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Peroxisomes are ubiquitous eukaryotic organelles housing not only many important oxidative metabolic reactions, but also some reductive reactions that are less known. Members of the short-chain dehydrogenase/reductase (SDR) superfamily, which are NAD(P)(H)-dependent oxidoreductases, play important roles in plant peroxisomes, including the conversion of indole-3-butyric acid (IBA) to indole-3-acetic acid (IAA), auxiliary β-oxidation of fatty acids, and benzaldehyde production. To further explore the function of this family of proteins in the plant peroxisome, we performed an in silico search for peroxisomal SDR proteins from Arabidopsis based on the presence of peroxisome targeting signal peptides. A total of 11 proteins were discovered, among which four were experimentally confirmed to be peroxisomal in this study. Phylogenetic analyses showed the presence of peroxisomal SDR proteins in diverse plant species, indicating the functional conservation of this protein family in peroxisomal metabolism. Knowledge about the known peroxisomal SDRs from other species also allowed us to predict the function of plant SDR proteins within the same subgroup. Furthermore, in silico gene expression profiling revealed strong expression of most SDR genes in floral tissues and during seed germination, suggesting their involvement in reproduction and seed development. Finally, we explored the function of SDRj, a member of a novel subgroup of peroxisomal SDR proteins, by generating and analyzing CRISPR/Cas mutant lines. This work provides a foundation for future research on the biological activities of peroxisomal SDRs to fully understand the redox control of peroxisome functions.
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Introduction

Peroxisomes are ubiquitous single-membrane eukaryotic organelles. Plant peroxisomes participate in many critical metabolic processes, such as β-oxidation of fatty acids, the glyoxylate cycle, photorespiration, H2O2 detoxification, biosynthesis of phytohormones, and catabolism of sulfite, branched-chain amino acids, urate, and polyamines (Pan et al., 2020). Because peroxisomes lack DNA, peroxisomal proteins are translated in the cytoplasm before being imported into the organelle. Most peroxisomal matrix proteins are equipped with a C-terminal peroxisomal targeting signal type 1 (PTS1) or an N-terminal nonapeptide PTS2, which are recognized and bound in the cytosol by the import receptor PEX5 or PEX7 before the cargo is escorted into the organelle (Baker et al., 2016; Reumann and Chowdhary, 2018). Both targeting pathways are largely conserved in eukaryotes.

About 200 peroxisomal proteins have been identified in the model plant species Arabidopsis thaliana, many of which through mass spectrometry (MS)-based peroxisome proteomics studies (Pan and Hu, 2018; Pan et al., 2018). Plant peroxisomes contain many oxidases, such as glycolate oxidase (GOX), acyl-CoA oxidase (ACX), polyamine oxidase (PAO), copper-containing amine oxidase (CuAO), urate oxidase (UOX), and sulfite oxidase (SO), all of which generate H2O2 as a by-product (Del Río and López-Huertas, 2016; Su et al., 2016). Many other peroxisomal enzymes catalyze redox (reduction-oxidation) reactions such as hydration, dehydrogenation, and reduction. Such examples include the multifunctional proteins AIM1 (abnormal inflorescence meristem) and MFP2 (multi-functional protein 2), each catalyzing two consecutive steps in β-oxidation: hydration and dehydrogenation (Pan and Hu, 2018).

Peroxisomal redox enzymes also include the short-chain dehydrogenase/reductase (SDR) superfamily of NAD(P)(H)-dependent oxidoreductases. Members of this family share three common features: (1) a cofactor binding site (TGxxxGxG) for binding to NAD(P)(H), (2) a catalytic motif YxxxK, and (3) a three-dimensional structure made up of the “Rossmann fold”, which has an α/β folding pattern with a central β sheet flanked by two or three α-helices at each side (Gröger et al., 2012; Moummou et al., 2012). SDR proteins are very diverse in structure and function, only sharing 20–30% amino acid similarity across most family members in the same organism (Kallberg et al., 2009). Plant SDR proteins perform various functions, including fatty acid synthesis and elongation (Ohlrogge and Jaworski, 1997; Beaudoin et al., 2009), chlorophyll degradation (Sato et al., 2009), as well as the metabolism of terpenoids (Okamoto et al., 2011; Czechowski et al., 2022), steroids (Poutanen et al., 1995), phenolics (Wang et al., 2014), and alkaloids (Ziegler et al., 2006). A comprehensive inventory of SDR proteins from 10 plant species identified 178 SDRs from Arabidopsis (Moummou et al., 2012).

