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Abstract: Peroxisomes are the type of organelles in eukaryotic cells that are involved in different
biochemical pathways depending on the type of cell. We have isolated a number of peroxisome
unusual positioning (peup) mutants, which display the accumulation of abnormal peroxisomes, and
demonstrated that autophagy is involved in removing damaged organelles. These peup mutants also
show defects of other autophagy-related processes, such as the recovery from dark-senescence, and
also failed to induce vacuole-related vesicle formations during microautophagy under nutrient
deprivations. The aim of this study was to identify the causative gene of the peup33 mutant using
Next Generation Sequencing (NGS) as a tool. Identification of mutations with NGS will allow us to
save time compared to the conventional mapping method. Here we present the workflow of the

experiment, the procedure of bioinformatic analysis and the softwares applied to the sequence data
produced by NGS.
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1. Introduction

Peroxisomes are a type of enzymatic organelles in eukaryotic cells that are involved in different
biochemical pathways depending on the type of cell and its function. Based on these criteria we can
distinguish e.g. glyoxysomes, leaf peroxisomes, root peroxisomes or unspecialized peroxisomes.
Peroxisomes play two main roles in plants. In germinating seeds, glyoxysomes are involved in the -
oxidation of fatty acids to carbohydrates, which provide energy to germinate. In leaves, peroxisomes
accumulate enzymes for glycolate pathway, which metabolizes by-products of photosynthesis. Large
amounts of hydrogen peroxide (H202) produced during enzymatic reactions gradually oxidize and
damage peroxisomes [1]. Damaged peroxisomes are constantly removed on the way of selective
autophagy (pexophagy), which is a part of the cell quality control system.

While screening for novel peroxisome mutants of Arabidopsis from the pool of EMS
(ethylmethane sulfonate) mutagenized GFP-PTS1 (expressing green fluorescence protein in
peroxisome marker) seeds, it has been observed that peroxisomes are usually dispersed in a cell and
co-localize with chloroplasts. Based on this finding different peroxisome unusual positioning (peup)
mutants were isolated. The peup mutants demonstrated increased number of peroxisomes, which
formed aggregates containing damaged peroxisomes. Additionally, ATG8 autophagosome marker
co localized with the aggregates indicating that autophagy is involved in removing of damaged
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peroxisomes [1]. Indeed, we identified the peupl, peup2 and peup4 mutants as the mutants defective
in ATG2, ATG18a and ATG7, respectively, revealing that pexophagy requires the core set of
autophagy genes [1]. Recently, we reported new causative mutations of peupl7 and peup22 in ATG5
and ATG7 genes [2].

For many decades, genetic mapping of mutations using chromosome walking has functioned as
fundamental procedure of identification of causative mutation in forward genetic approach, in plants
as well as in other organisms. However, this process may be sometimes challenging, because
mutagenesis procedures, such as chemical treatment can induce a large number of mutations. In fine
mapping of recessive mutation, after phenotype screening, the region of mutation must be localized,
e.g. using one of PCR methods. This step is crucial for further investigation and, at the same time,
most time-consuming [3].

Recent advances in next-generation sequencing, molecular biology techniques and
bioinformatics accelerated the localization of genetic marker linked to trait of interest. Nowadays,
DNA from hundreds of individuals can be whole-genome sequenced and simultaneously provides a
big set of data for evaluating the frequency and position of single nucleotide polymorphism (SNP)
after alignment to a reference genome. However, to identify the causative point mutation it is
essential to optimize experimental procedure to minimize the time and financial effort [4].

This is a preliminary study on the application of next-generation sequencing to the identification
of pexophagy-related mutation in Arabidopsis thaliana. This method is currently developed in our
laboratory and may replace the conventional fine mapping procedure for identification of other
autophagy defective mutants. To achieve this goal molecular methods are combined with
bioinformatics approaches to identify peup33 causal mutation.

2. Materials and Methods

2.1. Plant Material Preparation and Mutant Phenotype Screening

Around 400 of F2 seeds from the crossing between Arabidopsis peup33 mutant (Columbia
background, GFP-PTS1) and Landsberg erecta (Ler) and around 100 seeds from wild-type plants
(Columbia background, expressing GFP-PTS1) were plated on 0.5x strength Murashige and Skoog
(MS) agar plates. Germination and growing of the seedlings were conducted under the condition of
continuous light and 22°C in the growth chamber. Six-day old seedlings were stained with 10mM
FM4-64 fluorescence dye with addition of 2.5 mM E-64d (papain family protease inhibitor) for 24 h
to visualize the phenotype of autophagy mutants. The screening of seedlings was performed with
Zeiss Axio Imager 2 fluorescence microscope. The elongation zone near the root tip of the seedlings
was assessed to isolate peup mutants. In total, 72 peup33 mutants and 72 wild-type plants were chosen.
After screening, seedlings were transferred to a fresh 0.5x MS agar plates for further growth. Two-
week-old old plants were collected and immediately frozen in liquid nitrogen until DNA extraction.

2.2. DNA Extraction and Next-Generation Sequencing

DNA was extracted from plant tissue using DNeasy Plant Mini Kit (QIAGEN) following the
manufacturer’s protocol. To measure the concentration and purity of DNA NanoDrop 2000
spectrophotometer (Thermo Scientific) and Qubit 4 fluorometer (Thermo Scientific) were used.
Subsequent steps, which were libraries preparation and sequencing of pooled DNA, were performed
by the commercial company (Macrogen; https://dna.macrogen.com). Libraries were prepared using
Nlumina TruSeq DNA PCR-Free kit and sequenced on Illumina NovaSeq6000 sequencer with the
conditions of 150 bp paired-end reads and 48x coverage.

