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GmCYP86A37 is a bifunctional
cytochrome P450 essential
for soybean root aliphatic
suberin biosynthesis

Lorena S. Yeung®, Andrea Ong*, Sangeeta Dhaubhadel™*
and Mark A. Bernards™

‘Department of Biology, Western University, London, ON, Canada, ?London Research and
Development Centre, Agriculture and Agri-Food Canada, London, ON, Canada

18-Hydroxyoleic acid and its dioic acid derivative, oleic-1,18-dioic acid, are the
two most prominent aliphatic monomers in soybean root suberin. While
hydroxylated fatty acids are known to be formed by cytochrome P450
monooxygenases (P450), mainly from the CYP86A and CYP86B subfamilies,
the biosynthetic origin of their corresponding dioic acids in soybean remains
unclear. Two root-expressed soybean P450 genes, GmCYP86A37 and
GmCYP86B9 were cloned and expressed as recombinant enzymes in yeast. A
third root-expressed soybean P450 gene (GmCYP86A38) was also cloned, but
no recombinant protein was produced. In vitro assays demonstrated that
GmCYP86A37 and GmCYP86B9 exhibited preference for the w-hydroxylation
of oleic acid (Cyg.1) and lignoceric (C,4.0) acids, respectively. Surprisingly, in vitro
production of oleic-1,18-dioic acid was also detected when GmCYP86A37 was
supplied with oleic acid substrate. Furthermore, CRISPR/Cas9-mediated double
knockout of Gmcyp86a37/38 resulted in substantial reduction of m-hydroxylated
fatty acids and dioic acids. These findings underscore the role of the CYP86A
subfamily in soybean aliphatic suberin biosynthesis and provide direct evidence
for GmCYP86A37 in the formation of oleic-1,18-dioic acid.
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Introduction

Suberin is a natural plant cell-wall biopolymer deposited in belowground tissues such as
the root epidermis and endodermis. Structurally, suberin consists of both poly(phenolic)
and poly(aliphatic) components, which together form a protective barrier against
desiccation and pathogen invasion. In soybean (Glycine max [L.] Merr.), natural
variation in root suberin levels has been associated with differential resistance to soil-
borne pathogens (Thomas et al., 2007), with higher aliphatic suberin content conferring
greater resistance. Accordingly, suberin is a promising target for crop improvement.
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Omega (m)-hydroxylation of fatty acids (FA) by cytochrome
P450 (P450) enzymes is a major modification in suberin
biosynthesis, with over half of aliphatic suberin monomers in
plants being w-hydroxylated FAs and/or o,o-dicarboxylic acids
(Holloway, 1983). Terminal carbon oxidation introduces additional
functional groups (-OH and/or -COOH) enabling aliphatic
suberin polymerization.

Several plant P450s of subfamily CYP86A function as FA -
hydroxylases involved in suberin biosynthesis. In Arabidopsis,
CYP86A1 catalyzes the ®-hydroxylation of a broad range of Cy, ;5
saturated and unsaturated FAs, with a preference for palmitate (C;¢,)
to yield 16-hydroxypalmitic acid (Benveniste et al., 1998). Loss-of-
function Atcyp86al displayed marked reductions in C;4-Cy ®-
hydroxyacids and o,w-dicarboxylic acids, along with ~60% lower
total aliphatic suberin (Hofer et al, 2008). In potato, CYP86A33
silencing by RNAIi reduced C,g,; w-hydroxyacids by ~70% and o,0-
dicarboxylic acids by up to 90% (Serra et al., 2009).

Arabidopsis CYP86B1 and CYP86B2 are root-expressed CYPs
that share ~45% sequence identity with CYP86As. Although T-
DNA mutants showed no obvious altered suberin phenotype,
metabolic profiling of Atcyp86bl revealed sharp reductions in
C,,-Cy4 ®-hydroxyacids and o,m-dicarboxylic acids, coupled with
increases in their putative FA precursors (Compagnon et al., 2009).
While no CYP86B enzyme has been biochemically characterized,
the data support AtCYP86BI1 as an w-hydroxylase with very long
chain fatty acid (VLCFA) specificity (Compagnon et al., 2009). A
CYP86B homolog from rice has been shown to preferentially
hydroxylate VLCFAs (Wassmann, 2014).

