking, reads were trimmed and mapped

-=.G3:Genes| Genomes | Genetics

10

Volume 8 March 2018 |

8 9 10 11 12 13 14 15 16 17

8 9 10 11 12 13

Figure 4 GO of DEGs shared by three
MSC mitochondrial mutants compared to
wild-type line B used to annotate putative
(A) biological process, (B) molecular func-
tion, and (C) cellular compartment. The num-
ber of genes for each category is shown. The
results were calculated and visualized using
Blast2GO v2.7.2.

to the cucumber 9930 v2 reference. Numbers of mapped reads were
between 15.9 and 16.9 million for each line, resulting in an average
read-mapping rate of 83% (Table S4 in File S1). We identified 41 DEGs
with minimum fourfold differences shared by all three MSC mutants
relative to wild-type B, and 40 of these DEGs were upregulated and one
downregulated (Table 1). Pairwise comparisons of DEGs expression
profiles between line B and each MSC mutant were carried out using
the Spearman’s rank correlation coefficient, and revealed the highest
correlation between inbred B and MSC3 (Figure 3). Expression profiles
of MSC12 and 16 were correlated, and both mutants clustered into a
separate subgroup (Figure 3).

Ofthe 41 DEGs, six showed no similarity to the cucumber 9930 v2
reference and TAIR10 A. thaliana protein database using Blast2GO.
For the remaining 35 DEGs, GO classifications were used to identify
putative cellular locations, and biological and molecular functions
(Figure 4), and were assigned to eight groups: DNA repair mecha-
nism, regulation of transcription, signal transduction, cellular met-
abolic processes, response to stimulus, regulation of proteolytic
processes, transport of metal ions/lipids, and other proteins (Figure
4 and Table 1). The largest group possessed 12 genes encoding
proteins involved in cellular metabolic processes (including oxido-
reductase activity), and five genes for each of regulation of transcrip-
tion and proteolytic processes (Table 1); 23 of the DEGs were
directly or indirectly associated with stress-response pathways
(Table S5 in File S1).
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Figure 5 Validated differential gene expression between wild—type inbred B and mitochondrial mutants MSC3, 12, and 16. Diagrams show the
average relative gene expression levels normalized to line B (assigned value of 1) = SEM. Gene names are described in Table 1. Significance
levels are p < 0.05 (*), 0.01 (*¥), and 0.001 (***). Due to the wide range of differences in the expression between target genes, different scales of
the Relative Normalized Expression were used (from 0-1.2 to 0-200). The results were calculated and visualized using software CFX Manager
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Figure 5 Continue

DEGs shared by all MSC lines

Thirty-one DEGs were selected for validation using RT-qPCR, of which
30 were upregulated and one gene (RL1) downregulated in the MSC
lines compared to wild-type B (Figure 5 and Table S6 in File S1).
The three DEGs with the highest expression level differences were
reticulin oxidase-like protein (BBE-2 with a 172-fold change) and
two serine protease inhibitors (1-SerpinZX and 2-SerpinZX with
84-fold and 111-fold changes, respectively). Differences in relative
expression profiles between MSC lines were also observed (Figure 5
and Table S6 in File S1). Expression levels of nine genes were sig-
nificantly higher in MSC12 and 16 compared to MSC3 (WRNexo,
NUDIX1, CRF6, CYP-like, NDA1, NDA2, 1-SerpinZX, 1-unFtsH,
and unPLACS). Five DEGs showed significantly lower expres-
sion in MSC16 than MSC12 (WRNexo, 1-SerpinZX, 2-unFtsH,
and HIPP26) or MSC3 (PPI2). Two genes showed different
expression levels in only one mutant, RL1 in MSC3 and POX53
in MSC12.

-=.G3:Genes| Genomes | Genetics

Volume 8 March 2018 |

Elevated levels of H,O, in MSC mutants

DAB staining revealed increased production of H,0, in leaves of
MSC mutants relative to wild-type B (Figure 6). The brown product
of polymerization of DAB and H,0, appeared as areas of irregular
shapes between the vascular bundles in leaves. Higher amounts of
H,0, are consistent with upregulation of stress response genes in
the MSC mutants relative to wild-type B.

