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Plant oxylipins: adaptation to
environmental stresses and
impact on mycotoxin
contamination
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Paola Battilani1 and Alessandra Lanubile1*

1Department of Sustainable Crop Production, Università Cattolica del Sacro Cuore, Piacenza, Italy,
2University School for Advanced Studies IUSS Pavia, Pavia, Italy
Due to increasingly frequent changes in climatic conditions and global warming,
plants consistently deal with severe weather events including extreme
temperature variations, �oods and drought. These abiotic stressors resulting
from climate change weaken host crop resistance, making them more exposed
to fungal disease insurgences and mycotoxin contamination. Oxylipins are major
players in the plant-environment interaction. Their synthesis begins with the
oxygenation of polyunsaturated fatty acids by lipoxygenases (LOXs) to generate
fatty acid hydroperoxides that in turn are converted into a huge assortment of
bioactive compounds by specialized cytochrome P450 enzymes, known as
CYP74. In the present review we focus on recent advances concerning oxylipin
biosynthesis and the phylogenetic relationships among the main key enzymes of
the oxylipin pathway considering �ve monocot and dicot plant species.
Moreover, new information regarding the role of these signaling molecules on
the plant physiology in response to abiotic stress and mycotoxin occurrence are
provided along with the application of clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR associated (Cas) (CRISPR/Cas)-based
tools. Here, we report the intervention of LOX, allene oxide synthase, OPDA
reductase, JASMONATE (JA) resistant and JA ZIM domain genes along with the
accumulation of JA and its conjugates, 12-OPDA, ketols and green leaf volatiles
in response to abiotic stress. The modulation of LOX genes and the production of
several fatty acids, oxylipins and sphingolipids is also required against
mycotoxin contamination.
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1 Introduction

Climate change is a complex event that consists of temperature
and weather shifts, strongly impacting plant life (Janni et al., 2024).
Abiotic stressors, like heat, cold and drought, have intensi�ed in
recent decades, causing detrimental effect on crop yields and
making host crops more vulnerable to fungal disease onset
(Sharma et al., 2023). Mycotoxins are secondary metabolites
synthesized by a broad assortment of fungi. Their production is
greatly impacted by climate change and warmer temperatures are
increasing the distribution, abundance and co-occurrence of
mycotoxin producing fungal species (Lanubile et al., 2021a; Casu
et al., 2024).

Oxylipins play a pivotal role in the plant-environment
interaction (Knieper et al., 2023). A literature survey was
conducted to assess the scienti�c interest in plant oxylipins,
revealing a steady increase over the last two decades (Figure 1).
Indeed, literature search using the Ovid and Scopus databases on
the topic �plant oxylipins� revealed a total number of 1,631 research
studies between 2000 and 2024 with the peak of papers published in
2024, after applying some inclusion/exclusion criteria, i.e.,
excluding duplicates, including only research article published in
English. Six-hundreds and sixty-�ve papers focused on the
involvement of plant oxylipins in biotic stress, 296 on abiotic, 90
on both stresses, and 580 on other physiological processes, like
germination and development. A treemap was also drawn pointing
out that most papers were published on Plant Physiology (96),
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following by Plant Journal (93) and Plant Physiology and
Biochemistry (75) (Figure 2). By scrutinizing the co-occurrence of
keywords major links were revealed between oxylipins and the plant
species Arabidopsis thaliana, Oryza sativa and Solanum
lycopersicum (Figure 3A). Moreover, oxylipins showed
connections with the signaling molecules cyclopentenones,
jasmonic and salycilic acid, and implications in several
physiological functions, signal transduction and plant disease
responses (Figures 3B, C, respectively). Indeed, the extremely
diverse chemical nature of these molecules implies their
involvement in several roles. It�s well known that many oxylipins
are powerful regulators of plant growth, development and
interactions with biotic and abiotic stressors (Sugimoto et al.,
2022). The oxylipin signaling occurs through a genetically de�ned
signal network that is linked to several additional phytohormones,
like salicylic acid, ethylene, and auxin. Therefore, jasmonates and
cyclopentenone lipids, such as oxo-phytodienoic acid (OPDA and
dinor OPDA), can activate or repress gene expression through the
electrophilic activities of the cyclopentenone ring (Sugimoto
et al., 2022).

The aim of this review is �rst to explore the phylogenetic
relationships of the main group of enzymes participating in the
biosynthesis of oxylipins considering �ve plant species, Arabidopsis
thaliana, Oryza sativa, Zea mays, Solanum lycopersicum, and Vitis
vinifera. The selection is based on their relevance in agriculture and
availability of oxylipin-related gene data. The examined enzymes
include the group of lipoxygenases (LOXs), allene oxide synthase
FIGURE 1

Number of articles published from 2000 to 2024 on the topic of plant oxylipins. The bar graph representing the terms related to plant oxylipins
involved in abiotic stress is colored blue. The bar graph representing the terms related to plant oxylipins involved in biotic stress is colored orange.
The bar graph representing the terms related to plant oxylipins involved in both abiotic and biotic stress is colored green. The bar graph representing
the terms related to plant oxylipins involved in other physiological processes is colored grey. Terms were searched in Ovid and Scopus databases
eliminating duplicated articles. The search was performed using the keywords “plant*” OR “crop*” AND “oxylipin*” OR “phyto-oxylipin*”. Records
related primarily to medical, veterinary, mathematical, engineering, or non-biological sciences were excluded to maintain the focus on biological/
agricultural areas. Additional �lters were applied to remove papers centered on humans and other animals, duplicated papers, non-English papers,
and to consider only research articles.
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(AOS) and cyclase (AOC), hydroperoxide lyase (HPL), divinyl ether
synthase (DES), epoxy alcohol synthase (EAS), and peroxygenase
(PXG) (Figure 4). Moreover, the contribution of oxylipins to
environmental adaptation focusing on abiotic stressors, like heat,
Frontiers in Plant Science 03
drought and waterlogging, and their role in mycotoxin production
will be discussed. Lastly, the most recent genome editing
interventions on the enzymes of the oxylipin pathway will
be described.
FIGURE 2

Circular tree map of all source titles identi�ed during the research process. Circle-packing visualization was generated using the circlify and
matplotlib Python libraries. Journals with fewer than �ve publications were excluded to enhance clarity. Each circle’s size was scaled according to
the number of articles per journal, and colors were assigned by publisher.
GURE 3FI

Scienti�c mapping of strictly linked networks for oxylipin as a keyword and (A) plant species, (B) signaling molecules, and (C) physiological functions,
based on papers identi�ed during the research process. The maps were elaborated using VOSviewer (v.1.6.20).
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2 Major enzymes of the plant oxylipin
pathway
2.1 Lipoxygenases

Plant oxylipins are signaling metabolites deriving from the
oxidative conversion of polyunsaturated fatty acids (PUFAs) such
as linoleic (C18:2) and linolenic (C18:3) as shown in Figure 4 (Porta
and Rocha-Sosa, 2002). In 16:3 angiosperms belonging to
Brassicaceae family a further substrate is represented by C16:3
(Kuz�niak and Gajewska, 2024). Lipoxygenases (LOXs) are the
Frontiers in Plant Science 04
�rst enzymes that catalyze the enzymatic oxidation of PUFAs
produc ing fa t ty ac id hydroperox ides . Accord ing to
regiospeci�city, plant LOXs are categorized into two main
subfamilies, 9- and 13-LOXs, respectively. In a few instances, a
mixed regiospeci�city (9/13-LOX or 13/9-LOX) can be found based
on the compounds principally synthetized (Viswanath et al., 2020).

In the 9-LOX pathway, C18:2 and C18:3 hydroperoxides are
converted to 9-hydroperoxy octadecadienoic acid (9-HPOD) and 9-
hydroperoxy octadecatrienoic acid (9-HPOT), respectively. An
addi t iona l 9-LOX-produced oxy l ip in i s the 9-ke to-
octadecatrienoic acid (9-KOT) (Figure 4). The major metabolites
FIGURE 4