The biosynthesis of o,w-dicarboxylic acids from ®-hydroxy FAs
likely proceeds via sequential oxidation of the ®-carbon, first to an
-oxo FA and then to an o,w-dicarboxylic acid (see Woolfson et al.,
2022 for a comprehensive overview of suberin monomer
biosynthesis). Enzyme assays implicated putative NADP-
dependent dehydrogenases in this process (Agrawal and
Kolattukudy, 1978) in potato. In other species, single P450s have
been reported to catalyze the three-step oxidation of the ®-carbon.
Vicia sativa CYP94A1 has been shown to oxidize C;y_;5 FAs
(saturated and unsaturated) and epoxy/mid-chain hydroxylated
FAs to their o,w-dicarboxylic acids counterparts in vitro
(Tijet et al., 1998). Nicotiana tabacum CYP94A5 can o-
hydroxylate C;, ;3 FAs and showed activity toward 9,10-
epoxystearic acid (Le Bouquin et al., 2001). Likewise, Arabidopsis
CYP94C1 produced 12-hydroxylauric acid and o,m-dodecadioic
acid from lauric acid in vitro (Kandel et al., 2007). However,
production of o,w-dicarboxylic acids by members of other CYP
subfamilies has not been reported.

Several soybean CYP86As have been partially characterized
(Tully et al.,, 2020). Phylogenetic analysis of soybean FA -
hydroxylases groups GmCYP86A37 and GmCYP86A38 with
AtCYP86A1 and StCYP86A33. Likewise, GmCYP86B9 groups
with known members of CYP86B (VLCFA ®-hydroxylase) from
Arabidopsis and rice. Transcriptome data indicate highly specific
expression of all three soybean P450s in roots and nodules. RNAi
knockdown of CYP86A37 and CYP86A38 in soybean hairy roots led
to a marked reduction in 18-hydroxyoleic acid without significant
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changes in total suberin (Tully et al., 2020), suggesting their roles in
the terminal oxidation of oleic acid but also possible functional
redundancy with other CYPs. While phylogenetic evidence points
to CYP86B9 favoring VLCFA substrates, it may possess broader
specificity that enables compensation under CYP86A37/38-RNAi
knockdown. However, direct biochemical confirmation of substrate
preferences for these soybean enzymes is still lacking. Soybean
contains 16 CYP94A genes eight of which are expressed almost
exclusively in roots with another two expressed in root tips and
lateral roots (Khatri et al., 2022). No GmCYP94A genes have been
functionally characterized.

In the present study, in vitro enzyme assays revealed
GmCYP86A37 and GmCYP86B9 are functional FA -
hydroxylases with broad substrate acceptance. GmCYP86A37
displayed the highest affinity for Cg.; and Cieo FAs, whereas
GmCYP86B9 preferentially hydroxylated C,40 FA. Notably, we
report the in vitro conversion of Cg; oleic acid into both 18-
hydroxyoleic acid and oleic-1,18-dioic acid by GmCYP86A37. In
planta, both 18-hydroxy oleic acid and oleic-1,18-dioc acid (A’-
1,18-octadecenedioic acid) were reduced in Gmcyp86a37/38
CRISPR soybean lines. Together, these results extend our
functional understanding of CYP86 family enzymes and highlight
their prospective potential in engineering crops with higher suberin
content and improved resistance.

Materials and methods
Cloning & expression of soybean P450s

Soybean seeds (cv. Williams 82) were surface sterilized in 70%
ethanol, rinsed five times with sterilized water and germinated in
sterile vermiculite in 4L pots under controlled conditions (16 h-day/
8 h-night; 26°C - 30°C). Roots of 14-day old soybeans were excised,
flash frozen, and homogenized in liquid nitrogen. RNA was isolated
from soybean roots using TRIzol ™ Reagent (Invitrogen, USA),
treated with DNasel using TURBO DNA—freeTM Kit (Thermo
Fisher Scientific, USA) and reverse transcribed into cDNA using
the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, USA), all according to manufacturer’s instruction.

