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Flooding entails different stressful conditions leading to low oxygen availability
for respiration and as a result plants experience hypoxia. Stress imposed by
hypoxia affects cellular metabolism, including the formation of toxic
metabolites that dramatically reduce crop productivity. Aldehyde
dehydrogenases (ALDHs) are a group of enzymes participating in various
aspects of plant growth, development and stress responses. Although we
have knowledge concerning the multiple functionalities of ALDHSs in
tolerance to various stresses, the engagement of ALDH in plant metabolism
adjustment to hypoxia is poorly recognized. Therefore, we explored the ALDH
gene superfamily in the model plant Arabidopsis thaliana. Genome-wide
analyses revealed that 16 AtALDH genes are organized into ten families and
distributed irregularly across Arabidopsis 5 chromosomes. According to
evolutionary relationship studies from different plant species, the ALDH gene
superfamily is highly conserved. AtALDHZ2 and ALDH3 are the most numerous
families in plants, while ALDH18 was found to be the most distantly related. The
analysis of cis-acting elements in promoters of AtALDHs indicated that
AtALDHs participate in responses to light, phytohormones and abiotic
stresses. Expression profile analysis derived from gRT-PCR showed the
AtALDHZ2B7, AtALDH3H1 and AtALDH5F1 genes as the most responsive to
hypoxia stress. In addition, the expression of AtALDH18B1, AtALDH18B2,
AtALDH2B4, and AtALDH10A8 was highly altered during the post-hypoxia-
reoxygenation phase. Taken together, we provide comprehensive functional

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1000024&domain=pdf&date_stamp=2022-11-17
mailto:arasim@amu.edu.pl
https://doi.org/10.3389/fpls.2022.1000024
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1000024
https://www.frontiersin.org/journals/plant-science

Guan et al.

10.3389/fpls.2022.1000024

information on the ALDH gene superfamily in Arabidopsis during hypoxia stress
and highlight ALDHs as a functional element of hypoxic systemic responses.
These findings might help develop a framework for application in the genetic
improvement of crop plants.
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Introduction

Aldehyde dehydrogenases (ALDHs) are a group of
ubiquitous enzymes involved in metabolism of both
prokaryotes and eukaryotes. They can oxidize excess of
aliphatic and aromatic aldehydes that are intermediates or
byproducts of crucial biochemical pathways in living cells
(Kirch et al., 2004; Stiti et al., 2011; Brocker et al., 2013). The
enzyme catalyzes the conversion of reactive aldehydes to the
corresponding non-toxic carboxylic acids with the participation
of NAD(P)*. Thus, the ALDH-mediated detoxification of
aldehydes may attenuate reactive compounds that provide
reactive carbonyl groups, which directly interact with DNA to
cause severe changes and in consequence, lead to programmed
cell death. Plants and animals have many common ALDH
families and many genes are highly conserved between these
two evolutionarily distinct groups (Brocker et al., 2013). ALDH
was shown to play an essential role in carnitine biosynthesis,
gluconeogenesis, glycolysis, amino acid metabolism and other
physiological processes (Marchitti et al., 2008; Tylichova
et al., 2010).

In plants ALDHs represent a widespread expression that
underscores their multifaceted physiological roles, which are still
largely unclear, and unraveling them is currently a priority of
many scientific investigations (Guo et al., 2020; Tola et al., 2021;
Islam and Ghosh, 2022). ALDH proteins are found under both
physiological and pathophysiological conditions in different
subcellular compartments, including cytosol, mitochondria,
chloroplasts, peroxisomes and microsomes (Mitsuya et al,
2009; Missihoun et al,, 2011) (Huang et al., 2008; Pawlowski
et al., 2017; Guo et al., 2020). The multifaceted role of ALDHs
has been well documented in rice. The aldehyde detoxification
activity of rice OsALDH7 was proven to maintain seed viability
(Shin et al., 2009; Shen et al., 2012), while OsALDH2b was found
to negatively regulate tapetal programmed cell death and be
essential for male reproductive development (Xie et al., 2020). In
turn, OsALDH2a potentially functions in submergence
tolerance (Nakazono et al., 2000).

Most plant ALDH genes studied so far are expressed under
adverse environmental conditions accompanied by oxidative
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stress. Thus, the ALDH-dependent scavenging activity against
toxic aldehydes derived from lipid peroxidation fulfills a
cytoprotective role. Induction of ALDH at various gene
expression levels was documented during a wide range of
stress stimuli, including heat, ultraviolet radiation,
dehydration, salinity, heavy metal or aluminum stresses,
excessive light exposure or anaerobic conditions (Sunkar et al.,
2003; Kotchoni et al., 2006). The stress-inducible ALDH
proteins are predicted to be necessary for the mechanisms of
stress metabolism adjustment and long-term adaptation, since
the activity can alleviate the effects of oxidative stress (Stiti et al.,
2011). This could not only be due to direct aldehyde
detoxification activity, but also to the ALDH contribution to
the homeostasis of pyridine nucleotides which are important
redox sensors in cells. As indicated by Missihoun et al. (2018),
the loss of function of Arabidopsis ALDH3I1 and ALDH7B4 led
to a decrease in NAD(P)H, the NAD(P)H/NAD(P) ratio and an
alteration of the glutathione pools affecting the efficiency of
photosynthesis in Arabidopsis. It is known that reducing
equivalents such as NAD(P)H and reduced glutathione are
essential for maintaining cellular redox homeostasis (Xiao and
Loscalzo, 2020). Thus, widespread ALDHs may participate in
stress-induced dynamic redox changes.

Flooding as one of the most serious abiotic stresses affects
plant cellular metabolism leading to a dramatic reduction in
crop productivity. It restricts seed germination, plant growth and
development at all stages of the life cycle; however, the
developmental stage of the stressed plant and its duration are
crucial for the scale and extent of damage (Fukao and Bailey-
Serres, 2004; Leon et al, 2021). The adverse effects on plant
organisms may vary depending on the flooding conditions that
may affect only roots (waterlogging) or both roots and shoots
(partial or complete submergence) (Sasidharan et al., 2017).
Plants that experience flooding undergo hypoxia until the water
subsides and normoxia conditions are restored. Plant responses
induced by molecular-oxygen deficiency involve changes at the
transcriptomic, proteomic, metabolomic and enzyme activity
levels (e.g. Leon et al, 2021; Wang and Komatsu, 2022).
Although the root is the first organ that senses hypoxia caused
by floods, a set of physiological and biochemical changes is also
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provoked at the leaf level (Wang and Komatsu, 2022). This is
confirmed by the fact that a reduction of available oxygen results
in the limited net photosynthetic rate, diminished
photosynthetic electron transport rate and photosystem II
photochemical efficiency, alike the inhibition of transport from
roots to leaves (Liu et al., 2014).

Plants that survive or undergo transient flooding reprogram
their metabolism from the hypoxia phase to post-hypoxia
reoxygenation, which is accompanied by an increased
generation of reactive oxygen species (ROS) creating an
oxidative cellular environment (Jethva et al.,, 2022; Zafari et al.,
2022). ALDH is recognized as an aldehyde scavenger that
eliminates toxic aldehydes caused by oxidative stress, while its
implication in cellular response to hypoxia was evidenced in
organisms belonging to various domains of life (Mustroph et al.,
2009; Hermes-Lima et al., 2015; Sun et al., 2017). However,
identification of the precise participation of plant ALDH in the
unique metabolic switch induced by hypoxia still requires
detailed research.

In the present study, we provided a detailed genome-wide
identification, comprehensive gene description, evolution and
expression analysis of the ALDH gene families in Arabidopsis
thaliana. By integrating these data, we uncovered the importance
of ubiquitous ALDHs in molecular-oxygen deficiency conditions
created by flooding. To better understand the function of
AtALDHs under hypoxia and post-hypoxia recovery, its
expression patterns were examined by semi-quantitative RT-
PCR. Although ALDHs of many species including Arabidopsis
thaliana have been well characterized (Estey et al., 2007; Gao and
Han, 2009; Jimenez-Lopez et al., 2010; Shen et al., 2012;
Missihoun et al., 2018), this work contributes to more focused
research and applications of these multifunctional enzymes in
plants exposed to flooding. It highlights ALDHs as a functional
element of hypoxic systemic responses, and identifies ALDH
candidates involved in a metabolic switch induced by hypoxia
and post-hypoxia conditions.

Methods and materials:

Characterization and phylogenetic
analysis of the ALDH superfamily in
A. thaliana

To retrieve the AtALDH superfamily gene and protein
sequences the TAIR (https://www.arabidopsis.org/index.jsp),
NCBI (https://www.ncbinlm.nih.gov/) and Sol genomics network
(https://solgenomics.net/) databases were used, with the obtained
sequences confirmed by the Hidden Markov Model (HMM). The
AtALDH gene and protein nomenclature was adopted from the
TAIR database and a previous study by Kirch et al. (2004).
The presence of AtALDHs glutamic acid and cysteine activity
sites was confirmed using PROSITE (https://prosite.expasy.org/).
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Multiple sequence alignments of 163 AtALDH protein sequences
from selected crop plants: Arabidopsis thaliana (16 proteins), Oryza
sativa (20 proteins), Glycine max (53 proteins), Solanum
lycopersicum (29 proteins), Solanum tuberosum (22 proteins) and
Zea mays (23 proteins) were performed using Clustal-W with
default parameters in Clusal Omega (https://www.ebi.ac.uk/Tools/
msa). MEGA7’s Maximum-likelihood method with 1000 bootstrap
replicates was used to calculate genetic distances and construct the
phylogenetic tree, while the obtained results were visualized by
iTOL (https://itol.embl.de/).