Plant oxylipin biosynthesis. Abbreviations: LOX, lipoxygenase; HPR, hydroperoxide reductase; HPL, hydroperoxide lyase; AOS, allene oxide synthase;
AOC, allene oxide cyclase; OPR, 12-oxy phytodienoate reductase; DES, divinyl ether synthase; EAS, epoxy alcohol synthase; PXG, peroxygenase;
GLVs, green leaf volatiles; FA, fatty acids; HPOT, hydroperoxy octadecatrienoic acid; HPOD, hydroperoxy octadecadienoic acid; HOT, hydroxy
octadecatrienoic acid; HOD, hydroxy octadecadienoic acid; KOT, keto-octadecatrienoic acid; EOT, epoxy decaoctatrienoic acid; OPDA, oxo-
phytodienoic acid; JA, jasmonic acid; OPEA, oxo-phytoenoic acid; THOM, trihydroxy-octadecenoic acid; THOD, trihydroxy-octadecadienoic acid.
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deriving from the conversion of PUFAs in the 13-LOX pathway are
13-HPOD, 13-HPOT and 13-KOT (Figure 4). Localization pro�les
of four maize 9-LOXs (ZmLOX2, ZmLOX4, ZmLOX6 and
ZmLOX12) extended across cytoplasm, plastids and tonoplasts,
suggesting compartmentation of different oxylipin production
inside of the cell (Tolley et al., 2018). Moreover, subcellular
localization of maize 9-LOX was mostly consistent with
Arabidopsis, implying that these isoforms are conserved between
monocots and dicots (Tolley et al., 2018). Similarly, three rice 9-
LOXs (OsLOX1, OsLOX3 and OsLOX10) localized into the
chloroplast and cytosol (Wang et al., 2008; Long et al., 2013;
Wang et al., 2023a), whereas only a chloroplast localization was
observed for the tomato and grapevine LOXC and LOXA isoforms,
respectively (Chen et al., 2004; Pilati et al., 2024).

Based on the full-length amino acid sequences of 67 LOX
proteins among �ve species (6 LOXs in A. thaliana, 15 in O.
sativa, 13 in Z. mays, 16 in S. lycopersicum, and 17 in V. vinifera),
a phylogenetic tree was constructed using the maximum likelihood
method (Figure 5A). The result showed that the 67 LOX proteins
across these species were classi�ed into two subfamilies: 9- and 13-
LOX. For each group, the number of LOX proteins varied.
Speci�cally, the 13-LOX subfamily was the largest group with 40
differential members. The 13-LOX subfamily could be further
clustered into two subgroups (Type I and II), in which Type II
13-LOX were universally present in all species, whereas Type I was
missing in A. thaliana. The higher number of clade members
observed in S. lycopersicum and V. vinifera probably re�ects gene
expansion events after cot-monocot divergence. To better
Frontiers in Plant Science 05
understand the evolutionary mechanisms of LOX genes, a synteny
analysis was carried out comparing ZmLOX with those from the
other four species (Figure 5B). One, eight and four ZmLOX genes
had a synteny relationship with Arabidopsis, O. sativa and V.
vinifera, respectively, whereas any synteny was observed between
maize and tomato.
2.2 CYP74 enzymes

The different pools of PUFA hydroperoxides deriving from 9-
and 13-lipoxygenases are further metabolized by other enzymes
located downstream in the pathway such as AOS and AOC, HPL,
DES, EAS, and PXG (Figure 4).

2.2.1 Biosynthesis of jasmonates and
cyclopentenones and their mechanisms of
signaling

The biosynthesis of jasmonic acid (JA) starts in the chloroplast
with the conversion of 13-hydroperoxides by 13-AOS using the
substrate 13-hydroperoxy octadecatrienoic acid (HPOT) and
producing the 12,13-epoxy decaoctatrienoic acid (EOT) (Figure 4).
In contrast, the 9-AOS pathway is speci�c for the 9-hydroperoxide
derivatives catalyzing the synthesis of 9,10-EOT in the cytosol
(Figure 4). However, in many plant species dual substrate
speci�city was also detected for both 9- or 13-HPOT by AOSs
(Maucher et al., 2000; Wang et al., 2008; Cho et al., 2011; Yoeun
et al., 2013; Ogorodnikova et al., 2015). By analyzing B73 maize
FIGURE 5

Phylogenetic tree and synteny analysis of LOX proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
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genome 6 AOS isoforms were identi�ed (Zm00001d034186
ZmAOS1a; Zm00001d034184 ZmAOS1b; Zm00001d013185
ZmAOS1c; Zm00001d028282 ZmAOS2a; Zm00001d048021
ZmAOS2b; and Zm00001d053586 ZmAOS3). The same number of
isoforms were observed in grapevine (VIT_203s0063g01860,
VIT_203s0063g01850 VIT_203s0063g01840, VIT_203s0063g01820,
VIT_203s0063g01830 and VIT_218s0001g11630), followed by rice
(LOC_Os02g12690, LOC_Os02g12680 and LOC_Os03g55800),
tomato (Solyc11T002341 and Solyc04T002736) and one isoform in
Arabidopsis (AT5G42850) (Figure 6A). These isoforms were
clustered in three clades, named AOS1, 2 and 3 (Figure 6A).
Moreover, the synteny analysis revealed that as expected the
highest number of genes in synteny with maize were found in rice,
followed by a tie tomato and grapevine (Figure 6B).