Full-length GmCYP86A37 (Glyma.14G192500.1), GmCYP86A38
(Glyma.11G175900.1) and GmCYP86B9 (Glyma.11G100100.1) were
amplified from soybean c¢cDNA using gene-specific primers
(Supplementary Table 1). Amplicons were cloned into pDONR/
ZEO entry vector (Invitrogen, USA) using Gateway® BP Clonase
IT Enzyme mix, transformed into Escherichia coli DH50 via CaCl,
heat-shock and grown on low-salt LB media supplemented with
50 ug/mL zeocin. Colony PCR was used to screen E. coli colonies,
with successful transformants verified by Sanger Sequencing at the
London Regional Genomics Center sequencing facility. Verified
constructs were recombined into the destination vector pESC-
Leu2d-LjCPRI-GW (Khatri et al, 2023), using LR Clonase ™ 1I
Enzyme mix (Invitrogen, USA). Recombinant plasmids were
transferred into E. coli DH50. using CaCl, heat-shock and screened
by colony PCR.
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Positive pESC-Leu2d-LjCPR1-GW-GmCYP86A/B plasmid
DNA was transferred into Saccharomyces cerevisiae strain BY4742
by LiAc-heat shock transformation (Kawai et al., 2010). Colony
PCR was performed on yeast colonies to confirm
positive transformations.

Heterologous protein expression

S. cerevisiae containing recombinant pESC-Leu2d-LjCPR1-
GW-GmCYP86A/B was grown in 400 mL Leucine-
Dropout_Glucose liquid media for 2 days at 30°C with agitation
(200 rpm). Yeast cells were collected by centrifugation (6100 rcf)
and washed twice with sterile water before resuspension in 1L
Leucine-Dropout_Galactose (Leu-DO_Gal) liquid media
containing 0.67% (w/v) yeast nitrogen base (Sigma-Aldrich,
USA), 2% (w/v) D-Galactose (Sigma-Aldrich, USA), 1% (w/v) D-
Raffinose (Sigma-Aldrich, USA), and 0.069% (w/v) Leucine-
dropout supplement (Takara Bio Inc, USA). After 2 days, cells
were collected as above and resuspended in 100 mL 100 mM
potassium phosphate buffer (pH 7.6) containing 1%
protease inhibitor.

Cells were lysed using a CF1 High-pressure homogenizer
(Constant Systems Ltd, UK) set to 43 kpsi. Cell lysates were
centrifuged at 10,000 rcf for 10 mins at 4°C and the microsome
pellet collected by ultracentrifugation at 100,000 rcf for 70 mins at 4°C.
Microsomes were resuspended in phosphate buffer (pH 7.6) and their
protein concentration quantified using Bradford assay (Bio-Rad
Laboratories, Inc, United States). Since the recombinant P450s
harbor no epitope tags, their expression in yeast was verified by MS/
MS-based sequencing at the BioCORE Protein Facility, Western
University, Schulich School of Medicine and Dentistry, London,
ON, Canada (Supplemental Methods).

Fatty acid w-hydroxylation enzyme assay

Fatty acid substrates Ci¢.0, Ci5.0» Cis:1> C20:00 Cazi0o and Cpy0 Were
chosen based on previous studies (Thomas et al., 2007; Tully et al.,
2020) demonstrating soybean aliphatic suberin as predominantly
composed of 16:0 and 18:1 ®»-OH fatty acids and dioic acids, with
minor contributions from 20:0, 22:0 and 24:0 ®-OH and dioic acids.
Substrates dissolved in tetrahydrofuran were added to microsomal
proteins (3 mg) in 50 mM phosphate buffer (pH 7.6) containing 1 mM
NADPH and incubated for 30 min at 25°C. The reaction was
quenched by addition of 10 uL 3 M HCl. Enzyme assay products
were analyzed by GCMS after methylation and trimethylsilylation as
described (Meyer et al, 2011). For enzyme kinetics, a range of
substrate concentrations (5 uM, 10 uM, 20 uM, 50 uM, 100 UM,
200 M for Cyg0 and Cyg.i; 200 UM 400 tM, 600 LM, 800 M, 1000
UM for Cig0, Cr000 Cozor Coao) was used. Product formation was
confirmed by GCMS and comparison of mass spectra to the curated
LipidWeb online resource (https://lipidmaps.org/resources/lipidweb/).
Peak areas based on unique quant ions for each product were
averaged (n = 5) and normalized to the triacontane internal
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standard. Lineweaver Burk plot x-intercepts were used to
estimate K,,,.