In Arabidopsis, six SDR proteins are known to localize to peroxisomes. These include SDRa/IBR1 (indole-3-butyric acid response 1) (Reumann et al., 2007; Wiszniewski et al., 2009), SDRb/DECR (2,4-Dienoyl-CoA Reductase) (Reumann et al., 2007), SDRc (Reumann et al., 2007; Reumann et al., 2009), SDRd (Quan et al., 2013), SDRe (Pan and Hu, 2018), and NQR (NADH: quinone Reductase) (Quan et al., 2013). SDRa is specifically involved in shortening the side chain of indole-3-butyric acid (IBA) to produce indole acetic acid (IAA) (Wiszniewski et al., 2009). Analysis of SDRc and SDRd knockdown mutant lines suggested that these two SDRs are responsible for benzaldehyde biosynthesis (Huang et al., 2022). The functions of other peroxisomal SDRs in Arabidopsis have not been characterized.

To explore the function of plant peroxisomal SDR proteins, we conducted a genome-wide search for genes encoding peroxisomal SDR proteins in Arabidopsis, followed by subcellular targeting, phylogenetic, protein structure, expression pattern, and mutant analyses. We identified 10 Arabidopsis peroxisomal SDRs, four of which for the first time. Phylogenetic studies of peroxisomal SDRs from diverse species suggested the conserved role of these SDRs in plants and helped us to predict the function of each subgroup based on knowledge of the known peroxisomal SDRs from other species. Moreover, gene expression profiling revealed strong expression of most SDR genes in floral tissues and during seed germination, suggesting their involvement in scent production, reproduction and seed development. Finally, we generated loss-of-function mutants of SDRj, which represents a new peroxisomal SDR subfamily, to explore its potential function in peroxisomes. This study provides the basis for further and in-depth research to elucidate the diverse functions of SDRs in plant peroxisomes.





Materials and methods




Identification of SDR genes

The sequences of SDR genes and proteins were obtained from the Arabidopsis genome databases (TAIR, http://www.arabidopsis.org/). Peroxisomal/putative peroxisomal SDR proteins were determined based on the presence of predicted type 1 or type 2 peroxisome targeting signals (PTS1 or PTS2) (Kunze, 2020; Deng et al., 2022).





Protein subcellular localization

For tobacco transient protein expression, the coding region of each SDR was first obtained by PCR with Arabidopsis cDNA as the template (primers shown in Table S1). Fusions between mVenus and the PTS1 peptides were obtained by overlapping PCR as described in (Deng et al., 2022). The PCR product was then cloned into the pCAMBIA1300-YFP vector, which contains the 35S constitutive promoter and had been cut by SalI and SacI (New England Biolabs, Beijing, China), using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). To generate the peroxisome marker cyan fluorescent protein (CFP or moxCerulean3)-PTS1, an SKL tripeptide was fused to the C-terminus of the CFP or moxCerulean3 before the fusion construct was cloned into the pGWB545 vector backbone (Nakagawa et al., 2007).

The constructs were first transformed into Agrobacterium tumefaciens strain GV3101 carrying the helper plasmid pMP90 via heat shock (Hofgen and Willmitzer, 1988). Transient protein expression in tobacco (Nicotiana tabacum) leaves followed by confocal microscopy to analyze protein targeting was carried out as described previously (Pan et al., 2014). A Fluoview FV3000 confocal laser-scanning microscope (Olympus, Tokyo, Japan) was used for image capturing, where CFP was excited with 445 nm lasers and detected at 460–500 nm and YFP was excited with 514-nm lasers and detected at 530–630 nm.





Phylogenetic analysis

Homologous peroxisomal SDR proteins from Physcomitrella patens, Ginkgo biloba, Oryza sativa and other plants were retrieved by the local blast algorithm and filtrated by checking the presence of PTS1 or PTS2 on the protein sequences. Sequences of known peroxisomal SDR proteins in other species were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/). Phylogenetic analysis of SDRs from different species was conducted using MEGAX (Kumar et al., 2018) by the Jones-Taylor-Thornton (JTT) model.





Analysis of gene structure and protein motifs

Information about the exon-intron structure of the SDR genes was obtained from the genome annotation files downloaded from the Arabidopsis (TAIR, http://www.arabidopsis.org/) and rice (Rice Genome Annotation Project, http://rice.uga.edu/) databases. MEME (http://meme.nbcr.net/meme/intro.html) was applied to analyze conserved motifs (Bailey et al., 2015). Results were presented using the TBtools software (Chen et al., 2020).





Gene expression profiling

The expression values of Arabidopsis SDR genes were extracted from the Arabidopsis eFP Browser (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). To compare the expression level of each genes in different tissues or different genes in a specific tissue, z-scores were calculated which is a statistical measurement to describe the relationship of a value to the mean of a group of values.

The formula of z-score is z=(x-μ)/σ. In the formula, z means z-score, x means the value being evaluated, μ means the mean of the group of values and σ means the standard deviation of this group.