DISCUSSION

Cucumber MSC mutants represent a unique system to produce mito-
chondrial mutants and study nuclear responses in a highly inbred
nuclear background. Independently derived MSC lines were isolated
after passage of the highly inbred, wild-type line B through cell cultures,
and possess distinct phenotypes (Ladyzynski et al. 2002) and different
rearrangements in their mtDNAs (Bartoszewski et al. 2007). The three
MSC lines used in this study possess regions in their mtDNAs that
are under-represented relative to wild-type B. MSC12 and 16 share an
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line B
(positive control)

line B
(negative control)

MSC12

Figure 6 Images showing increased accumulation of hydrogen peroxide (H,O,) in leaves of MSC mitochondrial mutants and controls grown
under optimal conditions. Negative control is wild-type inbred B; positive control is inbred B with points of mechanical stress induced by
squeezing leaves with tweezers. The results were visualized using a Leica M165FC stereo microscope system (Leica Microsystems).

under-representation of the rps7 coding region. MSC12 has larger re-
gions of its mtDNA under-represented relative to MSC16 and B; how-
ever, these regions do not carry any obvious mitochondrial genes (Del
Valle-Echevarria et al. 2015). MSC3 possesses an under-representation
of the nad5ex4-atp4-nad5ex5 polycistronic region (Del Valle-Echevarria
et al. 2015). It cannot be ruled out that the MSC lines might harbor
tissue-culture-induced changes in their nuclear genomes. However,
it is very unlikely that the MSC phenotype would be caused by
mutations at nuclear loci affecting the prevalence of mitochondrial
genomes, because independent mutation would have to occur at
least three times giving rise to three lines (MSC3, 12, and 16) with
the same paternally transmitted phenotype (Malepszy et al. 1996;
Lilly et al. 2001). Paternal imprinting of nuclear alleles as the genetic
basis for the MSC phenotype was eliminated through a series of the
reciprocal crosses, self-pollinations through the F3 generation, and
multiple test-crosses of the MSC16 line (Lilly et al. 2001). These
similarities and differences in the mtDNAs of independently de-
rived mitochondrial mutants allow for comparison of their nuclear
transcriptomes in the highly inbred nuclear background of wild-type
line B. We expected that the MSC lines would differ from B for nuclear
stress-response genes due to mitochondrial dysfunction (Juszczuk et al.
2007; Szal et al. 2009). Because MSC12 and MSC16 share an under-
representation of the rps7 coding region, we hypothesized that nuclear
responses would be more similar between these two mutants relative to
MSC3 and inbred B, and that MSC3 would show uniquely transcribed
nuclear genes relative to MSC12 and 16. Clustering of nuclear tran-
scripts from normalized libraries showing at least twofold expression
differences in the MSC lines relative to B clearly revealed unique nu-
clear responses to the different mitochondrial mutations (Figure 2).
We sequenced from replicated cDNA libraries and bioinformatically
identified 41 DEGs with at least fourfold changes in expression levels
shared among three MSC lines relative to B, as well as transcriptional
differences unique to the MSC lines. Expression differences for 31 DEGs
were validated using RT-qPCR, of which 30 DEGs showed increased
expression in the MSC lines compared to wild-type progenitor B, and
one gene (RL1) was downregulated (Figure 5). Differences were ob-
served between the initial bioinformatic analyses and subsequent val-
idation by RT-qPCR, and two genes showed altered expression in only
one MSC mutant (RL1 in MSC3 and POX53 in MSC12). Gene expression
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differences among the MSC mutants were also validated; nine genes
had expression levels significantly higher in MSC12 and 16 than
MSC3, and five genes showed expression levels significantly lower
in MSC16 than MSC12 or MSC3 (Figure 5). These expression dif-
ferences reveal unique nuclear responses to different mitochondrial
mutations.