Chemotyping of cyp86a37/38 knockout
lines for altered suberin

T1 seeds of CRISPR-Cas9 Gmcyp86a37/38 knock out (KO) lines
(cv. Williams 82) were obtained from the Wisconsin Crop
Innovation Centre (University of Wisconsin Madison, Middleton,
WI, USA), grown in soil under greenhouse conditions, and screened
for altered root suberin phenotype. Briefly, several lateral roots were
collected from 14-day old seedlings, flash frozen and homogenized
using liquid nitrogen. Seedlings were re-planted and returned to the
greenhouse. Approximately 20 mg of ground root tissue was
Soxhlet-extracted, and the residue subject to aliphatic suberin
analysis as described (Meyer et al, 2011). T1 plants showing
altered suberin phenotype were grown to seed, and the T2 seed
used for further analysis. Analysis of T2 seedlings was done as
above, except that plants were initially grown in vermiculite and
ground root tissue was extracted using MeOH-water-M(BE
(Giavalisco et al., 2011). Target compound abundance was
quantified based on specific quant ion peak area from the GC-
MS, normalized to tissue weight and internal standard. The relative
abundance of each target compound was compared to that in WT
(n = 6). For each Gmcyp86a37/38 KO line, 3 technical replicates
were analyzed.

Results

Expression of GmCYP86A and GmCYP86B
in yeast

All three soybean P450s, GmCYP86A37, GmCYP86A38 and
GmCYP86B9 were successfully cloned and integrated into a yeast
expression system (Supplementary Figure 1). However, only peptide
sequences specific to GmCYP86A37 and GmCYP86B9 were identified
in microsomes from yeast strains harboring the respective constructs
following galactose induction, despite confirmed LjCPR1 expression in
all yeast transformants (Supplementary Figure 2).

GmMCYP86A37 and GmCYP86B9 substrate
specificity

FA substrates ranging from C;4-C,4; were used with
recombinant GmCYP86A37 and GmCYP86B9 in vitro at a final
concentration of 200 mM. GmCYP86A37 showed preference for
long chain fatty acids (Cig.15), while its ability to hydroxylate
VLCFA (Cyg.,4) decreased with increasing hydrocarbon length
(Figure 1A). No product formation was detected when Cyy,9 was
used as substrate. By contrast, GmCYP86B9 preferentially
hydroxylated C,4¢ with very little or no activity toward the other
substrates (Figure 1B).

frontiersin.org


https://lipidmaps.org/resources/lipidweb/
https://doi.org/10.3389/fpls.2025.1744428
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

10.3389/fpls.2025.1744428

Yeung et al.
A
3x108 3x10°
© 8 ] L 5
3 2x10 2x10 g
< =
K4
S 1
9 8 5 9
o 1x10°- —1%x10° o
nd
0 T T T —0
F & & &P
OSSR SRR ARV SR SR
Q B N & Q Q
\60 \%. \%0 (»Qo ’i»- (»u‘
() (¢] () (¥ (¢ (¢
B
1.5x104
S 1.0x10%
o
<
X
©
S 3
Q. 5.0%10°
nd nd nd
| o |
0.0 I 1 1 I 1
S SF S
RS RO AR RO R\ )
A Q N Q Q Q
\6. \%0 \%0 ‘9. ‘Qo Wbo
(¢) (¢) (¢] (¢ (¢ (¢
FIGURE 1
Substrate preference for recombinant GmCYP86A37 and GmCYP86B9. Recombinant GmCYP86A37 (A) and GmCYP86B9 (B) were incubated with FA
substrates (200 mM) in the presence of NADPH and L. japonicus cytochrome P450 reductase, and the formation of w-hydroxylated products assessed
by GCMS. @-Hydroxylated products were identified by comparing peak mass spectra to those at the curated LipidWeb database (https://lipidmaps.org/
resources/lipidweb/). Peak area values are for product specific quantification ions (mean + SEM) from triplicate (n = 3-4) assays. nd = not detected.

Enzyme Kinetics of GmCYP86A37 and hydroxyoleic acid (Figures 3A, B, D). Closer examination of the
GmCYPS86B9 chromatograms identified an additional, unique peak at an earlier

retention time (approximately 20.5 mins; Figures 3A, C), the

For recombinant GmCYP86A37, K,, estimates ranged from  mass spectrum for which corresponded to oleic-1,18-dioic acid-

10.1 mM for Cjg,; FA to > 11 mM for C,, FA substrates  dimethyl ester (Figure 3E). Diagnostic ions included [M-74]"

(Figures 2A-E). By contrast, recombinant GmCYP86B9 displayed (276 m/z) and [M-31]" (309 m/z), and the parent ion [M]" at 340

hydroxylation activity only toward C;g, Cis.1 and C,4 FA substrates,  m/z (Bonaventure et al., 2004). No equivalent oleic-1,18-dioic

with K, estimates of 283 mM (C,4), 4.8 mM (C;g) and > 30 mM  acid peak was observed at 20.5 mins in the negative control

(Cyg.1), respectively (Figures 2F-H). (induced yeast harboring non-expressed GmCYP86A38;

Figures 3A, C). Additionally, no dioic acid production

was detected with other FA substrates, including 16-

GmCYP86A37 produces oleic-1,18-dioic hydroxypalmitic acid. The relative abundance of oleic-1,18-

acid in vitro dioic acid in GmCYP86A37 reaction products increased with

increasing substrate concentration (Figure 3F) but was always

GCMS chromatograms of products formed by recombinant  several orders of magnitude lower than that of 18-hydroxyoleic

GmCYP86A37 incubated with oleic acid (Cig,;) revealed a  acid (Figure 3G). The K,,,"*? for oleic acid oxidation to oleic-1,18-
distinct peak with mass a spectrum consistent with 18-  dioic acid was 35.2 mM (Figure 3H).
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FIGURE 2
Kinetics of GmCYP86A37 and GmCYP86B9. Recombinant GmCYP86A37 and GmCYP86B9 were incubated with FA substrates in the presence of
NADPH and L. japonicus cytochrome P450 reductase, and the formation of w-hydroxylated products assessed by GCMS. w-Hydroxylated products
were identified by comparing peak mass spectra to those at the curated LipidWeb database (https://lipidmaps.org/resources/lipidweb/). Lineweaver-
Burke plots were generated to estimate Ky, for each substrate. (A-E), GmCYP86A37 incubated with (A) palmitic (Cye.0), (B) stearic (Cyg.0). (C) oleic (Cig.1),
(D) arachidic (C5g.0), and (E) behenic (C5,.o) acids. (F, G), GmCYP86B9 incubated with (F) stearic (Cig.0), (G) oleic (Cyg.1), and (H) lignoceric (Cy4.¢) acids.
Five replicate assays were conducted (n = 5), with mean values plotted. All Ky, values are in mM.

cyp86a37/38 reduces accumulation of ®-
hydroxy FA and o,m-dicarboxylic acids in
transgenic soybeans

While Gmceyp86a37/38 KO lines did not show any visible
phenotype under greenhouse conditions, several, though not all
T, lines exhibited a marked reduction in aliphatic suberin monomer
content (Figure 4). In these KO lines, the levels of long chain ®-
hydroxy FA and o,®-dicarboxylic acids (i.e., 16:0 and 18:1) were
significantly decreased relative to wild type, whereas the levels of
oxidized VLCFAs remained comparable to wild type levels.

Discussion

GmCYP86A37 and GmCYP86B9 encode functional fatty acid o-
hydroxylases. GmCYP86A37 catalyzes formation of two
predominant soybean aliphatic suberin monomers, 16-
hydroxypalmitic acid and 18-hydroxyoleic acid, and additionally
contributes to the accumulation of C,y and C,, ® -hydroxy FAs and
oleic-1,18-dioic acid. In contrast, GmCYP86B9 primarily catalyzes
-hydroxylation of VLCFAs, producing 24-hydroxylignoceric acid
as a major product. The functional assignment of GmCYP86A37 as
a fatty acid o-hydroxylase was further supported by in planta
analysis of Gmcyp86a37/Gmcyp86a38 KO mutants. The substrate
preference of GmCYP86A37 (18:1 > 16:0 > 18:0 > 20:0 > 22:0) aligns
with prior characterization of its Arabidopsis homolog AtCYP86A1
(Benveniste et al., 1998), except GmCYP86A37 could also
hydroxylate stearate (Cig,). Conversely, GmCYP86B9 showed
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strong preference for VLCFAs consistent with the reported
substrate range of CYP86B homologs from rice (Wassmann,
2014) and Arabidopsis (Compagnon et al., 2009).

While the substrate preference of GmCYP86A37 to hydroxylate
long chain FAs was expected, the formation of oleic-1,18-dioic acid
from oleic acid (Cg;) was unanticipated. Indeed, this is the first
demonstration of in vitro dioic acid formation by a CYP86A subfamily
member as the formation of DCAs has been attributed to the CYP94
family, e.g., AtCYP94Cl1 (Kandel et al,, 2007). With GmCYP86A37,
dioic acid formation was specific to C;g,; with the three-step oxidation
of oleic acid to oleic-1,18-dioic acid occurring within a single enzyme-
substrate complex. Formation of 18-hydroxyoleic acid by
GmCYP86A37 consistently exceeded that of oleic-1,18-dioic acid,
indicating that 18-hydroxyoleic acid formation is preferred. The
hydroxylated-to-dioic acid (OH:DCA) ratio was maximum
(>15,000:1) with 10 uM oleic acid, corresponding to the substrate’s
K, for the hydroxylation reaction. At higher substrate concentrations,
the OH: DCA ratio decreased by several orders of magnitude,
suggesting that dioic acid formation more readily occurs under
conditions approaching substrate saturation (i.e., [S] > ten-fold
higher than K,,). GmCYP86A37 is therefore likely not the main
biosynthetic enzyme for dioic acid formation in soybean,
highlighting the need to characterize GmCYP94 family members.

We were unable to express recombinant GmCYP86A38 in yeast
and could not assess its substrate preference or ability to form dioic
acids. However, GmCYP86A37 and GmCYP86A38 share 79% identity
at the amino acid level (Tully et al, 2020), and characterization
of Gmcyp86a37/38 RNAi knockdown lines only yielded a reduction
in 18-hydroxyoleic acid in a hairy root system (Tully et al., 2020). It is
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FIGURE 3
Formation of oleic-1,18-dioic acid by recombinant GmCYP86A37. Recombinant GmCYP86A37 was incubated with oleic acid (C18:1) in the presence
of NADPH and L. japonicus cytochrome P450 reductase and the reaction products assayed by GCMS. (A) Total ion chromatogram (TIC) of reaction
products from recombinant GmCYP86A37 and a negative control (recombinant GmCYP86A38). (B, C) Extracted ion chromatograms (EIC) of (B) m/z
337 + 0.5 and (C) m/z 276 + 0.5, representing 18-hydroxyoleic (as TMS-ether, methyl ester) and oleic-1,18-dioic (as dimethyl ester) acids,
respectively. (D, E) Mass spectra obtained from recombinant GmCYP86A37 products at 20.9 (D) and 20.5 (E) minutes, matching 18-hydroxyoleic
acid TMS-ether, methyl ester and oleic-1,18-dioic acid dimethyl ester, respectively. Inset spectra are enlargements of the diagnostic, high mass
fragments of each compound. (F) Production of oleic-1,18-dioic acid over a range of oleic acid substrate concentrations. (G) Ratio of 18-
hydroxyoleic and oleic-1,18-dioic acid peak areas over a range of oleic acid substrate concentrations. (H) Kinetics of oleic-1,18-dioic acid formation.
The Ky®PP is in mM. For F and G, n = 3. Bars labelled with the same letter are not significantly different after analysis by one-way ANOVA followed by
Tukey's post-hoc test (P < 0.05).

unlikely that GmCYP86A38 contributes significantly to DCA

lines in the present study likely reflects a reduction in hydroxy fatty
acids as substrates for GmCYP94A enzymes.
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Our in vitro enzyme assays confirmed the molecular roles of
production. Instead, the reduction in DCAs in Gmcyp86a37/38 KO ~ GmCYP86A37 and GmCYP86BY as functional fatty acid -

hydroxylases and their ability to

oxidize long-chain FAs and

VLCFAs, respectively, in vitro. GmCYP86A37 was also uniquely
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FIGURE 4
Oxidized aliphatic suberin monomers in select GmCYP86A37-KO/GmCYP86A38-KO lines. (A) Typical GCMS chromatogram of aliphatic suberin
monomers isolated from soybean root suberin. Abundant oxidized (w-OH, dioic) fatty acids are labelled. (B—E) Relative amounts of oxidized aliphatic
suberin monomers in four independent Gmcyp86a37/38 KO lines grown from T2 seed. Compounds were identified by comparing peak mass
spectra to those at the curated LipidWeb database (https://lipidmaps.org/resources/lipidweb/). Peak areas for each aliphatic monomer were
normalized to the amount of that monomer in wildtype samples (set to 1; dashed line). Bars labelled with an asterisk are significantly different from
wildtype based on Student's t-test (p < 0.05) comparing the mean peak area (n = 3) for each target compound.

capable of oxidizing oleic acid to oleic-1,18-dioic acid. Our data  redundancy in the suberin biosynthetic pathway and may explain
clarify the substrate specificities of suberin-associated CYPs and ~ why Gmcyp86a37/38 knockdown (Tully et al., 2020) or knockout
indicate that GmCYP86B9 exhibits overlapping substrate specificity ~ (herein) does not eliminate ®-hydroxy fatty acids from soybean
with GmCYP86A37. This suggests a degree of functional  root suberin.

Frontiers in Plant Science 07 frontiersin.org


https://lipidmaps.org/resources/lipidweb/
https://doi.org/10.3389/fpls.2025.1744428
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yeung et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

LY: Conceptualization, Formal analysis, Investigation,
Methodology, Writing — original draft, Writing - review & editing.
AO: Formal analysis, Methodology, Validation, Writing - original
draft, Writing - review & editing. SD: Conceptualization, Funding
acquisition, Resources, Supervision, Writing — original draft, Writing —
review & editing. MB: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was funded through Natural
Sciences and Engineering Research Council of Canada Discovery Grants
to SD and MB, and an Ontario Graduate Scholarship award to LY. The
BioCORE Facility was supported by funding from the Schulich School of
Medicine and Dentistry, Canada Foundation for Innovation, Ontario
Research Fund, and NSERC Research Tools and Instruments grants.

Acknowledgments

The authors gratefully acknowledge Dr. Praveen Khatri, for
assistance with microsome preparation and Kuflom Kuflu for
technical assistance in growing soybean plants.

References

Agrawal, V. P, and Kolattukudy, P. E. (1978). Purification and characterization of a
wound-induced ®-hydroxyfatty acid:NADP oxidoreductase from potato tuber disks
(Solanum tuberosum L.). Arch. Biochem. Biophys. 191, 452-465. doi: 10.1016/0003-
9861(78)90384-3

Benveniste, I, Tijet, N., Adas, F., Philipps, G., Salaiin, J. P., and Durst, F. (1998).
CYP86A1 from Arabidopsis thaliana encodes a cytochrome P450-dependent fatty acid
omega-hydroxylase. Biochem. Biophys. Res. Commun. 243, 688-693. doi: 10.1006/
bbrc.1998.8156

Bonaventure, G., Beisson, F., Ohlrogge, J., and Pollard, M. (2004). Analysis of the
aliphatic monomer composition of polyesters associated with Arabidopsis epidermis:
occurrence of octadeca-cis-6, cis-9-diene-1,18-dioate as the major componment. Plant
J. 40, 920-930. doi: 10.1111/j.1365-313X.2004.02258.x

Compagnon, V., Diehl, P, Benveniste, 1., Meyer, D., Schaller, H., Schreiber, L., et al.
(2009). CYP86BI is required for very long chain w-hydroxyacid and o, ®-dicarboxylic
acid synthesis in root and seed suberin polyester. Plant Physiol. 150, 1831-1843.
doi: 10.1104/pp.109.141408

Giavalisco, P., Matthes, Y. L. A., Eckhardt, A., Hubberten, H., Hesse, H., Segu, S.,
et al. (2011). Elemental formula annotation of polar and lipophilic metabolites using
13C, N and *'S isotope labeling, in combination with high resolution mass
spectrometry. Plant J. 68, 364-376. doi: 10.1111/j.1365-313X.2011.04682.x

Frontiers in Plant Science

10.3389/fpls.2025.1744428

Conflict of interest

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

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1744428/
full#supplementary-material

Hofer, R., Briesen, 1., Beck, M., Pinot, F., Schreiber, L., and Franke, R. (2008).
The Arabidopsis cytochrome P450 CYP86A1 encodes a fatty acid w-hydroxylase involved
in suberin monomer biosynthesis. J. Exp. Bot. 59, 2347-2360. doi: 10.1093/jxb/ern101

Holloway, P. J. (1983). Some variations in the composition of suberin from the cork
layers of higher plants. Phytochemistry 22, 495-502. doi: 10.1016/0031-9422(83)83033-7

Kandel, S., Sauveplane, V., Compagnon, V., Franke, R., Millet, Y., Schreiber, L., et al.
(2007). Characterization of a methyl jasmonate and wounding-responsive cytochrome
P450 of Arabidopsis thaliana catalyzing dicarboxylic fatty acid formation in vitro. FEBS
J. 274, 5116-5127. doi: 10.1111/].1742-4658.2007.06032.x

Kawai, S., Hashimoto, W., and Murata, K. (2010). Transformation of Saccharomyces
cerevisiae and other fungi: Methods and possible underlying mechanism. Bioengineered
Bugs 1, 395-403. doi: 10.4161/bbug.1.6.13257

Khatri, P., Chen, L., Rajcan, I., and Dhaubhadel, S. (2023). Functional

characterization of Cinnamate 4-hydroxylase gene family in soybean (Glycine max).
PloS One 18, 1-19. doi: 10.1371/journal.pone.0285698

Khatri, P., Wally, O., Rajcan, L, and Dhaubhadel, S. (2022). Comprehensive analysis
of cytochrome P450 monooxygenases reveals insight into their tole in partial resistance
against Phytophthora sojae in soybean. Front. Plant Sci. 13. doi: 10.3389/
1pls.2022.862314

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1744428/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1744428/full#supplementary-material
https://doi.org/10.1016/0003-9861(78)90384-3
https://doi.org/10.1016/0003-9861(78)90384-3
https://doi.org/10.1006/bbrc.1998.8156
https://doi.org/10.1006/bbrc.1998.8156
https://doi.org/10.1111/j.1365-313X.2004.02258.x
https://doi.org/10.1104/pp.109.141408
https://doi.org/10.1111/j.1365-313X.2011.04682.x
https://doi.org/10.1093/jxb/ern101
https://doi.org/10.1016/0031-9422(83)83033-7
https://doi.org/10.1111/j.1742-4658.2007.06032.x
https://doi.org/10.4161/bbug.1.6.13257
https://doi.org/10.1371/journal.pone.0285698
https://doi.org/10.3389/fpls.2022.862314
https://doi.org/10.3389/fpls.2022.862314
https://doi.org/10.3389/fpls.2025.1744428
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yeung et al.

Le Bouquin, R,, Skrabs, M., Kahn, R., Benveniste, L., Salaiin, J. P., Schreiber, L., et al.
(2001). CYP94A5, a new cytochrome P450 from Nicotiana tabacum is able to catalyze
the oxidation of fatty acids to the m-alcohol and to the corresponding diacid. Eur. J.
Biochem. 268, 3083-3090. doi: 10.1046/j.1432-1327.2001.02207.x

Meyer, C. J., Peterson, C. A, and Bernards, M. A. (2011). A comparison of
suberin monomers from the multiseriate exodermis of Iris germanica during
maturation under differing growth conditions. Planta 233, 773-786. doi: 10.1007/
500425-010-1336-1

Serra, O., Soler, M., Hohn, C., Sauveplane, V., Pinot, F., Franke, R., et al. (2009).
CYP86A33-targeted gene silencing in potato tuber alters suberin composition, distorts
suberin lamellae, and impairs the periderm’s water barrier function. Plant Physiol. 149,
1050-1060. doi: 10.1104/pp.108.127183

Thomas, R, Fang, X., Ranathunge, K., