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Abstract: Lipoxygenases (LOX) play pivotal roles in plant resistance to stresses. However, no study
has been conducted on LOX gene identification at the whole genome scale in rose (Rosa chinensis). In
this study, a total of 17 RecLOX members were identified in the rose genome. The members could be
classified into three groups: 9-LOX, Type I 13-LOX, and Type II 13-LOX. Similar gene structures and
protein domains can be found in ReLOX members. The RcLOX genes were spread among all seven
chromosomes, with unbalanced distributions, and several tandem and proximal duplication events
were found among RcLOX members. Expressions of the ReLOX genes were tissue-specific, while
every RcLOX gene could be detected in at least one tissue. The expression levels of most ReLOX
genes could be up-regulated by aphid infestation, suggesting potential roles in aphid resistance. Our
study offers a systematic analysis of the RcLOX genes in rose, providing useful information not only
for further gene cloning and functional exploration but also for the study of aphid resistance.

Keywords: lipoxygenase; rose; JA; aphid

1. Introduction

As a non-heme iron-containing dioxygenase, Lipoxygenase (LOX; EC 1.13.11.12) can
catalyze the oxygenation of polyunsaturated fatty acids (PUFAs) with a (1Z, 4Z)-pentadiene
system to generate fatty acid hydroperoxides [1]. Generally, depending on the oxygenation
site at the 9th or 13th carbon of the PUFA chain, plant LOX members can be classified
into 9-LOX or 13-LOX, respectively. The LOX protein contains two conserved structural
domains, the PLAT/LH2 (Polycystin-1, Lipoxygenase, o-Toxin/Lipoxygenase Homology)
domain at the N-terminal end, which plays an essential role in membrane binding, and
the histidine (His)-rich LOX structural domain at the C-terminal end, which functions in
exerting enzymatic activity [2,3].

LOX genes are widely involved in abiotic stress resistance [4,5], growth and devel-
opment [6,7], fruit ripening [8], senescence processes [9], wounding [10], jasmonate (JA)
biosynthesis [11], and biotic attack. Generally, LOX plays a positive role during responses
to biotic stress in plants. Rice with enhanced OsLOX1 expression was more resistant to
brown planthopper attack, with a higher level of JA content [12]. Lox4 and lox5 mutants
possessed decreased JA levels and showed greater susceptibility to Fusarium verticillioides
in maize [13]. Additionally, OsHI-LOX in rice [14], TomLoxD in tomato [15], ZmLOX10
in maize [16], and LOX2.2 in barley [17] all played positive roles in resistance to biotic
stresses, possibly due to JA biosynthesis. However, LOX3 is a susceptibility factor for the
microbial pathogen Ustilago maydis in maize, as lox3 mutant plants showed significantly
decreased susceptibility to this important maize pathogen [18]. These results suggest that
the functions of specific LOX genes in biotic stress are complex and need further study.

As one of the most popular horticultural plants, rose (R. chinensis) is vulnerable to
various insects, especially aphids [19], which can cause serious damage and also deliver
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plant viral diseases to plants such as phloem sap-feeding insects [20]. There are three
types of resistance to aphids in plants: antixenosis, antibiosis, and tolerance [21]. In
barley, overexpression of LOX2.2 in plants facilitates lower aphid numbers, as antisense
plants maintained higher aphid numbers in short-term fecundity tests, possibly due to the
up-regulation of JA-regulated genes [17].

LOX genes have been identified at the whole genome scale in many plant species.
For example, there are 6 LOX genes in Arabidopsis and 14 in rice [22], 8 in pepper [23],
14 in tomato [10], 20 in Artemisia annua L. [24], 15 in turnip [25], 11 in tea plant (Camellia
sinensis) [26], and 13 in maize [27]. In rose, one LOX gene, the Rlox1 transcript, was
dramatically induced during petal senescence [28]. However, no study has yet explored
LOX gene identification at the whole genome scale in rose, as the gene functions of most
RcLOX members remain unknown.

To explore the potential roles of ReLOX members in rose, especially in response to
aphids, in this study, LOX gene members were identified in the rose genome using BlastP
and HMM search methods, and their chromosome localization, gene structures, protein
motifs, isoelectric points, molecular weights, subcellular location, and expression patterns
in different tissues and responses to aphid infestation were analyzed. This systematic
analysis of the complete sets of ReLOX genes will provide useful information for further
gene cloning and functional exploration, especially in the study of aphid resistance in rose.

2. Materials and Methods
2.1. Genome-Wide Identification of LOX Gene Members in Rose

The sequences of LOX members in rose (R. chinensis) were obtained using the Hidden
Markov Model (HMM) combined with BlastP analysis. The seeds of PF00305 were obtained
from Pfam (http://pfam.xfam.org, accessed on 16 June 2023), and the putative RcLOX
protein sequences were retrieved from HMMER research (http://hmmer.org/, accessed
on 17 June 2023). To further confirm whether the putative RcLOX proteins contained the
complete LOX domain and PLAT/LH2 (polycystin-1, lipoxygenase, x-toxin domain or
lipoxygenase homology) domain, the putative LOX proteins sequences were submitted
to the NCBI Conserved Domains Database (CDD: https://www.ncbi.nlm.nih.gov/cdd,
accessed on 17 June 2023) for analysis.

2.2. Phylogenetic and Amino acid Sequence Analysis

The amino acid sequences of the LOX members of rose, Arabidopsis (Arabidopsis
thaliana), rice (Oryza sativa), and tomato (Solanum lycopersicum) were selected. Multiple
sequence alignments of LOXs were analyzed using the DNAman program with the default
parameters. The phylogenetic analysis was constructed using Molecular Evolutionary
Genetics Analysis (MEGA) version 11.0 with the maximum likelihood estimation tree
under the WAG model and v distributed (G) method, which was tested using the bootstrap
method with 1000 replicates [29]. The prediction of subcellular localization was performed
using the website https:/ /wolfpsort.hgc.jp/ (accessed on 17 July 2023). The protein molec-
ular weights (MW) and isoelectric points (PI) of RcLOX proteins were calculated with
ExPASy (http:/ /expasy.org/, accessed on 17 July 2023).

2.3. Chromosomal Location and Collinearity Analysis of ReLOX Genes

Genes were first filtered with the longest transcript. The local alighment was further
conducted using Blast. By classifying genes using the program “duplicate_gene_classifier”
and collinearity analysis in MCScanX [30], tandem duplication and segmental duplication
events were investigated. The chromosomal distribution and collinearity relationship of
RcLOX genes were visualized using Circos [31].

2.4. Gene Structure and Conserved Motifs Identified

The structures of deduced RcLOX genes were analyzed in GSDS2.0 (Gene Structure
Display Server 2.0: http://gsds.gao-lab.org/, accessed on 20 July 2023), and the con-
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served motifs contained in deduced RcLOX protein sequences were identified using the
MEME website (MEME 5.4.1: https://meme-suite.org/meme/doc/meme, accessed on
20 July 2023). The number of motifs was set at 10. The amino acid sequences were uploaded
to Batch CD Search for conserved protein domain analysis (https://www.ncbi.nlm.nih.
gov/Structure/bwrpsb /bwrpsb.cgi, accessed on 20 July 2023).

2.5. Secondary and Tertiary Structure Prediction of ReLOX Proteins

Secondary structure prediction of RcLOX proteins was conducted via SOPMA (Self-
Optimized Prediction Method with Alignment) using the corresponding website (https://
npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA /npsa_sopma.html, accessed on
2 August 2023). For tertiary structure prediction, SWISS-MODEL (https:/ /swissmodel.
expasy.org, accessed on 3 August 2023) was used to build homology models. The desired
template was selected according to both the identity and QMOQE score derived from the
Blast and HHblits methods [32,33]. QMEAN scores were used to estimate the quality of the
models. Models of 17 RcLOX proteins were then built and viewed in PyMOL v2.5.

2.6. Prediction of Cis-Acting Elements in the Promoter of Rose LOX Genes

In total, 2000 bp sequences upstream from the translational start sites of the deduced
RcLOX genes were recognized as the promoter sequences and extracted from the En-
sembl Plants database (http://plants.ensembl.org/index.html, accessed on 1 August 2023).
The cis-acting elements in promoter sequences were predicted using the online Plant-
CARE website (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed
on 1 August 2023).

2.7. Rose Growth Conditions and Aphid Infestation

In this study, 1-year-old rose (R. chinensis, var. Harmonie) plants were grown in a
greenhouse with a photoperiod of 16/8 h and 22/18 °C Day/night. Lighting was supplied
by LED lights, and the light intensity was adjusted to 490-500 pmol m~2 s~!. Each rose
plant was grown in a 25 cm diameter pot filled with soil composed of loam soil, peat, and
sand (2:1:1). For the expression analysis of RcLOX genes in different tissues, samples of
the leaf, stem, root, bud, and flower were collected during the flowering period. For the
expression response to aphid infestation, fresh young leaves of rose plants during the floral
initiation period were challenged with 20 aphids, and the leaf tissues were collected after
72 h from the aphid-treated and control plants. All samples were frozen in liquid nitrogen
immediately and stored at —80 °C.

2.8. RNA Extraction and Quantitative RT-PCR Analysis

The total RNA from leaves and flowers was extracted separately using a FastPure
Plant Total RNA Isolation Kit (Polysaccharides and Polyphenolics-rich) (Vazyme, RC401-01,
Nanjing, China) following the manufacturer’s instructions. The RNA concentrations were
measured with a NanoDrop 2000 spectrophotometer. High-quality RNA (1 pg) from each
sample was reverse-transcribed using the HiScript RT SuperMix for gPCR (Vazyme, R323-
01, Nanjing, China) following the protocol from the manufacturer. Next, qRT-PCR was
performed with ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02, Nanjing,
China). RcActin was used as the internal control gene. The relative expression levels
of genes were calculated via the 27*2CT method. Three biological replicates and three
technical replicates were performed for each experiment. The primer sequences are listed
in Table S1.

3. Results
3.1. Identification of the LOX Genes in R. chinensis
Based on the amino acid sequences of the LOX gene family, a total of 23 RcLOX

genes were obtained from the R. chinensis genome via HMMER research and Blast analysis.
After removing six members containing truncated domains via CDD analysis (Table S2),
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17 RcLOX genes were identified and named from RcLOX1 to ReLOX17 according to their
Gene IDs and structures. Detailed information on the 17 RcLOX genes is provided in Table 1.
The number of amino acids (aa) in the 17 RcLOX protein varied from 784 to 981, while the
predicted isoelectric points of the encoded proteins varied from 5.48 to 8.19, and molecular
weight points ranged from 89,452.09 to 110,595.97. The subcellular localization results
showed that most of the RcLOX proteins were localized in the cytoplasm and chloroplast.
Eight RcLOX genes were localized in the cytoplasm, including ReLOX1, RecLOX4, RcLOX5,
RcLOX6, ReLOX9, RcLOX10, ReLOX13, and RcLOX17. Eight RcLOX genes were localized
in the chloroplast, including ReLOX2, RcLOX3, RcLOX7, ReLOX11, ReLOX12, RcLOX14,
RcLOX15, and RcLOX16; only RcLOX8 was localized in the nucleus (Table 1).

3.2. Phylogenetic Analysis of LOX Members

To explore the phylogenetic relationship of LOX members among the plants, the amino
acid sequences of LOX genes from Arabidopsis, rice, tomato, and 17 identified RcLOX
genes were selected for phylogeny construction using the MEGA v11.0.11 software with
the maximum likelihood method (Table S3). The results showed the evolutionary status
and grouping attribution for members of the LOX family. These family members can be
sorted into two large groups and one small group, according to the sequence characteristics
and clustering analysis. The two largest groups contained 27 and 22 members, belonging
to Type I 13-LOX and 9-LOX, respectively. Five RecLOX members (RcLOX5/6/7/9/10)
were contained in the 9-LOX group, in which four RcLOXs (RcLOX5/6/7/9) were grouped
together, whereas RcLOX10 was separated and homologous to AtLOX5. Eleven RcLOX
members (RcLOX1/2/3/4/8/11/12/13/14/15/17) were contained in Type II 13-LOX, in
which six RecLOXs (RcLOX1/2/3/14/15/17) were grouped together, while five RcLOXs
(RcLOX4/8/11/12/13) were classified into another sub-group. The smallest group, Type I
13-LOX, contained only OsLOX8 and RcLOX16 (Figure 1).

3.3. Chromosomal Locations and Collinearity Analysis of ReLOX Genes

All seventeen ReLOX genes were located on seven chromosomes (2n = 2X = 14) in
the R. Chinensis genome (Figure 2). Notably, although RcLOX genes were not evenly
distributed on the chromosomes, they were present on every chromosome. The number of
genes located on the chromosomes ranged from one to four, among which Chr3 and Chr5
each contained four ReLOX genes; three ReLOX genes were observed on chrl and chr4;
and only one RcLOX gene was observed on chr2, chr6, and chr?.

We further analyzed the collinearity relationships among the RcLOX members. Of all
50,134 genes found in the whole genome, only 3328 (6.46%) genes were considered to be collinear
gene pairs. The duplication events of the family proteins were conducted under the program

“duplicate_gene_classifier” and visualized via Circos. Several tandem and proximal duplication

events were found among RcLOX members. The gene pairs ReLOX6, ReLOX7, ReLOX12, and
RcLOX13 were considered tandem duplications. ReLOX1, ReLOX2, and ReLOX3; ReLOX5 and
RcLOX6; and RcLOX14 and ReLOX15 were considered proximal duplications due to their high
similarity and close distance (Figure 2). The results indicated that ReLOX genes might largely
originate from tandem and proximal duplication during revolution.

3.4. Amino Acid Sequence, Conserved Motifs Analysis, and Gene Structure Analysis of ReLOX Genes

The amino acid sequences of 17 RcLOXs were analyzed online using MEME, and a
total of 10 motifs were selected for analysis. The results revealed that each of the 17 RcLOXs
contained 10 conserved motifs. RcLOX8 and RcLOX13 had an extra motifl0 in the N
terminal of the sequence, and RcLOX6 also had an additional motif8 and motif2 in the
N terminal (Figure 3B). Additionally, the exon—-intron coding sequence structures were
investigated. The results showed that 11 ReLOX genes (RcLOX2/3/5/6/7/9/10/11/14/15/17)
contain eight introns, five ReLOXs (RcLOX1/4/12/13/16) contained seven introns, and one
RcLOX (RcLOX8) contained six introns (Figure 3C).
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Table 1. The basic information on ReLOX genes in rose.
. Subcellular Isoelectric Molecular Protein
Gene Name Gene ID Ensemble ID Chr Location Localization Point Weight (Da) Length (aa)
RcLOX1 A0A2P65733_ROSCH RchiOBHm_Chrl1g0314111 Chr 1: 1,398,352-1,403,844 reverse cytoplasm 5.68 89,452.09 784
RcLOX2 A0A2P65713_ROSCH RchiOBHm_Chr1g0314131 Chr 1: 1,418,573-1,424,284 reverse chloroplast 6.19 102,764.18 913
RcLOX3 A0A2P65725_ROSCH RchiOBHm_Chr1g0314151 Chr 1: 1,462,401-1,469,489 reverse chloroplast 6.22 102,838.21 913
RcLOX4 AO0A2P6RYR4_ROSCH RchiOBHm_Chr2g0145961 Chr 2: 63,721,112-63,725,566 reverse cytoplasm 7.33 103,318.16 914
RcLOX5 A0A2P6R6Y4_ROSCH RchiOBHm_Chr3g0455091 Chr 3: 4,945,765-4,949,386 forward cytoplasm 6.17 99,007.46 870
RcLOX6 A0A2P6R6Z5_ROSCH RchiOBHm_Chr3g0455111 Chr 3: 4,971,165-4,976,556 forward cytoplasm 5.62 104,221.55 919
RcLOX7 A0A2P6R730_ROSCH RchiOBHm_Chr3g0455121 Chr 3: 4,979,448-4,983,533 forward chloroplast 6.82 104,342.04 927
RcLOX8 A0A2P6RBM1_ROSCH RchiOBHm_Chr3g0472481 Chr 3: 18,384,687-18,388,356 forward nucleus 6.27 98,052.53 864
RcLOX9 A0A2P6QTX2_ROSCH RchiOBHm_Chr4g0404751 Chr 4: 24,642,061-24,646,849 forward cytoplasm 6.41 97,561.23 862
RcLOX10 AO0A2P6QWV3_ROSCH RchiOBHm_Chr4g0416591 Chr 4: 41,590,100-41,594,705 reverse cytoplasm 5.69 100,734.62 884
RcLOX11 A0A2P6R0J4_ROSCH RchiOBHm_Chr4g0430941 Chr 4: 55,302,376-55,306,479 forward chloroplast 8.19 103,725.45 920
RcLOX12 A0A2P6Q438_ROSCH RchiOBHm_Chr5g0008501 Chr 5: 5,436,496-5,440,087 forward chloroplast 6.56 104,212.73 916
RcLOX13 A0A2P6Q441_ROSCH RchiOBHm_Chr5g0008511 Chr 5: 5,459,688-5,464,027 forward cytoplasm 6.78 107,499.38 950
RcLOX14 A0A2P6QM50_ROSCH RchiOBHm_Chr5g0078061 Chr 5: 83,928,147-83,935,447 reverse chloroplast 5.77 108,405.14 958
RcLOX15 A0A2P6QM53_ROSCH RchiOBHm_Chr5g0078091 Chr 5: 83,993,484-83,998,908 reverse chloroplast 5.48 110,595.97 981
RcLOX16 A0A2P6PTU3_ROSCH RchiOBHm_Chr6g0282631 Chr 6: 45,898,666—45,902,121 forward chloroplast 7.9 99,420.98 875
RcLOX17 AO0A2P6PBW3_ROSCH RchiOBHm_Chr7g0216951 Chr 7: 34,853,149-34,859,784 reverse cytoplasm 5.64 94,662.09 891
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OsLOX13
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Figure 1. Phylogenetic tree of LOX proteins from rose, Arabidopsis, rice, and tomato. All LOX
proteins of rose (17 RcLOX), Arabidopsis (6 AtLOX), rice (14 OsLOX), and tomato (14 SILOX) were
divided into three groups, 9-LOX, Type I 13-LOX and Type II 13-LOX.

Dispersed
Proximal

Figure 2. Chromosomal location and collinearity analysis of ReLOX genes in the rose genome. The
chromosome number is indicated above each chromosome with the scale in megabases (Mb). Different

duplication events of RcLOX genes are annotated in the upper-right corner. Curves represent the
segmental duplication pairs in the whole rose genome.
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Figure 3. Gene structure and conserved protein motifs of ReLOX proteins in the rose genome. (A) The
phylogenetic tree of ReLOX proteins formed by using the NJ method. (B) Conserved motifs in ReLOX
proteins. Boxes of different colors indicate different conserved motifs. (C) Gene structure of ReLOX
genes. The untranslated regions (upstream and downstream), introns, and CDSs are indicated by
blue boxes, solid gray lines, and yellow boxes, respectively, with the scale at the bottom. (D) Details
of 10 conserved motifs.

3.5. The Prediction of Secondary and Tertiary Structural Features of ReLOX Proteins

Secondary structure analysis of the 17 RcLOX proteins was performed using SOPMA
and shown in Table S4. All 17 proteins consisted of only four secondary structures, includ-
ing an « helix, random coil, extended strand, and 3 turn. Together, the o helix and random
coil accounted for more than 80% of the total.

For tertiary structural analysis, 4wfo.1.A (manganese-substituted soybean lipoxygenase-1)
was selected for the optimal model template based on the identity and QMQE score derived
using the Blast and HHblits methods. The three-dimensional structures of ReLOX proteins
were further built using an experimentally validated template. The results showed that
the tertiary structures of RcLOX proteins were similar (Figure 4). The QMEAN scores,
showing the reliability of the estimation, were all over 0.7 for the 17 3D structures predicted
in our analysis.

3.6. Cis-Acting Elements Prediction in the Promoter of ReLOX Genes

Cis-acting elements are molecular regulate switches on the promoter for the transcrip-
tional regulation of genes. To better understand the regulatory mechanisms of ReLOX
genes during the process of plant growth, development, and stress response, the 2000 bp re-
gions upstream from the translational starting sites of 17 RcLOX genes were analyzed
(Figure 5). Using PlantCARE tool analysis, many cis-elements involved in hormone
and stress responses were identified in the promoters of the ReLOX genes. Hormone
responsive elements included abscisic acid responsiveness (ABRE), auxin responsiveness
(AuxRR-core/TGA-element), gibberellin responsiveness (P-box/GARE-motif/ TATC-box),
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MeJ A responsiveness (TGACG-motif/CGTCA-motif), and salicylic acid responsiveness
(TCA-Element). Stress-related elements included anaerobic induction (ARE), defense and
stress responsiveness (TC-rich repeats), low-temperature responsiveness (LTR), drought-
inducibility (MYB binding site, MBS), and light responsiveness. Some cis-acting elements
related to plant biosynthesis and development, including flavonoid biosynthetic gene regu-
lation (MYB binding site, MBSI), seed-specific regulation (RY-element), zein metabolism
regulation (O2-site), cell cycle regulation (MSA-like), endosperm expression/negative ex-
pression (GCN4-MOTIF/ AACA-motif), and differentiation of the palisade mesophyll cells
(HD-Zip1), were also detected on the promoters. The ABRE motif was detected in the
promoters of 12 ReLOXs (ReLOX3/4/5/6/9/10/11/12/13/14/15/17), suggesting that these pro-
moters were involved in potential responses to ABA. Light-responsiveness elements were
discovered on every promoter of the LOX genes. Several genes (RcLOX2/4/7/11/12/15) even
contained the specific light-responsive element site for MYB binding. The MYB binding
site involved in drought-inducibility was found in the promoters of ReLOX1/2/3/4/13/16,
indicating that such promoters participated in the drought-stress responses of plants.

RcLOX13 RcLOX14 RcLOX15 RcLOX16 RcLOX17

Figure 4. The tertiary structure of the 17 RcLOX proteins. Homology model-building was conducted
using the SWISS-MODEL, and 4wfo.1.A was selected as the optimal model template.

3.7. The Expression Patterns of ReLOX Genes in Different Tissues

The expression of ReLOX genes was detected in five tissues (leaf, stem, root, bud, and
flower). The expression of RcLOX genes showed tissue specificity, indicating their specific
functions. ReLOX2/3/12/14/15 genes were mainly expressed in the leaf, ReLOX4/5/10/16 in
the stem, ReLOX1/6/7/811/13 in the root, and RcLOX9 in the bud. However, no RcLOX gene
was mainly expressed in the flower (Figure 6).

3.8. The Expression Patterns of ReLOX Genes in Rose Leaves after Aphid Infestation

The responses of 17 ReLOX genes to aphid infestation were analyzed. The results
showed that 15 out of 17 ReLOX genes were up-regulated after aphid infestation in rose,
especially ReLOX3, ReLOX9, ReLOX2, and RcLOX12, which yielded 67.6-, 50.6-, 40.1-,
and 11.9-fold up-regulation responses, respectively, to aphid infestation compared with
the control. Eleven other ReLOX genes, ReLOX17, ReLOX4, ReLOX7, ReLOX15, ReLOX5,
RcLOX6, ReLOX1, ReLOX16, ReLOX11, ReLOX14, and ReLOX10, were up-regulated with
7.1-, 5.6, 5.6-, 5.3-, 5.2, 5.1-, 3.5-, 3.1-, 2.2-, and 2.1-fold responses to aphid infestation,
respectively, compared with the control. However, the expressions of ReLOX8 and RcLOX13
presented no significant change after aphid infestation (Figure 7).
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4. Discussion

In this study, a total of 17 RcLOX genes were identified in rose (Table 1), which is
a greater number of genes than those found in most plant species, e.g., 6 LOX genes in
Arabidopsis, 14 in rice [22], 8 in pepper [23], 14 in tomato [10], 15 in turnip [25], 11 in tea
plant (C. sinensis) [26], and 13 in maize [27]. However, the LOX gene numbers in rose were
lower than the 20 found in Artemisia annua L. [24] and 36 found in cultivated peanut (Arachis
hypogaea) [34]. This result shows that the numbers of LOX genes are not proportional to
genome size, suggesting that the LOX genes underwent changes during evolution. The
RcLOX genes were divided into three groups, 9-LOX, Type 1 13-LOX, and Type II 13-LOX
(Figure 1), consistent with previous results in other species [24,34,35], indicating that the
LOX gene family is conservative among plant species.

Gene duplication is a fundamental process during genome evolution and is likely
to be important for adaptive evolution to changing environments [36]. Additionally,
duplicated genes were significantly enriched in resistance-related pathways [37]. This
result showed that several tandem and proximal duplication events could be found among
RcLOX members (Figure 2), consistent with the perspective that LOX genes are associated
with abiotic and biotic stresses [38]. In this study, the tandem gene pairs RcLOX6/7,
and proximal gene pairs ReLOX14/15 showed similar tissue-specific expression patterns,
while the expression patterns of ReLOX12/13, ReLOX1/2/3, and RcLOX5/6 varied in tissues
(Figure 6), suggesting that a functional differentiation of tandem and proximal ReLOX
genes occurred during evolution. In particular, ReLOX12 expression was up-regulated
significantly after aphid infestation, while the expression of its tandem gene RcLOX13
presented no change (Figure 7), suggesting different functions in aphid resistance.

Notably, there are many light-responsive cis-elements in the promoters of ReLOX genes
(Figure 5), suggesting an interplay between light and LOX enzymes. The results indicated
that the activation of LOX can be induced via excess red light during the plant defense
response, which was mediated by phytochrome B [39]. Additionally, light can promote JA
biosynthesis to regulate photomorphogenesis in Arabidopsis [40]. Considering that LOX is
a key enzyme in the JA synthesis pathway [11,15], it can be inferred that LOX genes are
key regulators during the light-dependent regulation of the JA pathway in plants [41].

Considerable evidence suggests that LOX is involved in plant resistance to abiotic
stress. AfLOX4 from Amorpha fruticosa L. [42], AhLOX29 from peanut [34], and CmLOX13
from oriental melon [43] can all significantly enhance drought tolerance in plants. More-
over, MALOX3 from apple can positively regulate the salt tolerance in apple Calli and
Arabidopsis [5]. In this study, we found many stress-responsive cis-elements in the pro-
moters of ReLOX genes (Figure 6), suggesting the potential roles of RcLOX genes in abiotic
stress resistance.

JA is widely involved in biotic stresses in plants. LOX genes were found to be induced
after aphid infestation in plants [44,45], while OsHI-LOX in rice [14], TomloxD in tomato [15],
and ZmLOX10 in maize [16] all play positive roles during plant defense against biotic
stresses due to JA biosynthesis. In barley, the overexpression of LOX2.2 maintained lower
aphid numbers, and antisense plants had higher aphid numbers [17]. However, the
mutation of lox3 in maize contributed to an enhanced defense response, with a higher
PAMP-triggered ROS burst [18], indicating that the LOX enzyme’s involvement in the JA
pathway is complicated. In sorghum, aphid infestation can enhance JA biosynthesis, but
the exogenous application of JA caused enhanced feeding and aphid proliferation [46].
This result indicates that the involvement of JA in aphid resistance and other biotic stresses
is also complicated.

In our study, 15 out of 17 RcLOX genes were up-regulated after aphid infestation,
including 9-LOX and 13-LOX (Figure 7), suggesting that the functions of RcLOXs in
aphid resistance are associated with the 13-LOX-derived JA signal and 9-LOX-derived
products [38]. Considering the complexity of JA biosynthesis and signal transduction in
resistance to biotic stresses, more research should be conducted to determine the molecular
mechanism of LOX underlying aphid resistance in rose.
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5. Conclusions

In summary, a total of 17 RcLOX members were identified in the rose genome and can
be classified into three groups: 9-LOX, Type I 13-LOX, and Type II 13-LOX. Similar gene
structures and protein domains can be found in RecLOX members. The ReLOX genes were
spread among all seven chromosomes with unbalanced distributions. Additionally, several
tandem and proximal duplication events were found among RcLOX members. Expression
of the ReLOX genes was tissue-specificity, while every ReLOX gene could be detected in at
least one tissue. The expression levels of most ReLOX genes can be up-regulated via aphid
infestation, indicating their potential role in aphid resistance. The present study offers a
systematic analysis of the ReLOX genes in rose, providing useful information not only for
further gene cloning and functional exploration but also for the study of aphid resistance.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/genes14101957/s1. Table S1: RT-PCR primers for 17 RcLOX genes; Table S2:
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Table S4: Secondary structures of 17 RcLOX proteins.

Author Contributions: S.Z. and ]J.G. designed the experiments and revised the manuscript; W.D.
and B.J. wrote the manuscript; L.S., S.L. and Z.W. prepared the plant materials and performed the
experiment; L.S. and J.W. performed the data analysis. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by The HAAFS Agriculture Science and Technology Innovation
Project (2023KJCXZX-SSS-8) and Hebei Provincial Key Natural Science Foundation and Key Basic
Research Projects of Basic Research Program (18962901D).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or Supplementary Material.
Acknowledgments: We thank all the authors for their suggestions and hard work on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

Feussner, I.; Wasternack, C. The lipoxygenase pathway. Annu. Rev. Plant Biol. 2002, 53, 275-297. [CrossRef] [PubMed]
Andreou, A.; Feussner, I. Lipoxygenases—structure and reaction mechanism. Phytochemistry 2009, 70, 1504-1510. [CrossRef]
[PubMed]

Newcomer, M.E,; Brash, A.R. The structural basis for specificity in lipoxygenase catalysis. Protein Sci. 2015, 24, 298-309. [CrossRef]
[PubMed]

Lim, CW,; Han, S.-W.; Hwang, 1.S.; Kim, D.S.; Hwang, B.K.; Lee, S.C. The pepper lipoxygenase CaLOX1 plays a role in osmotic,
drought, and high salinity. Plant Cell Physiol. 2015, 56, 930-942. [CrossRef] [PubMed]

Chen, X.; Wang, D.; Zhang, C.; Wang, X.; Yang, K.; Wang, Y.; Wang, X.; You, C. The apple lipoxygenase MdLOX3 regulates salt
tolerance and ABA sensitivity. Horticulturae 2022, 8, 651. [CrossRef]

Keereetaweep, J.; Blancaflor, E.B.; Hornung, E.; Feussner, I.; Chapman, K.D. Lipoxygenase-derived 9-hydro(pero)xides of
linoleoylethanolamide interact with ABA signaling to arrest root development during Arabidopsis seedling establishment. Plant
J. 2015, 82, 315-327. [CrossRef]

Huang, J.; Cai, M.; Long, Q.; Liu, L.; Lin, Q.; Jiang, L.; Chen, S.; Wan, J. OsLOX2, a rice type I lipoxygenase, confers opposite
effects on seed germination and longevity. Transgenic Res. 2014, 23, 643—655. [CrossRef]

Zhou, S.; Li, D.; Cheng, Y.; Guan, ]J. Characterization of expression and enzyme activity of lipoxygenases during fruit softening
and superficial scald development in ‘Wujiuxiang’ pear. J. Appl. Bot. Food Qual. 2016, 89, 307-314. [CrossRef]

Springer, A.; Kang, C.; Rustgi, S.; von Wettstein, D.; Reinbothe, C.; Pollmann, S.; Reinbothe, S. Programmed chloroplast destruction
during leaf senescence involves 13-lipoxygenase (13-LOX). Proc. Natl. Acad. Sci. USA 2016, 113, 3383-3388. [CrossRef]
Upadhyay, R.K.; Mattoo, A.K. Genome-wide identification of tomato (Solanum lycopersicum L.) lipoxygenases coupled with
expression profiles during plant development and in response to methyl-jasmonate and wounding. J. Plant Physiol. 2018, 231,
318-328. [CrossRef]

Rahimi, S.; Kim, Y.J.; Sukweenadhi, J.; Zhang, D.; Yang, D.C. PgLOX6 encoding a lipoxygenase contributes to jasmonic acid
biosynthesis and ginsenoside production in Panax ginseng. J. Exp. Bot. 2016, 67, 6007-6019. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/genes14101957/s1
https://www.mdpi.com/article/10.3390/genes14101957/s1
https://doi.org/10.1146/annurev.arplant.53.100301.135248
https://www.ncbi.nlm.nih.gov/pubmed/12221977
https://doi.org/10.1016/j.phytochem.2009.05.008
https://www.ncbi.nlm.nih.gov/pubmed/19767040
https://doi.org/10.1002/pro.2626
https://www.ncbi.nlm.nih.gov/pubmed/25524168
https://doi.org/10.1093/pcp/pcv020
https://www.ncbi.nlm.nih.gov/pubmed/25657344
https://doi.org/10.3390/horticulturae8070651
https://doi.org/10.1111/tpj.12821
https://doi.org/10.1007/s11248-014-9803-2
https://doi.org/10.5073/jabfq.2016.089.040
https://doi.org/10.1073/pnas.1525747113
https://doi.org/10.1016/j.jplph.2018.10.001
https://doi.org/10.1093/jxb/erw358
https://www.ncbi.nlm.nih.gov/pubmed/27811076

Genes 2023, 14, 1957 12 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang, R.; Shen, W.; Liu, L,; Jiang, L.; Liu, Y.; Su, N.; Wan, J. A novel lipoxygenase gene from developing rice seeds confers dual
position specificity and responds to wounding and insect attack. Plant Mol. Biol. 2008, 66, 401-414. [CrossRef] [PubMed]
Battilani, P.; Lanubile, A.; Scala, V.; Reverberi, M.; Gregori, R.; Falavigna, C.; Dall’asta, C.; Park, Y.S.; Bennett, J.; Borrego, E.J.; et al.
Oxylipins from both pathogen and host antagonize jasmonic acid-mediated defence via the 9-lipoxygenase pathway in Fusarium
verticillioides infection of maize. Mol. Plant Pathol. 2018, 19, 2162-2176. [CrossRef] [PubMed]

Zhou, G.; Qi, J.; Ren, N.; Cheng, J.; Erb, M.; Mao, B.; Lou, Y. Silencing OsHI-LOX makes rice more susceptible to chewing
herbivores, but enhances resistance to a phloem feeder. Plant . 2009, 60, 638—648. [CrossRef]

Yan, L.; Zhai, Q.; Wei, J.; Li, S.; Wang, B.; Huang, T.; Du, M.; Sun, ].; Kang, L.; Li, C.-B. Role of tomato lipoxygenase D in
wound-induced jasmonate biosynthesis and plant immunity to insect herbivores. PLOS Genet. 2013, 9, e1003964. [CrossRef]
Christensen, S.A.; Nemchenko, A.; Borrego, E.; Murray, I.; Sobhy, 1.S.; Bosak, L.; DeBlasio, S.; Erb, M.; Robert, C.A.; Vaughn, K.A.
The maize lipoxygenase, ZmLOX10, mediates green leaf volatile, jasmonate and herbivore-induced plant volatile production for
defense against insect attack. Plant ]. 2013, 74, 59-73. [CrossRef]

Losvik, A.; Beste, L.; Glinwood, R.; Ivarson, E.; Stephens, J.; Zhu, L.H.; Jonsson, L. Overexpression and Down-Regulation of
Barley Lipoxygenase LOX2.2 Affects Jasmonate-Regulated Genes and Aphid Fecundity. Int. ]. Mol. Sci. 2017, 18, 2765. [CrossRef]
Pathi, K.M.; Rink, P.; Budhagatapalli, N.; Betz, R.; Saado, I.; Hiekel, S.; Becker, M.; Djamei, A.; Kumlehn, J. Engineering smut
resistance in maize by site-directed mutagenesis of LIPOXYGENASE 3. Front. Plant Sci. 2020, 11, 543895. [CrossRef]

Muneer, S.; Jeong, HK.; Park, Y.G.; Jeong, B.R. Proteomic analysis of aphid-resistant and -sensitive rose (Rosa Hybrida) cultivars at
two developmental stages. Proteomes 2018, 6, 25. [CrossRef]

Mou, D.-F,; Kundu, P; Pingault, L.; Puri, H; Shinde, S.; Louis, J]. Monocot crop—aphid interactions: Plant resilience and aphid
adaptation. Curr. Opin. Insect Sci. 2023, 57, 101038. [CrossRef]

Radchenko, E.E.; Abdullaev, R.A.; Anisimova, I.N. Genetic resources of cereal crops for aphid resistance. Plants 2022, 11, 1490.
[CrossRef] [PubMed]

Umate, P. Genome-wide analysis of lipoxygenase gene family in Arabidopsis and rice. Plant Signal Behav. 2011, 6, 335-338.
[CrossRef] [PubMed]

Sarde, S.J.; Kumar, A.; Remme, R.N.; Dicke, M. Genome-wide identification, classification and expression of lipoxygenase gene
family in pepper. Plant Mol. Biol. 2018, 98, 375-387. [CrossRef] [PubMed]

Meng, Y.; Liang, Y.; Liao, B.; He, W.; Liu, Q.; Shen, X.; Xu, J.; Chen, S. Genome-wide identification, characterization and expression
analysis of lipoxygenase gene family in Artemisia annua L. Plants 2022, 11, 655. [CrossRef] [PubMed]

Yan, C; Jia, K,; Zhang, J.; Xiao, Z.; Sha, X.; Gao, J.; Yan, H. Genome-wide identification and expression pattern analysis of
lipoxygenase gene family in turnip (Brassica rapa L. subsp. rapa). Peer] 2022, 10, €13746. [CrossRef] [PubMed]

Zhu, J.; Wang, X.; Guo, L.; Xu, Q.; Zhao, S.; Li, E; Yan, X,; Liu, S.; Wei, C. Characterization and alternative splicing profiles of the
lipoxygenase gene family in tea plant (Camellia sinensis). Plant Cell Physiol. 2018, 59, 1765-1781. [CrossRef]

Ogunola, O.F; Hawkins, L.K.; Mylroie, E.; Kolomiets, M.V.; Borrego, E.; Tang, ].D.; Williams, W.P.; Warburton, M.L. Character-
ization of the maize lipoxygenase gene family in relation to aflatoxin accumulation resistance. PLoS ONE 2017, 12, e0181265.
[CrossRef]

Fukuchi-Mizutani, M.; Ishiguro, K.; Nakayama, T.; Utsunomiya, Y.; Tanaka, Y.; Kusumi, T.; Ueda, T. Molecular and functional
characterization of a rose lipoxygenase cDNA related to flower senescence. Plant Sci. 2000, 160, 129-137. [CrossRef]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Wang, Y.; Tang, H.; DeBarry, ].D.; Tan, X,; Li, J.; Wang, X.; Lee, T.h.; Jin, H.; Marler, B.; Guo, H.; et al. MCScanX: A toolkit for
detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [CrossRef]

Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information
aesthetic for comparative genomics. Genome Res. 2009, 19, 1639-1645. [CrossRef] [PubMed]

Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef] [PubMed]

Steinegger, M.; Meier, M.; Mirdita, M.; Vohringer, H.; Haunsberger, S.J.; S6ding, . HH-suite3 for fast remote homology detection
and deep protein annotation. BMC Bioinform. 2019, 20, 473. [CrossRef]

Mou, Y; Sun, Q.; Yuan, C.; Zhao, X.; Wang, J.; Yan, C.; Li, C.; Shan, S. Identification of the LOX gene family in peanut and
functional characterization of AhLOX29 in drought tolerance. Front. Plant Sci. 2022, 13, 832785. [CrossRef] [PubMed]
Upadhyay, R.K.; Edelman, M.; Mattoo, A.K. Identification, phylogeny, and comparative expression of the lipoxygenase gene
family of the aquatic duckweed, Spirodela polyrhiza, during growth and in response to methyl jasmonate and salt. Int. ]. Mol. Sci.
2020, 21, 9527. [CrossRef]

Huang, Y.-L.; Zhang, L.-K.; Zhang, K.; Chen, S.-M.; Hu, J.-B.; Cheng, F. The impact of tandem duplication on gene evolution in
Solanaceae species. |. Integr. Agr. 2022, 21, 1004-1014. [CrossRef]

Liu, C; Wu, Y;; Liu, Y.; Yang, L.; Dong, R; Jiang, L.; Liu, P,; Liu, G.; Wang, Z.; Luo, L. Genome-wide analysis of tandem duplicated
genes and their contribution to stress resistance in pigeonpea (Cajanus cajan). Genomics 2021, 113, 728-735. [CrossRef]
Viswanath, K.K.; Varakumar, P.; Pamuru, R.R.; Basha, S.J.; Mehta, S.; Rao, A.D. Plant lipoxygenases and their role in plant
physiology. J. Plant Biol. 2020, 63, 83-95. [CrossRef]


https://doi.org/10.1007/s11103-007-9278-0
https://www.ncbi.nlm.nih.gov/pubmed/18185911
https://doi.org/10.1111/mpp.12690
https://www.ncbi.nlm.nih.gov/pubmed/29660236
https://doi.org/10.1111/j.1365-313X.2009.03988.x
https://doi.org/10.1371/journal.pgen.1003964
https://doi.org/10.1111/tpj.12101
https://doi.org/10.3390/ijms18122765
https://doi.org/10.3389/fpls.2020.543895
https://doi.org/10.3390/proteomes6020025
https://doi.org/10.1016/j.cois.2023.101038
https://doi.org/10.3390/plants11111490
https://www.ncbi.nlm.nih.gov/pubmed/35684263
https://doi.org/10.4161/psb.6.3.13546
https://www.ncbi.nlm.nih.gov/pubmed/21336026
https://doi.org/10.1007/s11103-018-0785-y
https://www.ncbi.nlm.nih.gov/pubmed/30317456
https://doi.org/10.3390/plants11050655
https://www.ncbi.nlm.nih.gov/pubmed/35270126
https://doi.org/10.7717/peerj.13746
https://www.ncbi.nlm.nih.gov/pubmed/35898937
https://doi.org/10.1093/pcp/pcy091
https://doi.org/10.1371/journal.pone.0181265
https://doi.org/10.1016/S0168-9452(00)00373-3
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nar/gkr1293
https://doi.org/10.1101/gr.092759.109
https://www.ncbi.nlm.nih.gov/pubmed/19541911
https://doi.org/10.1186/1471-2105-10-421
https://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1186/s12859-019-3019-7
https://doi.org/10.3389/fpls.2022.832785
https://www.ncbi.nlm.nih.gov/pubmed/35356112
https://doi.org/10.3390/ijms21249527
https://doi.org/10.1016/S2095-3119(21)63698-5
https://doi.org/10.1016/j.ygeno.2020.10.003
https://doi.org/10.1007/s12374-020-09241-x

Genes 2023, 14, 1957 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.

Zhao, Y.; Zhou, J.; Xing, D. Phytochrome B-mediated activation of lipoxygenase modulates an excess red light-induced defence
response in Arabidopsis. |. Exp. Bot. 2014, 65, 4907-4918. [CrossRef]

Yi, R;; Yan, J.; Xie, D. Light promotes jasmonate biosynthesis to regulate photomorphogenesis in Arabidopsis. Sci. China Life Sci.
2020, 63, 943-952. [CrossRef]

Kazan, K.; Manners, ]. M. The interplay between light and jasmonate signalling during defence and development. J. Exp. Bot.
2011, 62, 4087-4100. [CrossRef] [PubMed]

Zhang, Y.; Wang, K.; Wang, Z.; Li, X.; Li, M.; Zhu, F;; Majeed, Z.; Lan, X.; Guan, Q. The lipoxygenase gene AfLOX4 of Amorpha
fruticosa L. is a potential regulator of drought stress tolerance pathways under saline and alkaline conditions. Acta Physiol. Plant.
2023, 45, 72. [CrossRef]

Xing, Q.; Zhang, X; Li, Y.; Shao, Q.; Cao, S.; Wang, F; Qi, H. The lipoxygenase CrnLOX13 from oriental melon enhanced severe
drought tolerance via regulating ABA accumulation and stomatal closure in Arabidopsis. Environ. Exp. Bot. 2019, 167, 103815.
[CrossRef]

Wang, Z.; Luo, Y.; Yu, J.; Kou, X; Xie, L.; Deng, P; Li, T.; Chen, C.; Ji, W.; Liu, X. Genome-wide identification and characterization
of lipoxygenase genes related to the English grain aphid infestation response in wheat. Planta 2023, 257, 84. [CrossRef] [PubMed]
Ilarduya, O.M.d.; Xie, Q.; Kaloshian, I. Aphid-induced defense responses in Mi-1-mediated compatible and incompatible tomato
interactions. Mol. Plant Microbe Interact. 2003, 16, 699-708. [CrossRef]

Grover, S.; Puri, H.; Xin, Z.; Sattler, S.E.; Louis, J. Dichotomous role of jasmonic acid in modulating sorghum defense against
aphids. Mol. Plant Microbe Interact. 2022, 35, 755-767. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/jxb/eru247
https://doi.org/10.1007/s11427-019-1584-4
https://doi.org/10.1093/jxb/err142
https://www.ncbi.nlm.nih.gov/pubmed/21705384
https://doi.org/10.1007/s11738-023-03542-7
https://doi.org/10.1016/j.envexpbot.2019.103815
https://doi.org/10.1007/s00425-023-04114-2
https://www.ncbi.nlm.nih.gov/pubmed/36943494
https://doi.org/10.1094/MPMI.2003.16.8.699
https://doi.org/10.1094/MPMI-01-22-0005-R

	Introduction 
	Materials and Methods 
	Genome-Wide Identification of LOX Gene Members in Rose 
	Phylogenetic and Amino acid Sequence Analysis 
	Chromosomal Location and Collinearity Analysis of RcLOX Genes 
	Gene Structure and Conserved Motifs Identified 
	Secondary and Tertiary Structure Prediction of RcLOX Proteins 
	Prediction of Cis-Acting Elements in the Promoter of Rose LOX Genes 
	Rose Growth Conditions and Aphid Infestation 
	RNA Extraction and Quantitative RT-PCR Analysis 

	Results 
	Identification of the LOX Genes in R. chinensis 
	Phylogenetic Analysis of LOX Members 
	Chromosomal Locations and Collinearity Analysis of RcLOX Genes 
	Amino Acid Sequence, Conserved Motifs Analysis, and Gene Structure Analysis of RcLOX Genes 
	The Prediction of Secondary and Tertiary Structural Features of RcLOX Proteins 
	Cis-Acting Elements Prediction in the Promoter of RcLOX Genes 
	The Expression Patterns of RcLOX Genes in Different Tissues 
	The Expression Patterns of RcLOX Genes in Rose Leaves after Aphid Infestation 

	Discussion 
	Conclusions 
	References