2.3. Bioinformatics

Raw data was outputted as fastq reads. FastQC [5] was used for the quality control of the raw
sequences. Flexbar [6] was used to remove adapters and to select reads with a quality score >20 and
a fragment 236 bp. Filtered sequences were aligned to the A. thaliana genome (TAIR10 assembly,
release48; [7]) with the BWA aligner [8]. SNPs were identified using SAMtools [9] and BCFtools [10]
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in the entire Arabidopsis genome with the high sample ploidy parameters (2n x 50 per pool) [11].
Then, rigorous variant filtering was applied to SNPs according to GATK [12]. The identified variants
were analyzed by SnpEff [13] and the Ensembl Variant Effect Predictor [14] to determine the gene
types associations and function. Mutations present in peup33 x Ler F2 individuals were identified as
functional annotated using PANTHER [15], KEGG [16] and Kobas [17]. The final list of variants was
evaluated manually to only retain the mutations in genes of our interest (i.e., involved in
autophagy/pexophagy process).

3. Results and discussion

3.1. peup33 Mutants Display Autophagy-Defective Phenotype after FM4-64/E-64d Treatment

A number of peup mutants has been isolated so far from a pool of EMS mutagenized seeds of
Arabidopsis thaliana Columbia accession. These mutants display autophagy-defective phenotype,
i.e. early senescence, dark senescence and the absence of vesicle accumulation in the vacuole under
the treatment of concanamycin A ([1,2]). The new mutant peup33 also showed similar phenotype and
was subjected to further examination.

A membrane fluorescent dye FM4-64 has been primarily utilized to monitor endocytosis in
variety types of cells. The dye also has been used to stain vacuolar membrane and track its shape and
fate in yeast and plants. The application of papain-family protease inhibitor E-64 induces
accumulation of autophagy-related vesicles beside the vacuole [18]. In the previous study, we
reported that the combination of FM4-64 and E-64d treatment is a usefool tool to distinguish the
autophagy mutants [2].

After 24 h of culturing in FM4-64/E-64d medium lacking sucrose, wild- type plants displayed a
number of vessicle aggregates in the cells of the root area near the tip. In contrast, the observation of
peup33 mutants after FM4-64/E-64d treatment reveald that the formation of vessicle aggregates was
suppressed and the size of these aggregates decreased (Figure 1). Similar phenotype has been
described by [2] for other peup mutants (peupl, peup2, peup4, peupl?, peup22).

(b)

(@)

Figure 1. The phenotypes of (a) wild-type plant (GFP-PTS1) and (b) peup33 mutant after the treatment
with FM4-64 and E-64d for 24 h. White triangles indicate E-64d vesicle accumulation.

3.2. Next-Generation Sequencing for Identifaction of the peup33 Mutation

To identify the causative gene of the peup33 mutant, the F2 seedlings obtained from the crossing
between peup33 and Ler were examined with the FM4-64/E64-d treatment, and the seedlings
displaying mutant phenotype have been selected for next-generation sequencing. Whole-genome
sequencing from the pool of F2 mutant seedlings revealed hundreds of thousands of mutations across
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the genome. After data pre-processing more than 270 k of mutations have been displayed. Because
peup33 shows autophagy-defective phenotype, it may posess the mutation in autophagy-related
genes (ATG genes), but we want to consider also other genes that may be involved in autophagy
process. First, we filtered out the variants with certain values of the primary parameters: alternative
allele frequency 20.5, depth =50, mapping quality 260 and quality of reads >100. After the selection of
the polymorphism, further verification was carried out using the genomic and gene annotation
dataset of TAIR10; the variants that can affect protein function (the exonic missense, nonsense, stop-
loss, frameshift and splice site variants) were selected [19]. Most of the variants were the type
generating missense, several of others were splice site variants, and one was stop-gained mutation.
After manual inquiring of functions of the candidate genes into common databases (TAIR, Ensembl,
ThaleMine, UniProt) and publications, we focused on the genes and proteins that can be involved in
autophagy process.

When all above mentioned criteria have been applied to data filtration, we obtained 27
polymorphisms located mainly on chromosome 1 and 3 linked with 26 candidate genes that may be
involved in autophagy/pexophagy process. Using PANTHER web-based tool gene ontology has been
performed to verify the molecular function of candidate genes products (Figure 2). More than half of
the variants identified were connected to catalytic activity.

transporter activity — 12 % —|

binding — 29 %
molecular function
regulator — 6%

catalytic activity - 53 %

Figure 2. Gene ontology molecular function classification of candidate genes for peup33 mutants. Pie
chart was generated with PANTHER web-based tool.

A second big cluster included variants named as ‘binding’ activity, which was defined as
‘interaction of a molecule with one or more specific sites on another molecule’. A third was enrolled
in transportation activity. These findings seems to be promising as the molecular function of these
genes is likely connected to the pathways of our interest.

Once we have narrowed the range of potential peup33 causative mutation additional analyses
are required for further verification e.g. direct sequencing, real-time PCR or performing allelism test
to confirm the mutation.

4. Conclusions

Next-generation sequencing is a powerful tool to shorten the time of the identification of
causative mutations and replacing the conventional mapping procedure. However, determination of
a causative gene with whole-genome sequence requires an understanding of the genetic background
of the biological process related to the mutant in order to link the phenotype with a proper SNP
variant. Nowadays, it is getting easier as bioinformatics tools are being developed to be more user-
friendly on NGS data analysis.
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In future, we are going to analyze the function of PEUP33 protein by profiling gene expressions
in the peup33 mutant and observing its phenotypes under a confocal laser-scanning microscope
during inducing of pexophagy, as well as general autophagy. After establishing the series of gene
identification processes using NGS, we aim to apply this technique to other autophagy/pexophagy
mutants.
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