In the heatmap, different colors were used to represent the value of the z-score, which indicates the level of gene expression. For the change of SDRj’s expression level under different abiotic stress or hormone treatments, log2-fold changes were calculated and displayed between treated conditions and control conditions.





Plant materials, growth conditions, and phenotypic assays

Arabidopsis (Arabidopsis thaliana) plants were in the Col-0 background. Sterilized seeds were placed in growth medium containing half-strength Murashige and Skoog medium (1/2 MS) with 0.8% (w/v) agar and 0.5% (w/v) sucrose and stratified at 4°C in the dark for 2 d. After that, plants were transferred to chambers at 23°C under a 16/8h light/dark photoperiod. 10 days later, plants were transferred to soil and grown under the same conditions.

To examine sucrose-dependent hypocotyl elongation in the dark or light, seeds were plated on 1/2MS with or without 1% (w/v) sucrose, grown in the dark or under continuous illumination for 7 d, after which hypocotyl or root lengths were measured.

To examine auxin-responsive root elongation, seedlings were grown under continuous illumination for 7 d on 1/2 MS with 0.8% (w/v) agar and 0.5% (w/v) sucrose supplemented with 0 μM, 8 μM or 16 μM IBA or 0 mg/L, 0.1 mg/L or 0.2 mg/L 2,4-dichlorophenoxybutyric acid (2,4-DB) at 23°C, after which the lengths of primary roots were measured.

To examine propionate and isobutyrate-responsive root elongation, seedlings were grown under a 16/8h light/dark photoperiod for 5 d on 1/2 MS with 0.8% (w/v) agar and 0.5% (w/v) sucrose supplemented with 0 mM, 0.05 mM or 0.1 mM propionate or isobutyrate at 23°C, after which the lengths of primary roots were measured.





Generation and identification of Arabidopsis mutant lines using the CRISPR/Cas9 system

To generate sdrj mutants, we employed the CRISPR/Cas9 system for dicot plants, using the same procedure for target sequence selection and vector construction as previously described (Ma and Liu, 2016). The construct was transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) via heat shock as described (Hofgen and Willmitzer, 1988). Agrobacterium transformation into the Col-0 plants was conducted by floral dip. The transgenic T1 seeds were collected and screened on 1/2 MS medium containing 40 mg/L hygromycin. To identify successful mutations, the fragments covering the mutation sites were amplified from the transgenic lines by PCR and sequenced.






Results




Bioinformatic and experimental identification of Arabidopsis peroxisomal SDR proteins

A previous systematic study of the plant SDR superfamily identified 178 SDRs from the Arabidopsis genome (Moummou et al., 2012). To identify peroxisomal SDRs, we downloaded protein sequences of these 178 SDRs from TAIR (http://www.arabidopsis.org/) and manually searched for PTS1 and PTS2 peptides in the proteins (Kunze, 2020; Deng et al., 2022). A total of 11 proteins were found to contain C-terminal PTS1 or PTS1-like sequences, among them 6 are known peroxisomal proteins. Proteins encoded by AT3G59710, At3g46170, At1g62610, At2g17845, and AT1G63380 had not been experimentally determined to be peroxisomal (Figure 1A). We named these 5 new SDR proteins SDRf (AT3G46170), SDRg (AT1G62610), SDRh (AT1G63380), SDRi (AT2G17845) and SDRj (AT3G59710) (Figure 1A). To check the existence of potential N-terminal signal peptides, we analyzed these SDR proteins using DeepLoc (https://services.healthtech.dtu.dk/services/DeepLoc-2.0/) (Thumuluri et al., 2022) and TargetP (https://services.healthtech.dtu.dk/services/TargetP-2.0/) (Armenteros et al., 2019), which did not find any signals other than the peroxisomal signal.




Figure 1 | Subcellular localization of peroxisomal SDR proteins newly identified in this study. (A) Arabidopsis peroxisomal SDR proteins, with the 5 newly identified in bold. (B) Confocal microscopy images of the peroxisome localization of YFP-SDRf, YFP-SDRg, YFP-SDRh, YFP-SDRi, and YFP-SDRj in tobacco leaf epidermal cells. Each YFP fusion was co-expressed with the peroxisome marker CFP-PTS1. Scale bars = 10 mm. (C) Confocal images of several partial proteins of SDRf and SDRh in tobacco leaf epidermal cells. 15aa indicates the last 15 amino acids of the protein. Δ3aa indicates the protein without the last 3 amino acids. Each mVenus fusion was co-expressed with the peroxisome marker moxCerulean3-PTS1. Scale bars = 10 mm.