Chromosomal localization, collinearity
analysis, gene structure and protein
sequence analyses

The genome annotation file (GTF) containing the locations of
the AtALDH genes in the genome and their structural information
was extracted from the EnsemblPlants database (https://plants.
ensembl.org/index.html) and TBtools (https://github.com/CJ-
Chen/TBtools/releases) was used with default parameters to
localize AtALDHs in chromosomal regions. Gene duplication
events were analyzed using the Multiple Collinearity Scan
toolkit (MCScanX) in TBtools with the default parameters. For
the syntenic relationship between Arabidopsis and other plant
species (O. sativa, G. max, S. lycopersicum, S. tuberosum and Z.
mays) ALDHs, One step MCScanX toolkit analysis was carried out
and visualized using the Dual Synsteny Plot in TBtools.
Synonymous rate (ds), non-synonymous rate (dy), and
evolutionary constraint (dy/ds) were calculated using the
MEGA?7 codon-based Z-test of selection (https://www.
megasoftware.net/). The gene structure (intron/exon
organization) of the AtALDH gene family was displayed by the
Gene Structure Displayer Server 2.0 (http://gsds.gao-lab.org/).
Conserved motifs in the protein sequences were predicted using
the Multiple Expectation Maximization for Motif Elicitation
program (MEME https://meme-suite.org/), with the number of
motifs set at 10, while the distribution of motifs was based on
“zero or one occurrence per sequence (zoops)”. Pfam (http://
pfam.xfam.org/) and NCBI CDD (https://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml) were applied for AtALDH proteins to
examine protein conserved domains and TBtools visualized
obtained results.

Analysis of cis-acting regulatory
elements in the promoter region of the
AtALDH genes

The 1500 bp genomic DNA sequence upstream of the
initiation codon (ATG) was extracted from the Eukaryotic
Promoter Database (https://epd.epfl.ch/), while the obtained
sequences were then submitted to the PLACE database (http://
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www.dna.affrc.go.jp/PLACE/signalscan.html) and PlantCARE
database (https://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) to search for potential cis-acting regulatory
elements in the promoter regions of the AtALDH genes.

Functional characterization analysis of
AtALDH genes

Gene symbols of the AtALDH genes were submitted to the
DAVID Bioinformatics Resources (https://david.ncifcrf.gov/
home.jsp) with the default parameter and the obtained results
were visualized by Hiplot (https://hiplot.com.cn).

Gene expression profile during
development stage and hypoxia stress
of AtALDHs

AtALDH gene expression data during development were
extracted from the developmental map of the Arabidopsis eFP
Browser (https://www.bioinformatics.nl/efp/cgi-bin/efpWeb.
cgi). The gene expression data were downloaded as expression
levels, followed by calculation with the log 10 value. The
expression levels of AtALDHSs were visualized using a heatmap
in TBtools. For the gene expression profiles of AtALDHs under
hypoxia treatments, array- and sequence-based datasets were
obtained from the NCBI-GEO repository (https://www.ncbi.
nlm.nih.gov/geo/) and analyzed with GEO2R with default
parameters. The heatmap diagram was constructed with logFC
values using TBtools.

Plant material, hypoxia stress and
recovery procedure

The Arabidopsis ecotype Col-0 was used in this study. Seeds
were sterilized with 1% sodium hypochlorite for 5 minutes and then
rinsed at least 3 times with sterile water. The seeds were sown on peat
pellets and incubated at 4°C for 72 hours in dark. Further plant
growth was performed in a climate chamber (Binder, Germany) with
a photoperiod of 16 h, temperature 23°C, relative humidity 70%, light
intensity 180 ttmol x m™ x s until ready for use.

The 4-week-old plants were submerged in sterile water tanks
approximately 1 cm above peat pellets to assess expression levels
of AtALDHs under hypoxic conditions, whereas untreated plants
served as blank controls (Oh). Arabidopsis leaves were collected
at 24, 48 and 72 hours after hypoxia treatment and subsequently
stored at -80°C. Further, plants that had undergone 24h hypoxia
were reoxygenated to normal conditions, and samples were
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collected at 24 and 48 hours to analyze the gene expression
during the recovery phase after hypoxia treatment.

RNA isolation, reverse transcription and
gRT-PCR gene expression analysis

According to the user’s guide, total RNA from Arabidopsis
leaves was extracted using the TRI reagent (Sigma-Aldrich,
USA). The RevertAid First-Strand ¢cDNA Synthesis Kit
(Thermo Scientific, USA) was used to synthesize first strand
cDNA. Primers for the AtALDH gene superfamily were designed
by Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/), each primer sequence was tested with a blast search in
the genome of Arabidopsis for specific hits and for its septicity to
yield a single amplicon on 3% agarose gel. All the primers were
synthesized commercially at Genomed (https://www.genomed.
pl/) and listed in Supplementary Table S2. The SYBR Green PCR
Master Mix (Applied Biosystems, USA) and the Quant Studio 3
Real-Time PCR system (Applied Biosystems, USA) were used to
perform qRT-PCR. The reaction consisted of denaturation at
95 °C for 10 s, primer annealing at 56 °C for 20s and primer
extension at 72°C for 30s. For the entire QRT-PCR reaction 55
cycles were performed. After the data were collected from the
Quant Studio 3 Real-Time PCR system, the CT value was
determined by the PCR Miner Program (Zhao and Fernald,
2005). The relative gene expression was calculated using the
Pfaffl method (Pfaffl, 2001). Obtained results were calculated
based on the reference gene Actin2 (At3g18780). All the results
were based on three biological replicates and three technical
replicates. The analysis of variance was conducted and the least
significant differences (LSDs) between means were determined
using Tukey’s test at the level of significance 0.=0.05.

Structural feature analysis and homology
modeling of AtALDH proteins

To predict the secondary structure of AtALDH proteins,
SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=/NPSA/npsa_sopma.html) was used with default
parameters. N-glycosylation sites of AtALDH proteins were
predicted by NetNGlyc-1.0-services (https://services.healthtech.
dtu.dk/service. php?NetNGlyc-1.0). Three hypoxia responsive
AtALDH proteins AtALDH2B7; AtALDH3HI1; and
AtALDHS5F1 were selected for the homology modelling using
suitable homologous templates from the PDB database (http://
ncbinlm.nih.gov/). ALDH protein models were built by the top
PDB closed template via the target-template input using the
SWISS-MODEL of the ExPASy web server (https://swissmodel.
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expasy.org/). Additionally, the PROCHECK test was used to
inspect the 3D structure of AtALDH proteins in the SAVES
server (http://nihserver.mbi.ucla.edu/SAVES/).

Results

Genome-wide characterization of ALDH
in A. thaliana

In total, 16 members of the ALDH superfamily are present in A.
thaliana belonging to ten subfamilies (ALDH?2, 3,5,6,7,10,11,12,18
and 22). Among these ten subfamilies, AtALDH2 and AtALDH3 are
largest in number (with three members each), while AtALDH10 and
AtALDH]18 have two members each, followed by one member in the
rest of the subfamilies. The distribution of cysteine and glutamic
activity sites was determined by PROSITE (https://prosite.expasy.
org/scanprosite/). Among the 16 members of AtALDH protein, both
glutamic acid and cysteine acid active sites were present in 8 proteins
(AtALDH2B4, AtALDH2B7, AtALDH2C4, AtALDHS5FI1,
AtALDHI10AS8, AtALDHI0AY9, AtALDH11A3, At ALDH22A1),
whereas 2 proteins (AtALDH3H1, AtALDH7B4) had only a
glutamic active site and 3 proteins had only a cysteine active site
(AtALDH3I1, AtALDH6B2, AtALDH12A1). Interestingly, no active
sites were observed in AtALDH3F1, AtALDH18B1,and ALDH18B2
(Figure 1). The largest protein among the AtALDH superfamily was
AtALDHI18B2, which length was 726aa and molecular weight was
78.88 kDa. Conversely, the smallest protein in the AtALDH
superfamily was ALDH3HI, with a length of 484aa and molecular
weight of 53.16 kDa.

Localization of AtALDH superfamily
genes on chromosomes

The analysis of the chromosomal location of the AtALDH
gene superfamily indicated that all the 16 AtALDH genes are
located at 5 different chromosomes (Figure 2). Chromosomes 1
and 3 contained the greatest number of AtALDH genes, 5
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AtALDH genes were located on chromosome 1 (AtALDH2B7;
AtALDH3HI1; AtALDH7B4; AtALDH10A8; AtALDH5FI) as well
as chromosome 3 (AtALDH22A1; AtALDH2C4; AtALDH2B4;
AtALDHI0A9; AtALDHI18B2), followed by Chromosome 2,
which contained three AtALDH genes (AtALDH6B2;
AtALDHI11A3; AtALDHI18BI). Chromosome 4 harbored two
AtALDH genes (AtALDH3I1; AtALDH3FI) and chromosome 5
had only one AtfALDH gene (AtALDHI2A1). Interestingly, no
gene duplication was found in the Arabidopsis AtALDH genes.
Additionally, to further understand the evolutionary
relationship of ALDH family members, collinearity analyses
were conducted between A. thaliana, the model dicot and
monocot crop plant species such as G. max, O. sativa, S.
lycopersicum, Z. mays and S. tubersoum. A total of 10
AtALDHs (62.5%) were identified with collinearity
relationships to ALDHs in other plant species, of which 9, 7,
7, 1, and 1 orthologous gene pairs were identified from A.
thaliana - G. max, A. thaliana - S. lycopersicum, A. thaliana -
S. tuberosum, A. thaliana - Z. mays, and A. thaliana - O. sativa,
respectively (Figure 3).

Exon-intron structure, conserved
domain, motif distribution and
phylogenetic analysis of AtALDHs

A phylogenetic tree was created using the protein sequences
encoded by the ALDH genes to study the evolution and
phylogeny of ALDH proteins. Protein sequences of ALDH
from A. thaliana (16), O. sativa (20), S. tuberosum (22), S.
lycopersicum (29), Z. mays (23) and G. max (53) were utilized to
construct a phylogenetic tree (Figure 4). All the proteins were
grouped into 11 subfamilies (ALDH2, 3, 5, 6, 7, 9, 10, 11, 12, 18,
19, 22). Surprisingly, most proteins from the same family were
grouped together regardless of the reference species; however,
ALDHI19 was exclusively found in S. lycopersicum. ALDH 2 and
3 constituted the largest clusters among all the crop plants in this
study, whereas ALDH 5, 12, and 22 had the fewest members. To
further determine the evolutionary relationships of AtALDH
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site (PS00070).
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proteins, using the MEGA-7 a phylogenetic tree was constructed
applying the maximum likelihood method. The AtALDH genes
from the particular subfamily clustered together in the
phylogenetic tree (Figure 5A). The analysis of exon-intron
structures of the AtALDH genes (Figure 5D) revealed that all
the AtALDH genes have 5-UTR and 3’-UTR, while the length of
genomic DNA ranges from 2836 bp (AtALDH2B?) to 6494 bp
(AtALDH5F1). The number of exons varies between individual
members; among the 16 AtALDH genes we found that
AtALDH2C4 and AtALDH3FI had the lowest number of
exons (nine each), while AtALDH5F1, AtALDHI18B1 and
AtALDHI18B2 had the highest number of exons (20 each). The
subfamilies may have similar numbers of exons, which may
indicate functional similarity. The ALDHIO subfamilies had
equal numbers of exons.

To determine the presence of conserved protein domains of
ALDHs, studies were performed using NCBI-CDD (https://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). As shown in
Figure 5C, 10 of the 16 AtALDH proteins (AtALDH2B4,
AtALDH2B7, AtALDH2C4, AtALDH5F1, AtALDH6B2,
AtALDH7B4, AtALDH10A8, AtALDH10A9, AtALDH11A3
and AtALDH22A1) had Aldedh (pfam00171), while 4 of the

aona W

FIGURE 2

o

ALDH11A3
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16 AtALDH proteins (AtALDH3H1, AtALDH3I1, AtALDH3F1
and AtALDHI12A1) had an ALDH-SF domain (cl11961).
AtALDHI18B1 and AtALDHI18B2 had the AA_kinase
(pfam00696) domain.

The MEME-suite was used to analyze the conserved motifs
in the AtALDH proteins and as a result 10 motifs were
determined. As can be seen in Figure 5B, motifs 8, 1, 5,9, 7, 3,
6, 10 and 2 are present in AtALDH6B2, AtALDH5FI,
AtALDH10A8, AtALDH10A9, AtALDH2B4, AtALDH2B7 and
AtALDH2C4. The arrangement of conserved motifs was similar
in most of the AtALDH proteins, except for AtALDHI12A1 and
the AtALDH18 subfamily. AtALDH12A1 contained 3 motifs (1,
7 and 6), while the AtALDH18 members comprised 5 motifs (3,
7,5, 6, and 2).

Analysis of cis-acting regulatory
elements in the promoters of
AtALDH genes

The PlantCARE database was used to detect the cis-acting
regulatory elements (CREs) upstream 1500 bp of the

4LDH1881

N_D\.\?,\’\
ALD\-\?:F‘

Chromosomal localization of ALDH genes in Arabidopsis. All 16 AtALDH genes were indicated on 5 different chromosomes of Arabidopsis with a
black label. Arabidopsis chromosome length and AtALDH gene localization on chromosomes were derived from Ensemblplants (http://plants.

ensembl.org/index.html).
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Arabidopsis ALDH genes family. We identified a total number of
706 CREs in the promoter regions of the AtALDH genes
(Supplementary Material S3). Based on functional
categorization, the selected CREs (176) were further
categorized as involved in plant development and growth,
plant hormone response, light response, and stress
responses (Figure 6).

The identified CREs were composed of a higher proportion
of light-responsive and abiotic-responsive components, as well
as a larger portion of TATA-box and CAAT-box basic elements
(Supplementary Material S3). Light-responsive elements ranging
from 1 to 5 included AE-boxes, G-boxes, TCT-motifs, G-box,
Gap-box and GA-motifs. There were also substantial numbers of
ABRE elements involved in the abscisic acid (ABA)
responsiveness, ranging from 1 to 8. Plant growth and
development elements ranged from 1 to 5 and they were
engaged in meristem expression and palisade mesophyll cell
proliferation. In the abiotic stress category MBS and MYB were
the main elements implicated in drought-inducibility, ranging
from 1 to 2.

Chrt Chr2

10.3389/fpls.2022.1000024

Functional annotation of ALDH genes
in Arabidopsis

The David Functional Annotation tool was used to annotate
the AtALDH genes with functional databases for the GO (gene
ontology) and KEGG pathways. Figure 7A shows the results of
the AtALDH genes annotated in the GO database. The AtALDH
genes were divided into three categories: molecular function
(MF), cell component (CC), and biological process (BP). The
largest proportion of the molecular function was aldehyde
dehydrogenase activity (NAD) and oxidoreductase activity. In
the biological process categories the most significant proportion
was distributed in the cellular aldehyde metabolic process. In the
category of cell components, the highest proportion of ALDHs
was distributed in the cytosol.

KOBAS was used to test the statistical enrichment of the
KEGG pathways. Figure 7B shows the results of the AtALDH
genes in 13 pathways in the KEGG database. The AtALDH genes
enriched pathway in limonene and pinene degradation had the
largest numbers of the AtALDH genes. Meanwhile, the other
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Synteny analysis of ALDH genes in Arabidopsis and other plants (G. max, O. sativa, S. lycopersicum, Z. mays and S. tuberosum). Gray lines in the
background indicate collinearity blocks, whereas syntenic ALDH genes are shown as red lines.
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Phylogenetic analysis of ALDH superfamily proteins from various plant species. The subfamilies are highlighted in different colors. At; A. thaliana,
Os; O. sativa, St; S. tuberosum, Sl; S. lycopersicum, Zm; Z. mays, Gm,; G. max. The tree was constructed using the neighbor-joining method with

1000 bootstrap replications in MEGA 7.

AtALDH genes enriched pathways were histidine metabolism,
lysine degradation, as well as arginine and proline metabolism.

Expression analysis of AtALDH genes
during development stages

All the AtALDH genes were investigated in various organs,
according to the developmental map of the AfALDH genes
during different stages of development: seed, flower, leaf,
rosette, apex, stem, pollen, hypocotyl, root, node, and
cotyledon, respectively (Figure 8). As shown, almost every
member of the AtALDH family is engaged in every stage of
development. However, some AtALDH genes are tissue-specific,
such as ALDH2B?7, which is abundantly expressed in the flower
stage of 12 stamens. Similarly, AtALDH?7B4 is primarily involved
throughout the seed stages.

Expression profile of AtALDH genes
under hypoxia stress

To gain further insight into the AfALDH gene responses to
hypoxia stress, five microarrays available in the databases were
used to identify the pattern of the AtALDH genes under multiple
stages of hypoxia stress: 2h (seedling), 4h (rosette), 12h (leaves),
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and 48h (leaves and roots) (Figure 9). AtALDH2B4 was shown to
be upregulated as hypoxia severity increased, while
AtALDH2C4, AtALDH6B2, AtALDH7B4, AtALDHI0A9,
AtALDHI2A1, AtALDHI8BI1 and AtALDHI8B2 showed a
similar trend. After 48h hypoxia treatment among all the 16
AtALDH genes AtALDH6B2 and AtALDH7B4 demonstrated the
most significant upregulation, while AtALDH3FI1 was shown to
be the most downregulated. Importantly, expression of the
selected AtALDH genes at 48h of stress in leaves and roots
revealed opposing tendencies, e.g. AtALDH3FI1 and
AtALDH22A1 were upregulated in leaves, whereas they were
downregulated in roots. This may refer to the abundance of the
ALDH genes in different tissue types. Obtained results indicated
that AtALDH3F1, AtALDH6B2 and AtALDH7B4 were the most
hypoxia-responsive.

qRT-PCR analysis of AtALDH genes
under hypoxia in A. thaliana leaves

Since flooding creates a natural hypoxia condition,
Arabidopsis was partially submerged in water to evaluate the
impact of the stress on AtALDHs in leaves. As shown in
Figure 10, hypoxia at 72h caused the most significant
modifications in ALDH expression. The most impressive
transcript accumulation was observed in the case of
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AtALDH?2B7, which increased almost 3.5-fold at 72h of hypoxia
in comparison to the control. In general, stress conditions
provoked upregulation of AtALDH2B4, AtALDH2C4,
AtALDH3F1, AtALDH3HI and AtALDH3I1. Diminished
transcript accumulation was observed for AtALDH5FI. A
similar tendency was observed in the case of AtALDH6B2,
AtALDH7B4, AtALDHI0AS, AtALDHI11A3, AtALDHI2A1,
AtALDHI18BI, AtALDHI8B2 and AtALDH22A]1. Interestingly,
expression of AtALDHI10A9 did not alter much during hypoxia.

qRT-PCR analysis of AtALDH
genes under recovery phase in
A. thaliana leaves

To investigate the expression pattern of the ALDH genes
during post-hypoxia reoxygenation (recovery phase),
Arabidopsis plants were partially submerged in water for 24h,
followed by recovery for 24 h and 48 h. As shown in Figure 11,
ALDH]18B2 was the most upregulated gene after 48 h recovery,
nearly 2-fold when compared with the control. Generally, the
recovery phase led to the upregulation of ALDH2B4, ALDH2B7,
ALDH3I1, ALDH7B4, ALDH10A8, ALDHI10A9, ALDHI11A3,
ALDHI18BI1, ALDHI18B2 and ALDH22A1. The most decreased
transcript accumulation was observed for ALDH3H]I after 48h

10.3389/fpls.2022.1000024

recovery, while a similar tendency was also observed in
ALDH2C4, ALDH3F1, ALDH3I1, ALDH5F1, ALDH6B2,
ALDHI2AI and ALDH22A1. Interestingly, the expression of
the ALDH3II and ALDHI0A9 genes was upregulated at 24 h
recovery and downregulated as the recovery phase progressed
to 48 h.