A tight physical association between AOS and AOC was
observed at the level of the grana thylakoids in potato, even
though AOS was more strongly bound to the membrane
compared to AOC (Farmaki et al., 2007). Indeed, in presence of
AOC the unstable allene oxide 12,13-EOT is further converted into
12-OPDA. On the other hand, in the 9-AOS pathway, 9,10-EOT
undergoes to a spontaneous cyclization process bringing to the
formation of 10-oxo-phytoenoic acid (OPEA) and 10-OPDA, the
later known as �death acids� due to their cytotoxic activity
(Christensen et al., 2015) (Figure 4). Four AOC isoforms are
encoded by Arabidopsis genome, two for each species by Z. mays
and V. vinifera, and one for each species by O. sativa and S.
lycopersicum (Figure 7A). A closer cluster was shown for the two
maize AOC1 (Zm00001d029594) and 2 (Zm00001d047340)
isoforms with the only rice AOC isoform (LOC_Os03g32314),
whereas the four AOCs of Arabidopsis (AT3G25770,
Frontiers in Plant Science 06
AT3G25760, AT3G25780, and AT1G13280) clustered separately,
in line with synteny results (Figure 7A, B). Similarly, tomato
(Solyc02T002181) and grapevine AOCs (VIT_201s0011g03090
and VIT_214s0083g00110) were clustered together (Figure 7A, B).

It is worth highlighting that allene oxides produced by 9- and
13-AOS pathways can be also converted in 9- and 13-ketols,
respectively. These included 9-hydroxy-10-oxo-12(Z)-
octadecenoic acid (9,10-KOMA), 9-hydroxy-10-oxo-12(Z),15(Z)-
octadecadienoic acid (9,10-KODA), 13-hydroxy-10-oxo-11(E)-
octadecenoic acid (13,10-KOMA), and 13-hydroxy-10-oxo-11
(E),15(Z)-octadecadienoic acid (13,10-KODA), 9,12-KOMA, 9,12-
KODA, 13,12-KOMA, and 13,12-KODA. These molecules were
recently described as potent signals regulating several physiological
processes in plants (Berg-Falloure and Kolomiets, 2023).

Following transport into peroxisomes, 12-OPDA is reduced by
OPDA reductases (OPR) into the cyclopentanone OPC-8:0 (8-[3-
oxo-2-cis-[(Z)-2-pentenylcyclopentyl]octanoic acid). The
transport is mediated by the ABC ATP-binding cassette (ABC)
transporter COMATOSE in the Arabidopsis leaves, although
further import mechanisms as passive transport through
peroxisome membranes could be considered (Theodoulou et al.,
2005). Eleven OPR isoforms were counted in the grapevine
genome, ten in rice, eight in maize, six each in tomato and
Arabidopsis (Figure 8A). Grapevine, tomato and Arabidopsis
OPR proteins tended to cluster alone with some exception,
whereas maize and rice together, as also highlighted in the
synteny graph (Figure 8B). In a previous work, the redundancy
of OPR isoforms was described in maize. More in detail, maize
OPR7 and 8 share about 95% of sequence identity (Borrego and
Kolomiets, 2016) and only opr7opr8 double mutants displayed
FIGURE 6

Phylogenetic tree and synteny analysis of AOS proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
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reduced JA accumulation (Yan et al., 2012). Similarly, Arabidopsis
opr3 mutants still produced some JA quantities, signi�cantly lower
compared to wild-type plants, due to the presence of OPR1 and 2
isoforms (Stintzi and Browse, 2000).
Frontiers in Plant Science 07
Subsequent b-oxidation steps shorten the extended carbon side
chain of OPC:8 to form JA. The �rst enzyme involved in this process is
acyl-CoA oxidase (ACX) that catalyzes the oxidation of fatty acid acyl-
CoA to 2-trans-ole�n-CoA. Several ACX isoenzymes are present in
FIGURE 7

Phylogenetic tree and synteny analysis of AOC proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
FIGURE 8