MtDNA structure can significantly influence phenotype and mito-
chondrial function (Bartoszewski et al. 2007; Arrieta-Montiel and
Mackenzie 2011; Gualberto et al. 2014). Rearrangements in the
mtDNA can be induced by DNA repair processes such as recombina-
tion activated by double-strand breaks (DSBs) (Davila et al. 2011).
These mtDNA rearrangements may occur naturally during plant
development (Yesodi et al. 1995) or may be associated with environ-
mental and/or stress conditions (Davila et al. 2011). Although mito-
chondrial genes in the angiosperms are evolutionarily conserved and
show relatively low mutation rates, structural rearrangements in the
mtDNA can lead to mitochondrial dysfunction (Gu et al. 1993;
Gualberto et al. 2014). Mitochondrial dysfunction is often associ-
ated with accumulation of ROS and expression changes for many
mitochondrial and nuclear genes, including nuclear genes encoding
mitochondrial proteins (NGEMPs), to maintain cell homeostasis (Inzé
et al. 2012). The results of this study suggest that under-representation
of mitochondrial coding regions in the cucumber MSC mutants cause
physiological stress, as evidenced by elevated levels of H,O, in the leaves
of MSC mutants relative to wild-type B (Figure 6), and DEGs are in-
volved in the antioxidative defense system (Table 1, Table S$4 in File S1).

As mentioned above, the studied MSC lines are characterized by
unique mitochondrial genome rearrangements (Bartoszewski et al. 2007).
However, despite structural differences in their mtDNAs, all three lines
share a clear mosaic phenotype (Malepszy et al. 1996; Bartoszewski et al.
2007). Del Valle-Echevarria et al. (2015) reported that the MSC mutants
do not appear to differ in mitochondrial protein composition, despite
differences in mitochondrial gene copy number and transcript abun-
dance. Our findings revealed that there are at least 41 genes whose
expression is associated with specific nuclear responses to mitochondrial
mutations in the same highly inbred nuclear background (Table 1). Pre-
sumably, it may be related to respiratory chain complex I dysfunction
(Juszczuk et al. 2011), and the activation of an alternative route of elec-
tron transfer in MSC lines (Mroz et al. 2015). Thus, it seems that altered
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respiratory chain function is the primary source of a stress signal,
and the identified DEGs are probably related to the response to this
signal.

Mutations in nuclear genes such as mshl or recA revealed rear-
ranged mtDNA of A. thaliana that significantly affected gene expres-
sion and increased stress tolerances (Shedge et al. 2010; Davila et al.
2011). Similarly, the MSC mutants of cucumber possess rearranged
mtDNAs, and we compared DEGs in the MSC mutants to those asso-
ciated with the mshl mutant of A. thaliana (Shedge et al. 2010). Only
one of the 41 DEGs identified in this study shared altered expression in
both msh1 Arabidopsis and the MSC lines: upregulation of a CYP-like
gene. Six DEGs showing higher expression in the MSC lines also
showed increased expression in wild-type relative to mshl Arabidopsis
(NUDIX1, GSTu8, GST-like, unAT, 1-nsLPT2, and 2-nsLTP2). The
relatively few DEGs shared between mitochondrial mutants of Arabi-
dopsis and cucumber indicate that gene-expression analyses of plants
with different mitochondrial mutations should reveal common and
unique nuclear responses. Cucumber is a useful plant for these analyses
because it possesses a large mtDNA with pockets of repetitive DNAs
that undergo recombination to produce structurally rearranged mole-
cules (Lilly et al. 2001; Alverson et al. 2010). These rearranged mtDNAs
may exist as sublimons in wild-type cucumber, and/or be induced
during passage through cell cultures and regeneration of plants. We
propose that highly inbred or doubled-haploid lines of cucumber be
passed through cell cultures and regenerated plants and their progenies
screened for paternally transmitted, variant phenotypes such as
MSC. Sequencing of the mtDNAs of these plants should reveal specific
under-represented regions associated with the variant phenotypes
(Del Valle-Echevarria et al. 2015). RN A-seq on a collection of unique
mitochondrial mutants should reveal common nuclear responses, as
well as unique transcriptional differences toward a better understand-
ing of mitochondrial-nuclear interactions. Common nuclear re-
sponses may reveal stress response pathways that can be targets of
selection or gene editing to develop plants showing greater tolerances
to environmental stresses. For example, NAC transcription factors are
involved in the regulation of biotic and abiotic stress responses in
plants and mitochondrial retrograde regulation (Ng et al. 2014).
The DEGs identified in this study could be used as candidate genes
in association mapping studies of stress-related traits to discover
alleles and identify polymorphisms useful in plant breeding. Similar
approaches have been successfully used to identify molecular markers
for selection in other crops (Yu et al. 2013, 2015; Jespersen et al. 2017;
Rakoczy-Trojanowska et al. 2017).
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