Homology modelling of AtALDH
proteins encoded by the hypoxia
responsive genes

The SOPMA (self-optimized prediction method with
alignment) was employed to predict the ratio of alpha helices,
extended strands, beta turns, and random coil in all the AtALDH
proteins (Table S8). Among all secondary structure prediction of
AtALDH proteins, the alpha helix predominates, ranging from
33.44% to 50.96%, followed by the random coil (24.66%-
41.01%), extend strand (12.58%-19.60%) and beta turn
(4.53%-8.90%). Meanwhile, protein glycosylation of AtALDHs
was also determined in this study, as shown in Table S6. The
results indicated that 13 out of 16 AtALDH proteins have N-
glycosylation sites, with AtALDH18B1 having the largest
number of N-glycosylation sites, i.e. 7. The derived homology
models were verified using the Procheck Ramachandran plot
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Protein sequence and gene structure analysis of ALDHs in Arabidopsis. Phylogenetic relationships, architecture of conserved protein motifs, and
gene structure of AtALDH genes. (A) A phylogenetic tree was constructed based on AtALDH protein sequences, MEGA7's Maximum-likelihood
method with 1000 bootstrap replicates was used to calculate genetic distances. (B) Motif composition of AtALDH proteins. The motifs, numbers
1-10, are displayed in different colored boxes. (C) Conserved domains of AtALDHs. (D) Exon-intron structure of AtALDH genes. Green boxes
indicate untranslated 5'-UTR and 3'-UTR regions; yellow boxes indicate CDS regions; black lines indicate introns.
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analysis. The majority of the residues of AtALDH2B7,
AtALDH3H]1, and AtALDH5F1 were located in the preferred
region of 93.0%, 91.8%, and 93.0%, respectively (Table S9). The
homology model revealed that the overall structure of
AtALDH2B7 and AtALDH5F1 was very similar in terms of
common strands and helices in the Rossmann folding
type (Figure 12).

Discussion

Aldehyde dehydrogenases are a group of enzymes involved
in NAD"/NADP" dependent conversion of various aldehydes to
their non-toxic carboxylic acids (Brocker et al., 2013). Plant
ALDH genes play an important role not only in seed
germination and developmental stages, but also in oxidative
stress responses under plant dehydration or high salinity (Guo
et al., 2020; Islam et al., 2021; Islam and Ghosh, 2022). Flooding
caused by excessive or persistent rainfall in a region with poorly
drained soil is one of the most serious environmental stresses.
According to estimates from the Food and Agriculture
Organization of the United Nations (FAO), between 2008 and
2018 floods caused losses of around US$ 21 billion to agriculture

10.3389/fpls.2022.1000024

in the developing countries (https://www.fao.org/resources/
digital-reports/disasters-in-agriculture/en/). Flooding caused by
waterlogging or submersion frequently results in hypoxia in
plants. In general, hypoxia, the oxygen (O,) depletion due to
water’s lower oxygen availability than that of air, disrupts
metabolic processes leading in consequence to plant growth
inhibition and cell death. ALDH has been recognized to be an
aldehyde scavenger that eliminates toxic aldehydes induced by
oxidative stress, but its involvement in unique metabolic
conversions induced by hypoxia is still poorly understood. A
comprehensive investigation of the ALDH superfamily genes in
a model plant Arabidopsis was therefore undertaken in order to
clarify the role of ALDHs in response to hypoxia stress.

In Arabidopsis a total of 16 ALDH genes have been
identified, which were grouped into 10 subfamilies (Families 2,
3,5,6,7,10,11, 12, 18 and 22). In order to evaluate the sequence
resemblance and evolutionary relationships of the ALDH genes
in Arabidopsis, ALDHs from five different crop plants (Solanum
lycopersicum, Solanum tuberosum, Zea mays, Oryza sativa,
Glycine max) were used. Phylogenetically, the ALDHs in the
selected crop plants were grouped into 11 subfamilies (Families
2,3,5,6,7,10,11, 12, 18, 19 and 22). Interestingly, ALDH19 was
found only in S. lycopersicum. Importantly, A. thaliana ALDH
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Distribution of cis-acting regulatory elements (CRE) in promoter sequences of AtALDH genes. The 1500 bp genomic DNA sequence upstream
of the initiation codon (ATG) was extracted from the Eukaryotic Promoter Database (https://epd.epfl.ch/), potential CREs were analyzed by the
PLACE database (http://www.dna.affrc.go.jp/PLACE/signalscan.html). The obtained data were visualized by PowerPoint (https://www.microsoft
com/en-us/microsoft-365/powerpoint). The yellow line indicates light responsiveness CREs; the red line indicates abiotic stress CREs; the black
line indicates phytohormone responsive CREs; green line indicates plant growth and development CREs. The number in squares indicates the

presence of CREs.
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Functional analysis of ALDH in Arabidopsis. (A) GO functional annotation results, Molecular Function (MF), Cell Component (CC), and Biological
Process (BP). The horizontal axis shows the gene count of AtALDH genes, while the vertical axis represents the biological process, molecular
function, and cellular component, respectively. (B) Significantly Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The
horizontal axis shows the gene ratio of AtALDH genes, while the vertical axis represents the significant biological pathway. The Database for
Annotation, Visualization and Integrated Discovery (https://david.ncifcrf.gov/home.jsp) was used for both GO annotation and KEGG pathway

analysis of ALDH in Arabidopsis, with default parameters.

members were clustered together with five other crop plants into
the same family. Phylogenetic analysis showed that the ALDH
genes are highly conserved across the monocotyledonous and
dicotyledonous plants. It implies that the plant ALDH genes
evolved prior to the divergence of monocots and dicots.
Previously, tandem duplication events had been recorded in O.
sativa (OsALDH2CI1 and OsALDH2C2; OsALDH3EIl and
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OsALDH3E3) (Gao and Han, 2009) and S. tuberosum
(StALDH2B4, StALDH2B4, and StALDH2B6; StALDHI18BI
and StALDHI8B2) (Islam et al, 2021). However, no gene
duplication event was found in A. thaliana, which might be
due to the relatively small genome size (approximately 135MB)
of A. thaliana as compared with other plants (The Arabidopsis
Genome Initiative, 2000). Meanwhile, synteny analysis of ALDH
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The AtALDH gene expression profile during plant growth and development stages of Arabidopsis. The AtALDH gene expression profile was
extracted from the Arabidopsis eFP browser (http://bar.utoronto.ca/efp//cgi-bin/efpWeb.cgi ). Regarding growth and development stages of
Arabidopsis, the expression profiles of 16 AtALDH genes were investigated during different stages of development (seed, flower, leaf, rosette,

apex, stem, pollen, hypocotyl, root, node, and cotyledon). The scale of figure indicates the fold change of AtALDH genes.

genes among Arabidopsis and other plants revealed that the
correlation between AtALDH genes and GmALDH genes is
similar, which is significant when exploring the relationship
between species and forecasting gene functions. Furthermore,
the Codon-based dy/dg ratios (Table S5.) of all the AtALDH
genes were less than one, which supports the evolution of
AtALDH genes by purifying selection pressure during the
evolutionary process. Moreover, phylogenetic analysis

indicated that the AtALDH families 2, 5, 6 and 10 are the
most closely related, while additionally AfALDH family 18 is
the most phylogenetically distant. Due to the fact that
AtALDH18B1 and AtALDHI18B2 contained a completely
separate conserved domain (AA kinase), it is possible that
these two AtALDHs differ significantly from the other
AtALDHs. Furthermore, in this study we also determined
glutamic acid and cysteine acid activity sites in AtALDHs. A

FIGURE 9
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Gene expression profiles of AtALDH genes in Arabidopsis under hypoxia stress. The microarray datasets used in this analysis are presented in
coloured rectangular boxes. Five microarrays related to hypoxia stress in Arabidopsis were extracted from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/ ), GSE50679 (Arabidopsis seedling with 2h hypoxia treatment); GSE44344 (Arabidopsis rosette with 4h hypoxia treatment);
GSE116996 (Arabidopsis leaves with 12h hypoxia treatment); GSE59719 (Arabidopsis leaves with 48h hypoxia treatment); and GSE119327
(Arabidopsis root with 48h hypoxia treatment). The scale of the graph represents the log fold change value for the AtALDH genes.
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FIGURE 10

Relative gene expression of AtALDHs under hypoxia. Analyses were performed in Arabidopsis leaves of plants exposed to stress at selected time
points: Oh (control), 24h, 48h, and 72h. All values represent the means of data + SD of at least three independent experiments (n=9). Asterisks
(*) indicate values that differ significantly after hypoxia treatment as compared to Oh (control) at a<0.05. The analysis of variance was conducted
and the least significant differences (LSDs) between means were determined using Tukey's test at the level of significance a=0.05.

cysteine acid activity site is present in 10 out of 16 AtALDHs. A
glutamic acid and a cysteine residue have been implicated in the
catalytic activity of mammalian aldehyde dehydrogenases
(Farres et al., 1995). It is worth noticing that the nitric oxide

constitute a target of nitric oxide dependent S-nitrosylation,
and function as a metabolic sensor of nitric oxide signaling.

In this study we determined the cis-acting regulatory
elements (CREs) in the promoter regions of the AtALDH

signaling through redox-based modification of protein cysteine
residues known as S-nitrosylation can affect a broad range of
proteins (Nakamura and Lipton, 2011; Wang et al., 2022). Thus,
the presence of the cysteine acid active site in ALDH may

genes. The identified CREs were found to be involved in
growth and development, light, phytohormone and stress
responses. We also analyzed the expression of the AtALDH
genes in different organs using the publicly available database.
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FIGURE 11

Relative gene expression of AtALDHs under recovery phase. Analyses were performed in Arabidopsis leaves of plants recovered from 24 h
hypoxia stress at selected time points: Oh (control), 24h, 48h. All values represent means of data + SD of at least three independent experiments
(n=9). Asterisks (*) indicate values that differ significantly during recovery phase as compared to the control at a<0.05, respectively. The analysis

of variance was conducted and the least significant differences (LSDs) between means were determined using Tukey's test at the level of
significance a.=0.05.
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A AtALDH2B7

FIGURE 12

B AtALDH5F1
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C AtALDH3H1

Three-dimensional structure analysis of the proteins encoded by three hypoxia responsive AtALDH genes. (A) AtALDH2B7; (B) AtALDH5F1; and
(C) AtALDH3H1. All the structures were visualized by rainbow color from N to C terminus. Coils and smooths represent alpha helices and beta

sheets, respectively

The obtained results indicated that almost all the AtALDH genes
were engaged in every stage of development (Figure 8).

Plant phytohormones play pivotal roles in stress adaptation
of plants (Waadt et al., 2022). In previous studies
phytohormones have been reported to regulate the expression
of the ALDH genes (Wu et al., 2007). In Arabidopsis abscisic
acid can regulate ALDH3 gene expression (Brocker et al., 2013).
In turn, in Z. mays the phytohormone elevated ALDH22A1 gene
expression (Huang et al., 2008). It was also documented that
ALDHG6 was upregulated in O. sativa treated with auxin and
gibberellin (Oguchi et al., 2004; Marchitti et al., 2008). A recent
study indicated that hypoxia stress can led to the accumulation
of ethylene, which may further regulate ABA catabolism to
impact plant hypoxia tolerance (Wang et al, 2021). In our
study we determined that the ABA-responsive element
(ABRE) was present in 14 out of 16 AtALDHs (ALDHZ2B7,
ALDH2C4, ALDH3F1, ALDH3H1, ALDH3I1, ALDH5F]I,
ALDH6B2, ALDH7B4, ALDHI10A8, ALDHI11A3, ALDHI2A1,
ALDHI18B1, ALDHI18B2, ALDH22A1), which can be induced
by ABA in Arabidopsis. These results indicate that ALDHs might
play an important role in response to hypoxia stress through the
regulation of ABA.

Another crucial aspect that was taken into account when
searching for the AtALDHs involvement in adaptation to
hypoxia stress is the hypoxia condition. In this experimental
context Tsuji et al. (2003) showed that the hypoxia condition can
regulate the expression of the ALDH2A in rice. Based on the
analysis of the expression profile of the AtALDH genes from the
microarray datasets our analysis confirmed that the hypoxia
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condition could regulate the expression of the AtALDH genes.
Moreover, data revealed that the AtALDH genes might be
differently expressed in various organs with the same stressful
scenario. For example, ALDH7B4 was up-regulated in leaves, but
down-regulated in roots after 48 h hypoxia stress. This finding
was further supported by the GO and KEGG database
annotations. Eight out of 16 AtALDH genes (ALDHIIA3,
ALDHI0AY9, ALDH3I1, ALDH3HI1, ALDHI18B1, ALDH7B4,
ALDHI0A8, ALDH2B7) have been found to be responsive to
water, which also includes response to flooding and submergence
in water. Plants encounter multiple challenges during hypoxia at
flooding conditions. Under these circumstances the ability of plant
cells to absorb CO, for photosynthesis and O, for respiration is
severely hampered by the substantial drop in gas diffusion.
Additionally, plants may experience cellular energy and glucose
shortages due to the lower light availability under water
(MOMMER and VISSER, 2005). Hence, plant cells switch from
aerobic respiration to anaerobic fermentation, accumulating toxic
metabolites such as lactic acid, acetaldehyde and ethanol, which
cause further cell damage. During O, deprivation pyruvate
decarboxylase (PDC) converts pyruvate to acetaldehyde, which
is metabolized by alcohol dehydrogenase (ADH) to ethanol, while
regeneration of NAD+ sustains glycolysis. Ethanol production is
benign owing to its rapid diffusion out of cells, whereas the
intermediate acetaldehyde is toxic. Aldehyde dehydrogenase
catalyzes the conversion of acetaldehyde to acetate, with the
concomitant reduction of NAD+ to NADH. The mitochondrial
ALDH is significantly induced by anoxia in coleoptiles of rice
(Nakazono et al, 2000; Lasanthi-Kudahettige et al., 2007), in
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contrast to the Arabidopsis seedlings (Kiirsteiner et al, 2003).
ALDH activity correlates with the anaerobic germination
capability of Echinochloa crus-galli under strict anoxia (Fukao
et al,, 2003). Under O,-limiting conditions ALDH also consumes
NAD+ and may thereby limit glycolysis, whereas upon
reoxygenation acetaldehyde is converted to acetate by
mitochondrial ALDH that enters the tricarboxylic acid (TCA)
cycle. Increasing evidence suggests that an oxidative burst
resulting from the ROS production started immediately upon
exposure of anaerobic plant tissues to normoxia leads to severe
peroxidation of cellular components. The enzymatic scavenging of
aldehydes derived from stress-related lipid peroxidation involves
ALDHs. ALDHs are also engaged in a variety of other activities,
such as (i) controlling secondary metabolism, particularly amino
acid and retinoic acid metabolism (Zhang et al., 2012); (ii)
generating osmoprotectants such as glycine betaine to protect
against osmotic stress (Wani et al.,, 2013; Xiao and Loscalzo, 2020);
and (iii) contributing to the maintenance of redox equilibrium.
ALDHs also play an important role in cellular homeostasis by
maintaining cellular redox equilibrium; for example, ALDHs may
scavenge hydroxyl radicals via the thiol groups of their cysteine
and methionine residues (Estey et al., 2007). Additionally, ALDH
isozymes may contribute to the cellular antioxidant capacity by
generating NAD(P)H, which is critical for the regeneration of
GSH and as a direct antioxidant (Singh et al., 2013).

Although the root is the first organ that senses hypoxia
caused by flooding, a set of physiological and biochemical
changes are also induced in leaves. Leaves are usually fully
aerobic tissues and also produce oxygen through
photosynthesis. Leaves are the most variable organs in long-
term adaptation to the environment. Therefore, in this study to
verify AtALDH gene expression patterns under hypoxia
conditions Arabidopsis plants were submerged in the water
tank to assess the hypoxia effect on leaf metabolism
adjustment. Obtained qRT-PCR results suggest that hypoxia
for 72h provokes the most significant modifications in AtALDH
gene expression (Figure 10). The expression of AtALDH2B7 and
AtALDH3H]1 was significantly upregulated during hypoxia and
both of them were localized in the cytoplasm (Hou and Bartels,
2015). Additionally, the AtALDH5F1 gene was downregulated
during hypoxia; interestingly, ALDH5F1 is mitochondrial
specific (Hou and Bartels, 2015). Thus, our investigation may
indicate that different AtALDH genes have different expression
patterns in an organelle-specific manner. Previous research
showed that in Arabidopsis the ALDH2B7 gene was expressed
not only in anoxia, but also in response to drought, as evidenced
by the downregulation of glycolysis and the stimulation of
acetate production (Kim et al., 2017). ALDH3HI is
constitutively expressed at a low level in leaves, but is activated
in response to osmotic stress and after ABA treatment in roots
(Kirch et al., 2004). Notably, it results from our cis-elements
analysis that ATALDH3HI also has 6 ABRE elements in the
promoter region. Plant hormones such as ethylene and ABA

Frontiers in Plant Science

15

10.3389/fpls.2022.1000024

play crucial roles in the genetically controlled survival of plants
to hypoxia under waterlogging or submergence (Phukan et al,
2016). Ethylene has been extensively characterized as a critical
hormone in hypoxia-triggered responses (Geisler-Lee et al.,
2010; Hartman et al., 2019; Waadt et al.,, 2022). Therefore,
ALDH3HI1 might play an essential role in regulating hypoxia
responses through the regulatory network involving an interplay
between ROS, ABA, and ethylene. Extended hypoxic conditions
can result in decreased ATP synthesis and cytoplasmic acidosis,
both of which can damage plant cells. However, plant cells may
also be damaged during reoxygenation after hypoxia as a result
of the formation of ROS and acetaldehyde (Tsuji et al., 2003).
Hereby, the expression pattern of ALDHs under the recovery
phase was also investigated in our study. During the
reoxygenation, ALDHI18B1, ALDHI18B2, ALDH2B4 and
ALDHI0A8 were found to be upregulated; meanwhile,
ALDH18B1, ALDH18B2 and ALDH2B4 have been reported to
be localized in the mitochondria (Hou and Bartels, 2015). It
should be noted that under O,-limiting conditions ALDH also
consumes NAD+ and may limit glycolysis, whereas upon
reoxygenation acetaldehyde is converted to acetate by
mitochondrial ALDH and enters the tricarboxylic acid (TCA)
cycle. ALDH10A8 is a leucoplastidial protein, which was found
upregulated in response to abscisic acid, salinity, cold and
oxidative stress in Arabidopsis (Missihoun et al., 2011).
Compared with post-hypoxia treatment, AtALDH3HI was
downregulated, while the expression of AtALDH2B7 was not
changed during reoxygenation. This implies that they are the
most hypoxia-responsive ALDH genes. Additionally, the
AtALDH5F1 gene was downregulated during hypoxia and
reoxygenation conditions. ALDHS5F1 is mitochondrial specific.
In a previous study the expression of the ALDH5FI gene was
found to be regulated by waterlogging stress in sugarcane
(Gomathi et al., 2015). Moreover, ALDH5 Arabidopsis
mutants presented ROS over-accumulation and cell death in
response to light and heat stress (Bouche et al.,, 2003). ALDH5
was found to participate in the y-aminobutyrate (GABA) ‘shunt’
pathway in bacteria, plants, and animals. It worth noting that in
plants the non-protein amino acid GABA is associated with
pollen-pistil interactions, herbivore deterrence, oxidative stress,
and hypoxia, as a its high concentration enhances plant defence
or tolerance responses (Brocker et al., 2013).

Cellular function is accomplished by 3D well-folded protein
structures, protein-protein and protein-ligand interactions
(Jimenez-Lopez et al., 2010). In this study we identified three
hypoxia responsive AtALDH genes, and the encoded proteins
were homology modelled using swiss-modelling. The 3D
structures of all the proteins showed the number of residues >
90% in the most favoured region as per the Ramachandran plot
analysis, which suggests the high accuracy of the structure
prediction. Protein glycosylation is one of the crucial
components of protein structure, which regulate a range of
biological activities including protein folding, signalling,
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stability, conformation, and cell-cell interactions (Corfield,
2017). In this study, N-glycosylation sites were recognized for
all the AtALDH proteins, while 13 out of 16 AtALDHs
contained N-glycosylation sites. In eukaryotic cells protein N-
glycosylation is one of the most important post-translational
modifications. By altering protein functions, it mediates diverse
biological processes, including intercellular communication
(Chen et al., 2020). The numerous functions of N-
glycosylation in regulating plant stress tolerance and
development were previously reported (Kaulfiirst-Soboll et al.,
2021). The glycosylation in multiple ways is involved in
maintaining the redox homeostasis during the plant’s response
to oxidative stress, including i) modification of a molecule’s
antioxidant property, as in the case of flavonoids, ii) promoting
the biosynthesis of its corresponding aglycone by changing its
subcellular location, and iii) influencing the phytohormone
translocation, signalling capacity, and downstream gene
expression regulation (Behr et al, 2020). Therefore, in our
study, it can be assumed that after hypoxia stress, during
recovery, the ALDHs might be associated with redox-related
patterns and signalling pathways for glycol-redox interplay in
response to oxidative stress.

Conclusion

We characterized the ALDH genes in Arabidopsis at the whole-
genome scale to provide insight into their genomic and structural
organization, regulatory framework, physicochemical properties,
phylogenetic and evolutionary relationships, as well as expression
profiles during developmental stages and under abiotic stresses. In
addition, functional validation of the ALDH genes in Arabidopsis
leaves carried out by qRT-PCR analysis help indicate that the
candidate genes are responsive to hypoxia and post-hypoxia
reoxygenation. Thus, a future detailed characterization of the
selected genes will provide comprehensive understanding of the
ALDH role in mechanisms of hypoxia tolerance and post-hypoxia
recovery. Notably, different patterns of ALDHs expression observed
during stress and recovery phases indicated that plant ALDH is a
crucial element of the oxygen-dependent metabolic switch in cells.
The results broaden our knowledge on plant ALDHs and provide
valuable information for future genetic improvement programs in
crop plants potentially challenged by hypoxia stress. It worth noting
that hypoxia in nature can also be caused both by pathogen
infestation or occur sequentially with flooding events (Tang and
Liu, 2021). Thus, the recognition of most potent ALDHs may
provide effective defence strategies to cope also with microbes.

Frontiers in Plant Science

16

10.3389/fpls.2022.1000024

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

MA-J, ES-N and JF-W conceived and designed the
experiments. YG performed the experiments and most of
bioinformatic analysis with assistance of UKT. YG and UKT
drafted the manuscript. MA-J, ES-N and JE-W supervised the
individual stages of the study, interpreted the results,
contributed to writing, and revised the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by grants from the National
Science Centre, project no. NCN 2017/26/E/NZ4/00226.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1000024/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1000024/full#supplementary-material
https://doi.org/10.3389/fpls.2022.1000024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Guan et al.

References

Behr, M., Neutelings, G., El Jaziri, M., and Baucher, M. (2020)You want it
sweeter: How glycosylation affects plant response to oxidative stress (Accessed
August 16, 2022).

Bouché, N., Fait, A., Bouchez, D., Moller, S. G., and Fromm, H. (2003).
Mitochondrial succinic-semialdehyde dehydrogenase of the y-aminobutyrate
shunt is required to restrict levels of reactive oxygen intermediates in plants.
Proceedings of the National Academy of Sciences 100(11), 6843-48. doi: 10.1073/
pnas.1037532100

Brocker, C., Vasiliou, M., Carpenter, S., Carpenter, C., Zhang, Y., Wang, X,, et al.
(2013). Aldehyde dehydrogenase (ALDH) superfamily in plants: Gene
nomenclature and comparative genomics. Planta 237, 189-210. doi: 10.1007/
500425-012-1749-0

Chen, L.-Q., Zhao, W.-S., and Luo, G.-Z. (2020). Mapping and editing of nucleic
acid modifications. Comput. Struct. Biotechnol. J. 18, 661-667. doi: 10.1016/
1.csbj.2020.03.010

Corfield, A. (2017). Eukaryotic protein glycosylation: a primer for histochemists
and cell biologists. Histochem. Cell Biol. 147, 119-147. doi: 10.1007/s00418-016-
1526-4

Estey, T., Piatigorsky, J., Lassen, N., and Vasiliou, V. (2007). ALDH3A1: A
corneal crystallin with diverse functions. Exp. Eye Res. 84, 3-12. doi: 10.1016/
j.exer.2006.04.010

Farres, J., Wang, T. T., Cunningham, S. J., and Weiner, H (1995). Investigation
of the active site cysteine residue of rat liver mitochondrial aldehyde dehydrogenase
by site-directed mutagenesis. Biochemistry 34(8), 2592-98. doi: 10.1021/
bi000082025

Fukao, T., and Bailey-Serres, J. (2004). Plant responses to hypoxia-is survival a
balancing act? Trends Plant Sci. 9, 449-456. doi: 10.1016/j.tplants.2004.07.005

Fukao, T., Kennedy, R. A., Yamasue, Y., and Rumpho, M. E. (2003). Genetic and
biochemical analysis of anaerobically-induced enzymes during seed germination of
echinochloa crus-galli varieties tolerant and intolerant of anoxia. J. Exp. Bot. 54,
1421-1429. doi: 10.1093/jxb/erg140

Gao, C., and Han, B. (2009). Evolutionary and expression study of the aldehyde
dehydrogenase (ALDH) gene superfamily in rice (Oryza sativa). Gene 431, 86-94.
doi: 10.1016/j.gene.2008.11.010

Geisler-Lee, J., Caldwell, C., and Gallie, D. R. (2010). Expression of the ethylene
biosynthetic machinery in maize roots is regulated in response to hypoxia. J. Exp.
Bot. 61, 857-871. doi: 10.1093/jxb/erp362

Gomathi, R., Gururaja Rao, P. N, Chandran, K., and Selvi, A. (2015). Adaptive
responses of sugarcane to waterlogging stress: An over view. Sugar Tech 17, 325-
338. doi: 10.1007/512355-014-0319-0

Guo, J., Sun, W, Liu, H,, Chi, J., Odiba, A. S,, Li, G, et al. (2020). Aldehyde
dehydrogenase plays crucial roles in response to lower temperature stress in
solanum tuberosum and nicotiana benthamiana. Plant Sci. 297, 110525.
doi: 10.1016/j.plantsci.2020.110525

Hartman, S., Liu, Z., van Veen, H., Vicente, J., Reinen, E., Martopawiro, S., et al.
(2019). Ethylene-mediated nitric oxide depletion pre-adapts plants to hypoxia
stress. Nat. Commun. 10, 1-9. doi: 10.1038/s41467-019-12045-4

Hermes-Lima, M., Moreira, D. C,, Rivera-Ingraham, G. A., Giraud-Billoud, M.,
Genaro-Mattos, T. C., and Campos, EG. (2015). Preparation for oxidative stress
under hypoxia and metabolic depression: Revisiting the proposal two decades later.
Free Radic. Biol. Med. 89, 1122-1143. doi: 10.1016/j.freeradbiomed.2015.07.156

Hou, Q., and Bartels, D. (2015). Comparative study of the aldehyde
dehydrogenase (ALDH) gene superfamily in the glycophyte arabidopsis thaliana
and eutrema halophytes. Ann. Bot. 115, 465-479. doi: 10.1093/aob/mcul52

Huang, W., Ma, X, Wang, Q., Gao, Y., Xue, Y., Niu, X, et al. (2008). Significant
improvement of stress tolerance in tobacco plants by overexpressing a stress-
responsive aldehyde dehydrogenase gene from maize (Zea mays). Plant Mol. Biol.
68, 451-463. doi: 10.1007/s11103-008-9382-9

Islam, M., and Ghosh, A. (2022). Evolution, family expansion, and functional
diversification of plant aldehyde dehydrogenases. Gene 829, 146522. doi: 10.1016/
j.gene.2022.146522

Islam, M., Hasan, M., Hasan, M., Prodhan, S. H., Islam, T., and Ghosh, A.
(2021). Genome-wide identification, evolution, and transcript profiling of aldehyde
dehydrogenase superfamily in potato during development stages and stress
conditions. Sci. Rep. 11, 18284. doi: 10.1038/541598-021-97691-9

Jethva, J., Schmidt, R. R,, Sauter, M., and Selinski, J. (2022). Try or die: Dynamics
of plant respiration and how to survive low oxygen conditions. Plants 11, 205.
doi: 10.3390/plants11020205

Jimenez-Lopez, J. C., Gachomo, E. W., Seufterheld, M. J., and Kotchoni, S. O.
(2010). The maize ALDH protein superfamily: Linking structural features to
functional specificities. BMC Struct. Biol. 10, 43. doi: 10.1186/1472-6807-10-43

Frontiers in Plant Science

17

10.3389/fpls.2022.1000024

Kaulfiirst-Soboll, H., Mertens-Beer, M., Brehler, R., Albert, M., and von
Schaewen, A. (2021) Complex n-glycans are important for normal fruit ripening
and seed development in tomato (Accessed August 11, 2022).

Kim, J.-M,, To, T. K., Matsui, A., Tanoi, K., Kobayashi, N. I, Matsuda, F., et al.
(2017). Acetate-mediated novel survival strategy against drought in plants. Nat.
Plants 3, 1-7. doi: 10.1038/nplants.2017.97

Kirch, H.-H., Bartels, D., Wei, Y., Schnable, P. S., and Wood, A. J. (2004). The
ALDH gene superfamily of arabidopsis. Trends Plant Sci. 9, 371-377. doi: 10.1016/
j.tplants.2004.06.004

Kotchoni, S. O., Kuhns, C,, Ditzer, A., Kirch, H.-H., and Bartels, D. (2006). Over-
expression of different aldehyde dehydrogenase genes in arabidopsis thaliana
confers tolerance to abiotic stress and protects plants against lipid peroxidation
and oxidative stress. Plant Cell Environ. 29, 1033-1048. doi: 10.1111/j.1365-
3040.2005.01458.x

Kiirsteiner, O., Dupuis, I., and Kuhlemeier, C. (2003). The pyruvate
decarboxylasel gene of arabidopsis is required during anoxia but not other
environmental stresses. Plant Physiol. 132, 968-978. doi: 10.1104/pp.102.016907

Lasanthi-Kudahettige, R., Magneschi, L., Loreti, E., Gonzali, S., Licausi, F., Novi,
G., etal. (2007). Transcript profiling of the anoxic rice coleoptile. Plant Physiol. 144,
218-231. doi: 10.1104/pp.106.093997

Leon, J., Castillo, M. C., and Gayubas, B. (2021). The hypoxia-reoxygenation
stress in plants. J. Exp. Bot. 72, 5841-5856. doi: 10.1093/jxb/eraa591

Liu, H,, Zhang, H., Weisz, D. A,, Vidavsky, L, Gross, M. L., and Pakrasi, H. B. (2014).
MS-based cross-linking analysis reveals the location of the PsbQ protein in cyanobacterial
photosystem II. Proc. Natl. Acad. Sci. 111, 4638-4643. doi: 10.1073/pnas.1323063111

Marchitti, S. A., Brocker, C., Stagos, D., and Vasiliou, V. (2008). Non-P450
aldehyde oxidizing enzymes: The aldehyde dehydrogenase superfamily. Expert
Opin. Drug Metab. Toxicol. 4, 697-720. doi: 10.1517/17425250802102627

Missihoun, T. D., Kotchoni, S. O., and Bartels, D. (2018). Aldehyde
dehydrogenases function in the homeostasis of pyridine nucleotides in
arabidopsis thaliana. Sci. Rep. 8, 2936. doi: 10.1038/s41598-018-21202-6

Missihoun, T. D., Schmitz, J., Klug, R, Kirch, H.-H., and Bartels, D. (2011). Betaine
aldehyde dehydrogenase genes from arabidopsis with different sub-cellular localization
affect stress responses. Planta 233, 369-382. doi: 10.1007/s00425-010-1297-4

Mitsuya, S., Yokota, Y., Fujiwara, T., Mori, N., and Takabe, T. (2009). OsBADH1
is possibly involved in acetaldehyde oxidation in rice plant peroxisomes. FEBS Lett.
583, 3625-3629. doi: 10.1016/j.febslet.2009.10.039

MOMMER, L., and VISSER, E. J. W. (2005). Underwater photosynthesis in
flooded terrestrial plants: A matter of leaf plasticity. Ann. Bot. 96, 581-589.
doi: 10.1093/a0b/mci212

Mustroph, A., Zanetti, M. E., Jang, C. J. H., Holtan, H. E.,, Repetti, P. P,,
Galbraith, D. W, et al. (2009). Profiling translatomes of discrete cell populations
resolves altered cellular priorities during hypoxia in arabidopsis. Proc. Natl. Acad.
Sci. 106, 18843-18848. doi: 10.1073/pnas.0906131106

Nakamura, T., and Lipton, S. A. (2011). S-nitrosylation of critical protein thiols
mediates protein misfolding and mitochondrial dysfunction in neurodegenerative
diseases. Antioxid. Redox Signal. 14, 1479-1492. doi: 10.1089/ars.2010.3570

Nakazono, M., Tsuji, H,, Li, Y., Saisho, D., Arimura, S., Tsutsumi, N., et al. (2000).
Expression of a gene encoding mitochondrial aldehyde dehydrogenase in rice increases
under submerged Conditions1. Plant Physiol. 124, 587-598. doi: 10.1104/pp.124.2.587

Oguchi, K., Tanaka, N., Komatsu, S., and Akao, S. (2004). Methylmalonate-
semialdehyde dehydrogenase is induced in auxin-stimulated and zinc-stimulated
root formation in rice. Plant Cell Rep. 22, 848-858. doi: 10.1007/s00299-004-0778-y

Pawlowski, T. A., Staszak, A. M., Karolewski, P., and Giertych, M. J. (2017).
Plant development reprogramming by cynipid gall wasp: Proteomic analysis. Acta
Physiol. Plant 39, 114. doi: 10.1007/s11738-017-2414-9

Pfaftl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 29, 45e-445. doi: 10.1093/nar/29.9.e45

Phukan, U. ], Jeena, G. S., and Shukla, R. K. (2016)WRKY transcription factors:
Molecular regulation and stress responses in plants (Accessed July 5, 2022).

Sasidharan, R., Bailey-Serres, J., Ashikari, M., Atwell, B. J., Colmer, T. D,
Fagerstedt, K., et al. (2017). Community recommendations on terminology and
procedures used in flooding and low oxygen stress research. N. Phytol. 214, 1403
1407. doi: 10.1111/nph.14519

Shen, Y., Zhang, Y., Yang, C,, Lan, Y., Liu, L, Liu, S., et al. (2012). Mutation of
OsALDH?7 causes a yellow-colored endosperm associated with accumulation of
oryzamutaic acid a in rice. Planta 235, 433-441. doi: 10.1007/s00425-011-1477-x

Shin, J.-H., Kim, S.-R,, and An, G. (2009). Rice aldehyde Dehydrogenase7 is
needed for seed maturation and viability. Plant Physiol. 149, 905-915. doi: 10.1104/
pp.108.130716

frontiersin.org


https://doi.org/10.1073/pnas.1037532100
https://doi.org/10.1073/pnas.1037532100
https://doi.org/10.1007/s00425-012-1749-0
https://doi.org/10.1007/s00425-012-1749-0
https://doi.org/10.1016/j.csbj.2020.03.010
https://doi.org/10.1016/j.csbj.2020.03.010
https://doi.org/10.1007/s00418-016-1526-4
https://doi.org/10.1007/s00418-016-1526-4
https://doi.org/10.1016/j.exer.2006.04.010
https://doi.org/10.1016/j.exer.2006.04.010
https://doi.org/10.1021/bi00008a025
https://doi.org/10.1021/bi00008a025
https://doi.org/10.1016/j.tplants.2004.07.005
https://doi.org/10.1093/jxb/erg140
https://doi.org/10.1016/j.gene.2008.11.010
https://doi.org/10.1093/jxb/erp362
https://doi.org/10.1007/s12355-014-0319-0
https://doi.org/10.1016/j.plantsci.2020.110525
https://doi.org/10.1038/s41467-019-12045-4
https://doi.org/10.1016/j.freeradbiomed.2015.07.156
https://doi.org/10.1093/aob/mcu152
https://doi.org/10.1007/s11103-008-9382-9
https://doi.org/10.1016/j.gene.2022.146522
https://doi.org/10.1016/j.gene.2022.146522
https://doi.org/10.1038/s41598-021-97691-9
https://doi.org/10.3390/plants11020205
https://doi.org/10.1186/1472-6807-10-43
https://doi.org/10.1038/nplants.2017.97
https://doi.org/10.1016/j.tplants.2004.06.004
https://doi.org/10.1016/j.tplants.2004.06.004
https://doi.org/10.1111/j.1365-3040.2005.01458.x
https://doi.org/10.1111/j.1365-3040.2005.01458.x
https://doi.org/10.1104/pp.102.016907
https://doi.org/10.1104/pp.106.093997
https://doi.org/10.1093/jxb/eraa591
https://doi.org/10.1073/pnas.1323063111
https://doi.org/10.1517/17425250802102627
https://doi.org/10.1038/s41598-018-21202-6
https://doi.org/10.1007/s00425-010-1297-4
https://doi.org/10.1016/j.febslet.2009.10.039
https://doi.org/10.1093/aob/mci212
https://doi.org/10.1073/pnas.0906131106
https://doi.org/10.1089/ars.2010.3570
https://doi.org/10.1104/pp.124.2.587
https://doi.org/10.1007/s00299-004-0778-y
https://doi.org/10.1007/s11738-017-2414-9
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1111/nph.14519
https://doi.org/10.1007/s00425-011-1477-x
https://doi.org/10.1104/pp.108.130716
https://doi.org/10.1104/pp.108.130716
https://doi.org/10.3389/fpls.2022.1000024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Guan et al.

Singh, S., Brocker, C., Koppaka, V., Ying, C., Jackson, B., Matsumoto, A., et al.
(2013). Aldehyde dehydrogenases in cellular responses to oxidative/electrophilic
stress. Free Radic. Biol. Med. 56, 89-101. doi: 10.1016/j.freeradbiomed.2012.11.010

Stiti, N., Missihoun, T. D., Kotchoni, S., Kirch, H.-H., and Bartels, D. (2011).
Aldehyde dehydrogenases in arabidopsis thaliana: Biochemical requirements,
metabolic pathways, and functional analysis. Front. Plant Sci. 2. doi: 10.3389/
fpls.2011.00065

Sunkar, R., Bartels, D., and Kirch, H.-H. (2003). Overexpression of a stress-
inducible aldehyde dehydrogenase gene from arabidopsis thaliana in transgenic
plants improves stress tolerance. Plant J. 35, 452-464. doi: 10.1046/j.1365-
313X.2003.01819.x

Sun, X,, Zhu, H,, Dong, Z., Liu, X., Ma, X,, Han, S,, et al. (2017). Mitochondrial
aldehyde dehydrogenase-2 deficiency compromises therapeutic effect of ALDH
bright cell on peripheral ischemia. Redox Biol. 13, 196-206. doi: 10.1016/
jredox.2017.05.018

Tang, H., and Liu, H. (2021). Roles of single gene in plant hypoxia and pathogen
responses. Plant Signal. Behav. 16, 1934295. doi: 10.1080/15592324.2021.1934295

The Arabidopsis Genome Initiative (2000). Analysis of the genome sequence of
the flowering plant arabidopsis thaliana. Nature 408, 796-815. doi: 10.1038/
35048692

Tola, A. J., Jaballi, A., Germain, H., and Missihoun, T. D. (2021). Recent
development on plant aldehyde dehydrogenase enzymes and their functions in
plant development and stress signaling. Genes 12, 51. doi: 10.3390/genes12010051

Tsuji, H., Meguro, N., Suzuki, Y., Tsutsumi, N., Hirai, A., and Nakazono, M.
(2003). Induction of mitochondrial aldehyde dehydrogenase by submergence
facilitates oxidation of acetaldehyde during re-aeration in rice. FEBS Lett. 546,
369-373. doi: 10.1016/S0014-5793(03)00631-8

Tylichova, M., Kopecny, D., Moréra, S., Briozzo, P., Lenobel, R., Snégaroff, J.,
et al. (2010). Structural and functional characterization of plant aminoaldehyde
dehydrogenase from pisum sativum with a broad specificity for natural and
synthetic aminoaldehydes. J. Mol. Biol. 396, 870-882. doi: 10.1016/
j,jmb.2009.12.015

Waadt, R, Seller, C. A., Hsu, P. K., Takahashi, Y., Munemasa, S., and Schroeder,
J. I (2022). Plant hormone regulation of abiotic stress responses. Nat Rev Mol Cell
Biol. 23, 680-694. doi: 10.1038/s41580-022-00479-6

Wang, X., and Komatsu, S. (2022). The role of phytohormones in plant response
to flooding. Int. J. Mol. Sci. 23, 6383. doi: 10.3390/ijms23126383

Frontiers in Plant Science

18

10.3389/fpls.2022.1000024

Wang, Q., Wang, L., Chandrasekaran, U., Luo, X., Zheng, C., and Shu, K. (2021).
ABA biosynthesis and signaling cascades under hypoxia stress. Front. Plant Sci. 12.
doi: 10.3389/fpls.2021.661228

Wang, C., Wei, L., Zhang, J., Hu, D., Gao, R, Liu, Y,, et al. (2022). Nitric oxide
enhances salt tolerance in tomato seedlings by regulating endogenous s-
nitrosylation levels. J. Plant Growth Regul. doi: 10.1007/s00344-021-10546-5

Wani, S. H., Singh, N. B,, Haribhushan, A., and Mir, J. L. (2013). Compatible
solute engineering in plants for abiotic stress tolerance - role of glycine betaine.
Curr. Genomics 14, 157-165. doi: 10.2174/1389202911314030001

Wu, C, Su, S., and Peng, Y. (2007). Molecular cloning and differential expression
of an aldehyde dehydrogenase gene in rice leaves in response to infection by blast
fungus. Biol. (Bratisl.) 62, 523-528. doi: 10.2478/s11756-007-0103-7

Xiao, W., and Loscalzo, J. (2020). Metabolic responses to reductive stress.
Antioxid. Redox Signal. 32, 1330-1347. doi: 10.1089/ars.2019.7803

Xie, X., Zhang, Z., Zhao, Z., Xie, Y., Li, H,, Ma, X,, et al. (2020). The
mitochondrial aldehyde dehydrogenase OsALDH2b negatively regulates tapetum
degeneration in rice. J. Exp. Bot. 71, 2551-2560. doi: 10.1093/jxb/eraa045

Zafari, S., Vanlerberghe, G. C., and Igamberdiev, A. U. (2022). The role of
alternative oxidase in the interplay between nitric oxide, reactive oxygen species,
and ethylene in tobacco (Nicotiana tabacum 1.) plants incubated under normoxic
and hypoxic conditions. Int. J. Mol. Sci. 23, 7153. doi: 10.3390/ijms23137153

Zhang, Y., Mao, L., Wang, H., Brocker, C., Yin, X., Vasiliou, V., et al. (2012).
Genome-wide identification and analysis of grape aldehyde dehydrogenase
(ALDH) gene superfamily. PloS One 7, €32153. doi: 10.1371/journal.pone.0032153

Zhao, S., and Fernald, R. D. (2005). Comprehensive algorithm for quantitative
real-time polymerase chain reaction. J. Comput. Biol. . Comput. Mol. Cell Biol. 12,
1047-1064. doi: 10.1089/cmb.2005.12.1047

COPYRIGHT

© 2022 Guan, Tanwar, Sobieszczuk-Nowicka, Floryszak-Wieczorek and
Arasimowicz-Jelonek. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

frontiersin.org


https://doi.org/10.1016/j.freeradbiomed.2012.11.010
https://doi.org/10.3389/fpls.2011.00065
https://doi.org/10.3389/fpls.2011.00065
https://doi.org/10.1046/j.1365-313X.2003.01819.x
https://doi.org/10.1046/j.1365-313X.2003.01819.x
https://doi.org/10.1016/j.redox.2017.05.018
https://doi.org/10.1016/j.redox.2017.05.018
https://doi.org/10.1080/15592324.2021.1934295
https://doi.org/10.1038/35048692
https://doi.org/10.1038/35048692
https://doi.org/10.3390/genes12010051
https://doi.org/10.1016/S0014-5793(03)00631-8
https://doi.org/10.1016/j.jmb.2009.12.015
https://doi.org/10.1016/j.jmb.2009.12.015
https://doi.org/10.1038/s41580-022-00479-6
https://doi.org/10.3390/ijms23126383
https://doi.org/10.3389/fpls.2021.661228
https://doi.org/10.1007/s00344-021-10546-5
https://doi.org/10.2174/1389202911314030001
https://doi.org/10.2478/s11756-007-0103-7
https://doi.org/10.1089/ars.2019.7803
https://doi.org/10.1093/jxb/eraa045
https://doi.org/10.3390/ijms23137153
https://doi.org/10.1371/journal.pone.0032153
https://doi.org/10.1089/cmb.2005.12.1047
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2022.1000024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Comparative genomic analysis of the aldehyde dehydrogenase gene superfamily in Arabidopsis thaliana – searching for the functional key to hypoxia tolerance
	Introduction
	Methods and materials:
	Characterization and phylogenetic analysis of the ALDH superfamily in A. thaliana
	Chromosomal localization, collinearity analysis, gene structure and protein sequence analyses
	Analysis of cis-acting regulatory elements in the promoter region of the AtALDH genes
	Functional characterization analysis of AtALDH genes
	Gene expression profile during development stage and hypoxia stress of AtALDHs
	Plant material, hypoxia stress and recovery procedure
	RNA isolation, reverse transcription and qRT-PCR gene expression analysis
	Structural feature analysis and homology modeling of AtALDH proteins

	Results
	Genome-wide characterization of ALDH in A. thaliana
	Localization of AtALDH superfamily genes on chromosomes
	Exon-intron structure, conserved domain, motif distribution and phylogenetic analysis of AtALDHs
	Analysis of cis-acting regulatory elements in the promoters of AtALDH genes
	Functional annotation of ALDH genes in Arabidopsis
	Expression analysis of AtALDH genes during development stages
	Expression profile of AtALDH genes under hypoxia stress
	qRT-PCR analysis of AtALDH genes under hypoxia in A. thaliana leaves
	qRT-PCR analysis of AtALDH genes under recovery phase in A. thaliana leaves
	Homology modelling of AtALDH proteins encoded by the hypoxia responsive genes

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