Phylogenetic tree and synteny analysis of OPR proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
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plants varying in sizes and subunit composition. Based on the carbon
chain length they recognize in catalytic reactions three categories were
described: long-, medium- and short-chain ACX (He et al., 2025).
Phylogenetic analysis of the amino acid sequences of ACX family genes
from Arabidopsis, maize, rice, tomato and grapevine revealed that the
ACX family genes can be divided into four subfamilies (Figure 9A).
The six ZmACXs (Zm00001d045606, Zm00001d045251,
Zm00001d048890, Zm00001d003744, Zm00001d052931, and
Zm00001d042884) clustered only with OsACXs (LOC_Os06g01390
and LOC_Os06g24704), in line with synteny plot (Figure 9B), whereas
Arabidopsis, tomato and grapevine grouped separately (Figure 9A).
Not all ACX isoforms are involved in JA biosynthesis, for instance in
Arabidopsis and rice, only AtACX1, AtACX5 and OsACX1 take part
in this process (Kim et al., 2007; Schilmiller et al., 2007). Similarly,
tomato SlACX1 and tea tree CsACX1 and CsACX3 were exclusively
found related to JA synthesis (Li et al., 2005; Chen et al., 2019).

The multifunctional proteins (MFPs) possessing 2-trans-enoyl-
CoA hydratase and L-3-ketoacyl Co A thiolase (KAT) also
contribute to the b-oxidation steps. A total number of 108 MFP
isoforms were counted among the �ve examined species (17 in A.
thaliana, 18 in O. sativa, 22 in Z. mays, 28 in S. lycopersicum, and 23 in
V. vinifera) that clustered in several subfamilies (Figure 10A).
Moreover, 15, three and two ZmMFP genes had a synteny
relationship with O. sativa, V. vinifera and S. lycopersicum,
respectively, whereas any synteny was observed between maize and
Arabidopsis (Figure 10B). Once MFP and KAT have intervened,
Frontiers in Plant Science 08
jasmonoyl-CoA is hydrolyzed by an unknown process to free JA
(Borrego and Kolomiets, 2016).

When released into the cytoplasm, JA can be modi�ed by
conjugation to several amino acids, methylation, decarboxylation,
hydroxylation, glycosylation, sulfonation, or by more than one
modi�cation (Borrego and Kolomiets, 2016). The enzyme
JASMONATE RESISTANT (JAR) is responsible for the conjugation
of isoleucine with JA. Seventy-three JAR isoforms were found in
Arabidopsis, rice, maize, tomato and grapevine, overall, distributed to
numerous subfamilies (Figure 11A). Twelve ZmJAR genes were in
synteny with rice, two with Arabidopsis, seven with tomato and �ve
with grapevine (Figure 11B). The functional characterization of JAR
isoforms was carried out only in a few plant species, like Arabidopsis
(Staswick and Tiryaki, 2004), rice (Wakuta et al., 2011) and wheat
(Tuan et al., 2022). More extensive studies will be required to better
understand the role of this category of enzymes.

The signaling mechanisms in JA/JA-Ile dependent processes was
extensively reviewed by Wasternack and Strnad (2018). The interaction
of JA-Ile and additional JA conjugates with the CORONATINE-
INSENSITIVE 1 (COI1) unit of an E3 ubiquitin ligase complex
termed SCFcoi1, where SCF means Skp/Cullin/F-box, is important in
JA perception. This event is followed by subsequent recruitment of JA
ZIM domain (JAZ) proteins. These proteins are repressors of JA-
inducible genes. Their degradation via 26S proteasome activate MYC2
transcription factors that bind G-box motif of the promoters of JA-
responsive genes (Wasternack and Strnad, 2018).
FIGURE 9

Phylogenetic tree and synteny analysis of ACX proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
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FIGURE 11

Phylogenetic tree and synteny analysis of JAR proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
FIGURE 10

Phylogenetic tree and synteny analysis of MFP proteins in �ve species of plants. (A) In the phylogenetic tree plant species are marked with different
shapes: asterisk means Arabidopsis thaliana, triangle means Oryza sativa, rectangle means Solanum lycopersicum, rhombus means Vitis vinifera, and
circle means Zea mays. The tree was constructed by using maximum likelihood method with IQ-TREE v3.0.1 software (Wong et al., 2025) and
plotted using the ggtree R package. Tree inference was performed using the JTT+I+G substitution model, and ultrafast bootstrap with 1000
replicates (Hoang et al., 2018). (B) Synteny analysis was performed between Z. mays and each of the other four species (A. thaliana, O. sativa, S.
lycopersicum, and V. vinifera) in pairwise comparisons. Collinearity and ortholog detection were carried out using the One-Step Multiple Collinearity
Scan (MCScanX) function, with default parameters (E-value of 1e-10 and number of BlastHits per query of 5), from the TBtools-II v2.310 software
(Chen et al., 2023). The identi�ed orthologs and their genomic coordinates were visualized using the jcvi.graphics.karyotype function from the JCVI
Python library (Tang et al., 2024).
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