We then analyzed the subcellular localization of these 5 SDR proteins, which contain three different types of PTS1-like peptides. Among them, SDRj contains SKL>, three (SDRf, SDRg and SDRi) end with SSL>, and SDRh ends with SSLSP>, which does not meet with the composition of a normal PTS1 peptide. We fused the coding sequence of each protein to the C-terminus of yellow fluorescent protein (YFP) and transiently expressed the fusion constructs in tobacco leaves. Co-expressed with each construct was the peroxisome marker containing a fusion of cyan fluorescent protein and the PTS1 tripeptide SKL (CFP-PTS1). SKL> is a canonical PTS1 tripeptide, which usually fits with the consensus sequence of [SA][KR][LM]> (Tarafdar and Chowdhary, 2022). YFP fusions of SDRf, SDRg, SDRi, and SDRj, each containing a canonical PTS1 tripeptide, localized specifically to peroxisomes (Figure 1B). YFP-SDRh, which possesses two extra amino acids after the C-terminal tripeptide (SSLSP>), localized to multiple subcellular compartments, including the nucleus, and the cytosol, but not peroxisomes (Figure 1B). Since SKL> is the most canonical PTS1 peptide, we did not further analyze it. Instead, we chose to carefully analyze the PTS1 peptide of SDRf (with SSL>) and SDRh (with SSLSP>), including two truncated versions, one without the last 3 amino acids and one containing only the last 15 amino acids. We found that the C-terminal 15aa of SDRf can well localize to peroxisomes, but not when its C-terminal 3aa was deleted. Hence, SDRf does end with a PTS1 peptide. In contrast, none of the two versions of SDRh could localize to peroxisomes, indicating it is not a peroxisomal protein and its C-terminal SSLSP> is not a functional PTS1 (Figure 1C).





Phylogenetic analysis of plant peroxisomal SDR proteins suggested functional diversification between subgroups

The identification of 10 peroxisome-localized SDR proteins from Arabidopsis suggested the potential diverse role of this protein family in peroxisomes. To determine how peroxisomal SDR proteins have evolved in plants, we used the 10 Arabidopsis SDR protein sequences to perform blast searches against the proteome databases of the bryophyte Physcomitrella patens, the gymnosperm Ginkgo biloba, and the monocot angiosperm Oryza sativa. A total of 16 sequences, all of which contain PTS1, were retrieved and used to construct a Maximum Likelihood tree. To help to predict the function of peroxisomal SDR proteins, SDRh and a number of peroxisomal or non-peroxisomal SDR proteins from various species with known biochemical functions were also included in the phylogenetic analysis.

We first checked the phylogenetic relation between Arabidopsis SDRs and those from other plant species. Eight of the 10 Arabidopsis peroxisomal SDRs have sequence homologs in Physcomitrella patens, Ginkgo biloba and rice, except for SDRc, which has a putative peroxisomal homolog in rice but not the other two genomes, and NQR, which does not have an obvious peroxisomal homology in gymnosperms (Figure 2). Moreover, SDRc is also grouped with homologs from Cucumis melo, Petunia hybrida, and Persicaria minor, indicating its conservation across angiosperms. In general, these SDRs clustered into 6 subgroups based on the relative distance in the phylogenetic tree (Figure 2), which is consistent with the classification described in the previous study (Moummou et al., 2012), indicating that these proteins are likely peroxisome-localized SDRs shared among land plants.




Figure 2 | Phylogenetic analysis of SDR proteins in Arabidopsis thaliana (At) (red words) and their homologs (blue words) in Physcomitrella patens (Pp), Ginkgo biloba (Gb) and Oryza sativa (Os). Besides of the Arabidopsis peroxisomal SDRs involved in this study, previously reported peroxisomal SDR proteins in human and plants (*) were included for functional reference. Several non-peroxisomal but functionally established SDR proteins (●) showing high sequence similarity with SDRj were also included in the phylogenetic tree for functional reference of SDRj. The phylogenetic tree was constructed using MEGAX (Kumar et al., 2018) by Maximum Likelihood method and the Jones-Taylor-Thornton (JTT) model. Ca, Capsicum annuum; Cm: Cucumis melo; Hs: Homo sapiens; Ph: Petunia hybrida; Pm: Persicaria minor; Ps: Papaver somniferum; St: Solanum tuberosum.



We then further checked the phylogenetic relation between Arabidopsis SDRs with SDRs from other non-plant species. First, SDRa is grouped with human DHRS4 (Dehydrogenase/Reductase 4) (Figure 2), which is a peroxisomal protein (Matsunaga et al., 2008; Endo et al., 2009). Second, SDRb is grouped with the mammalian peroxisomal 2,4-dienoyl-CoA reductase (DECR), an auxiliary β-oxidation enzyme (He et al., 1995; Gurvitz et al., 1997; Fransen et al., 1999; Hua et al., 2012), and more distantly related to the human peroxisomal trans-2-enoyl-CoA reductase (PECR) (Gloerich et al., 2006) (Figure 2), which belongs to another subfamily (Persson and Kallberg, 2013). Third, SDRc, SDRd, SDRe, SDRf, SDRg, SDRi, SDRj and NQR are not grouped with any non-plant SDRs with established functions (Figure 2), indicating that they are most likely involved in plant-specific functions, such as secondary metabolic functions. Finally, two human peroxisomal SDRs, HsHSDL2, Hs17β-HSD4, cannot be grouped with any of the Arabidopsis SDRs (Figure 2), showing the diversification of SDR functions in different species (Möller et al., 1999; Breitling et al., 2001; Skogsberg et al., 2008; Kowalik et al., 2009; Han et al., 2021).





Gene structure and protein conserved motif analysis of Arabidopsis and rice SDRs support functional conservation within each subgroup

We then analyzed the gene structures and protein motifs for Arabidopsis and rice peroxisomal SDRs, using the TBtools software and the online tool MEME (http://meme.nbcr.net/meme/intro.html). Consistent with the results of the sequence-based phylogenetic analysis (Figure 2), conserved exon-intron organization and similar patterns of protein motif distribution were found in closely related genes/proteins in the same subgroup (Figure 3). The SDR superfamily encodes a large number of enzymes with a broad spectrum of metabolic functions. The similar gene structures and conserved motif distributions displayed in the same subgroups supports the view that SDR proteins in the same clade perform similar functions.




Figure 3 | Analysis of the phylogenetic relationship (A), gene structure (B) and conserved motifs (C) of peroxisomal SDR genes in Arabidopsis and their orthologs from rice. The maximum likelihood (ML) tree under the Jones-Taylor-Thornton (JTT) model was constructed using MEGAX and full-length protein sequences. The exon-intron structures of these genes were graphically displayed by Tbtools using the CDS and genome sequence of the SDRs. The MEME Suite web server (http://meme.nbcr.net/meme/intro.html) was used to predict conserved motifs in the proteins.







In silico expression profiling of Arabidopsis peroxisomal SDR genes suggested a key role for these enzymes in reproduction and seed germination

To better understand the role of the peroxisomal SDRs in plants, we analyzed the expression profile of Arabidopsis genes encoding peroxisomal SDRs, using expression data from the Arabidopsis eFP Browser (Klepikova et al., 2016). SDRi, SDRf, SDRc, SDRe, and SDRd have the highest expression levels in mature flowers, such as petals, stamen filaments, and sepals, and SDRg, SDRb, SDRa and NQR are highly expressed in the pods of senescence siliques (Figure 4A). The strong expression of these genes in reproductive organs suggests that they may be involved in reproductive processes. SDRj and NQR show the highest level of expression in germination seeds, displaying a pattern of gradual increase during germination (Figure 4A). Besides pods of the senescent silique, SDRa is also relatively high expressed in young seeds, floral tissues, and germination seeds (Figure 4A).




Figure 4 | Gene expression profile analysis of Arabidopsis peroxisomal SDR genes in various tissues. The expression data of Arabidopsis SDRs were collected from the Arabidopsis eFP Browser (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). (A) Relative expression levels of each gene in different types of tissue. Relative expression data of each gene within each column was shown as z-score. (B) Relative expression levels of different SDR genes in each type of tissue. Relative expression data of different genes the same tissue type within each row was shown as z-score. z-score was calculated as described in Materials and Methods. Red or yellow represents relatively high expression, blue represents relatively low expression, and white represents the average expression level.



The expression patterns may help us to predict the function of some plant peroxisomal SDRs. For example, Arabidopsis SDRc, SDRd, SDRe, SDRf, SDRg and SDRi all have relatively high expression levels in floral organs, which is consistent with the role of SDRc and SDRd in the formation of benzaldehyde, an important component in floral scent (Huang et al., 2022). Since SDRe, SDRf, SDRg, and SDRi are close homologs of SDRd, we predict that these proteins may play similar biochemical functions in benzaldehyde production (Figure 2).

We also compared the expression levels of different Arabidopsis peroxisomal SDR genes in the same tissue, and found that NQR, SDRa, SDRb, SDRc, and SDRd are expressed at relatively higher level in most of the time, while the expression of other SDR genes are relatively low (Figure 4B). The fact that many SDRs are expressed in floral tissues led us to speculate that some of these proteins play a role in the benzenoids biosynthetic pathway during flower development. In germinating seeds, these SDRs may be involved in fatty acid β-oxidation.





Generation and analysis of the Arabidopsis sdrj mutants

Unlike other peroxisomal SDRs, SDRj is in a subgroup that does not contain any known peroxisomal proteins and therefore its function cannot be easily predicted. To explore the physiological function of SDRj, we constructed two sdrj mutants using the CRISPR/Cas9 technology (Figure 5A). By sequencing the cDNA of SDRj, it showed that one thymine and one adenine were inserted in the second exon of SDRj in sdrj-1 and sdrj-2, respectively, both resulting in frame shift (Figure 5B). No obvious growth defects were observed in these sdrj mutants under a 16/8 h light/dark photoperiod (Figure 5C).




Figure 5 | Generation and characterization of the sdrj mutants. (A) SDRj gene structure. Open box, UTR; black box, exon; solid line, intron. CRISPR target site is indicated. (B) Mutation sites in the sdrj mutants. A 1-bp insertion was found in the second exon in both mutants. (C) Appearance of 3-week-old plants. Bar = 1 cm. (D) Sucrose dependence assays. For each mutant, all data were normalized to the data in sucrose-containing media. Error bars indicate standard deviations (n=4, the average length of more than 8 seedlings was used as one biological replicate). **** means P < 0.0001 from WT1 or WT2, and ns means no significant difference from WT1 or WT2, as determined by one-way ANOVA. (E–H) 2,4-DB, IBA, propionate and isobutyrate response assays. Root lengths on medium containing different concentration of 2,4-DB, IBA, propionate and isobutyrate are shown. Error bars indicate standard deviations (n=4, the average length of more than 12 seedlings was used as one biological replicate). **** means P < 0.0001, *** means P < 0.001, ** means P < 0.01, from 0 concentration, and ns means no significant difference from 0 concentration, as determined by one-way ANOVA.



Given SDRj’s highest expression during seed germination (Figure 4), we speculated that SDRj may be involved in fatty acid β-oxidation which is one of the major peroxisomal function in this period. To determine this hypothesis, the mutants were subjected to sucrose dependence, IBA response, and 2,4-DB response assays. This is because disruption of β-oxidation can impair fatty acid degradation and seed storage oil mobilization, and hence the β-oxidation mutants depend on exogenous sucrose for root and hypocotyl growth. Moreover, disruption of β-oxidation can impair IBA conversion to IAA or 2,4-DB conversion to 2,4-D, which leads to IBA and 2,4-DB resistance in the β-oxidation mutants. The mutant of pex14 (SALK_007441) is a peroxisome biogenesis mutant with severe β-oxidation defects and was used as a positive control of β-oxidation defective mutants. In sucrose-free medium, pex14 roots and hypocotyls were much shorter than wild type, but sdrj mutants appeared similar to wild-type plants irrespective of the existence of exogenous sucrose (Figure 5D). In addition, the root length of the pex14 mutant showed resistance to different concentrations of IBA or 2,4-DB (Figures 5E, F). However, sdrj mutants as well as wild-type plants showed similar sensibility to IBA and 2,4-DB (Figures 5E, F). Therefore, we concluded that SDRj may not play a significant role in β-oxidation.

In addition, the mutants of the peroxisomal CHY1 is known to be sensitive to propionate and isobutyrate. To check whether SDRj is involved in propionate and isobutyrate metabolism, we treated sdrj mutants with propionate and isobutyrate and used chy1 as the positive control, we found that chy1-1 (SALK_025417) mutant displayed obvious sensitivity to propionate and isobutyrate in comparison with the wild type (Figures 5G, H). In contrast, the sdrj mutant exhibited the same level of sensitivity with the wild type (Figures 5G, H). These data indicate that SDRj is not necessary for propionate and isobutyrate metabolism.

Since we did not find an obvious role of SDRj in the physiological analysis of its mutants. We performed further analyses on its evolution and gene expression. First, we checked potential SDRj homologs through BLAST search for best-match proteins followed by phylogenetic analysis. Only in embryophytes, but not in green algae, could we find SDRj homologs containing potentially functional PTS1 (canonical PTS1 tripeptide SKL> in Thuja plicata, Amborella trichopoda, Oryza sativa, Zea mays and Solanum lycopersicum, non-canonical PTS1 tripeptides ASL> in Ginkgo biloba and SYI> in Physcomitrella patens) (see Figure S1). Second, we checked the gene expression of SDRj during various hormone and abiotic stress treatments according to the data in (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), which showed that it could be most obviously induced by Methyl Jasmonate (MeJA) (see Figure S2), indicating a potential functional relation with JA. Third, we checked the co-expressed genes with SDRj using ATTED-II website (https://atted.jp/gene_coexpression/?gene_id=825140&sp=ath). Among the 2000 co-expressed genes, we could see 31 genes encoding known peroxisomal proteins, such as Acyl-CoA Oxidase 1 (ACX1) and 12-Oxo-Phytodienoic acid Reductase 3 (OPR3) (see Table S1) that are involved in JA biosynthesis. Hence, further experimental exploration of this protein may focus on its functional relation with JA in the future.






Discussion

SDR enzymes play critical roles in various physiological and metabolic processes from archaea and bacteria to eukaryotes in different cellular compartments, including peroxisomes, which are dynamic organelles housing rich critical oxidative metabolic reactions. Thus far, genome wide identification of the SDR superfamily has been done in several species, including plants (Kallberg et al., 2009; Moummou et al., 2012; Yu et al., 2021), cyanobacteria (Kramm et al., 2012), human (Bray et al., 2009; Kallberg et al., 2009), nematode and fruit fly (Kallberg et al., 2009), Nile Tilapia (Zhang et al., 2021). However, the genome-wide evolution, expression, and function of the SDR superfamily in the plant kingdom, especially in peroxisomes, have yet to be elucidated clearly. Overall identification and expression analyses of the peroxisomal SDR members are of great importance to define their diverse biological functions in plant peroxisomes.

In this study, we identified ten Arabidopsis peroxisomal SDR superfamily proteins and confirmed the peroxisomal localization of four of them for the first time. Also, we performed phylogenetic analyses of these proteins, their peroxisomal homologs from three representative plants, Physcomitrella patens, Ginkgo biloba and Oryza sativa, as well as some known SDRs from other plant and non-plant species. We also analyzed the gene structure and protein conserved motif of rice and Arabidopsis peroxisomal SDR proteins. These in silico analysis supports the functional conservation of SDR proteins within the same subgroup and their diversification across different subgroups. We also analyzed the gene expression pattern of Arabidopsis SDRs to predict their physiological functions and generated and experimentally analyzed the mutants of SDRj, a novel peroxisomal SDR with no known peroxisomal homologs in other species.

SDR superfamily encoded a large number of enzymes and displayed a broad spectrum of metabolic functions. Six subgroups of Arabidopsis peroxisomal SDR proteins were identified based on their relative distance in our phylogenetic tree analysis (Figure 2). A recent study found that proteins from different species in the same subgroup of PhBSα have similar enzymatic activity (Huang et al., 2022). Therefore, analyzing the substrates and functions of the same family of proteins is likely helpful for understanding unknown proteins, though the functional similarity of proteins in the same subgroup still needs experimental verification. Among six known Arabidopsis peroxisomal SDRs, SDRa is also named IBR1, as its loss-of-function was identified in an EMS mutant screen for being resistant to IBA, it functions in the conversion of IBA to IAA (Zolman et al., 2008); the mutants show defects in IBA conversion to IAA but not in fatty acid degradation (Zolman et al., 2007; Wiszniewski et al., 2009). In the phylogenetic tree, SDRa is grouped with the peroxisome-localized human protein DHRS4 (Figure 2), which acts as retinol dehydrogenase and reductase (Lei et al., 2003) and metabolizes several aromatic carbonyl compounds, steroids, and bile acids (Matsunaga et al., 2008; Endo et al., 2009). The functional mechanism of SDRa is still unknown. However, as suggested by the functions of DHRS4, it may reduce a carbonyl group during IBA to IAA conversion.

With high sequence similarity, SDRb is grouped with mammalian and yeast peroxisome-localized 2,4-dienoyl-CoA reductases (DECRs) (Figure 2), it is a strong candidate for DECR activity in plant peroxisomes (Pan and Hu, 2018). DECR is an auxiliary enzyme in the β-oxidation of unsaturated fatty acids, catalyzing the NADPH-dependent reduction of Δ2, Δ4-dienoyl-CoA esters to trans-3-enoyl-CoA esters (He et al., 1995; Gurvitz et al., 1997; Fransen et al., 1999; Hua et al., 2012). More distantly related to SDRb in this group is the human peroxisomal trans-2-enoyl-CoA reductase (PECR) (Gloerich et al., 2006) (Figure 2), an enzyme proposed to play a key role in fatty acid chain elongation (Das et al., 2000) besides its demonstrated function in mediating the conversion of phytol to phytanoyl-CoA (Gloerich et al., 2006).

Analysis of the SDRc and SDRd knockdown mutant lines suggested that these two SDRs are responsible for benzaldehyde biosynthesis in Arabidopsis and exhibited strict substrate specificity towards benzoyl-CoA, similar to their homologues PhBSβ and PhBSα from Petunia hybrida (Huang et al., 2022). Although it does not have apparent homologs in the moss Physcomitrella patens and the gymnosperm Ginkgo biloba, SDRc is grouped with several PTS1-containing SDRs from higher plants, including CmADH2 from Cucumis melo (Manríquez et al., 2006; Jin et al., 2016), PmADHa and PmADHb from Persicaria minor (Hamid et al., 2018), and PhBSβ from Petunia hybrida (Huang et al., 2022) (Figure 2). CmADH2 is a short-chain alcohol dehydrogenase with higher activity in alcohol reduction than oxidation and strong substrate specificity towards acetaldehyde, and was predicted to use NADH as a co-factor (Manríquez et al., 2006). The expression of PmADHa and PmADHb are up-regulated by ABA treatment and drought stress, suggesting their probable role in ABA signaling and drought response (Hamid et al., 2018). PhBSβ is a subunit of a heterodimeric enzyme PhBS, a benzaldehyde synthase with strict substrate selectivity for benzoyl-CoA (Huang et al., 2022).

Interestingly, there are four Arabidopsis SDRd homologs in one subfamily (Figure 2), all of which share a high degree of residue identity (78.62-96.43%) and are highly expressed in stamen filaments or petals (Figure 4), suggesting their functions are likely to be at least partially redundant. This subfamily includes PhBSα, a subunit of PhBS for benzaldehyde biosynthesis from Petunia hybrida (Huang et al., 2022), and also includes StTDF511 from Solanum tuberosum (Bachem et al., 2001) (Figure 2). The StTDF511 protein was suggested to be involved in the metabolism of a steroid-like compound that affects GA levels in the plant (Bachem et al., 2001). Still, we cannot exclude the possibility that proteins in the same subfamily may have distinct functions.

In this study, we found that SDRj do not play an important function in β-oxidation and the metabolism of propionate and isobutyrate (Figure 5). The lack of any obvious defects of sdrj in these experiments can be caused by different reasons. For example, we probably did not use the right enzymatic substrates to treat the mutants. Or other peroxisomal SDR proteins may have redundant functions with SDRj. Moreover, since the sdrj mutation site is in the middle of the protein, the N-terminal half of SDRj may still have some residual function.

The similar phenotype between sdrj mutant and wild type means the function of SDRj needs further investigation. SDRj is grouped with several plant menthone reductases involved in monoterpene metabolism and salutaridine reductases in alkaloid metabolism, none of which is peroxisomal (Figure 2). These enzymes include the Capsicum annuum menthone: (+)-(3S)-neomenthol reductase (CaMNR1) and its Arabidopsis ortholog SDR1 (At3g61220) (Hyong et al., 2008), and Papaver somniferum salutaridine reductase (PsSalR) (Ziegler et al., 2006) (Figure 2). CaMNR1 and AtSDR1 exhibit enzymatic activities in menthone reduction and are involved in plant defense against both bacterial and fungal pathogens (Hyong et al., 2008). PsSalR is specific for the production of morphinan alkaloids, reducing the keto group of salutaridine to yield salutaridinol, an intermediate in morphine biosynthesis (Ziegler et al., 2006). In consideration of the function of these three proteins (CaMNR1, AtSDR1 and PsSalR) in the same subgroup as SDRj, we reasoned that SDRj may prefer a substrate containing a carbonyl group though the enzyme activity and substrate for SDRj is not clear and needs further explorations. In addition, since SDRj’s PTS1 signal is likely evolved and conserved in land plants, it may have a role in plant adaption to land environment (Figure S1). Also, SDRj’s expression is induced by MeJA (Figure S2) and co-express with some proteins involved in JA biosynthesis (Table S1), it may have a functional relation with JA. Future study of SDRj shall focus on these aspects.

NQR is a putative NADPH: quinone reductase involved in plant stress response (Babiychuk et al., 1995), which was first discovered by peroxisome proteome analysis and confirmed by in vivo targeting analysis (Eubel et al., 2008).

In peroxisomal SDR family with known function, there are two human peroxisomal SDRs, HsHSDL2, and Hs17β-HSD4, which cannot be grouped with any of the Arabidopsis SDRs (Figure 2). Hydroxysteroid dehydrogenase-like 2 (HSDL2), which contains an N-terminal SDR domain and a C-terminal Sterol carrier protein 2-like (SCP2-like) domain (Kowalik et al., 2009), plays an important role in fatty acid metabolism (Skogsberg et al., 2008; Han et al., 2021). 17β-HSD4, who was also named multifunctional protein 2 (MFP-2) (Moeller and Adamski, 2006), contains three functionally distinct domains: the N-terminal region contains activities of 17β-estradiol dehydrogenase type IV and D-specific 3-hydroxyacyl CoA dehydrogenase, the middle region has D-specific hydratase activity with straight and 2-methyl-branched 2-enoyl-CoAs, and the C-terminus is identical to SCP2 (Möller et al., 1999). This enzyme mainly functions in the peroxisomal β-oxidation of fatty acid metabolism and has a possible minor role in inactivating estradiol by converting it to estrone (Breitling et al., 2001). The deficiency of this protein causes a very severe Zellweger-like phenotype in human (Möller et al., 2001). It is possible that these two human peroxisomal SDRs arose during the evolution of mammals.
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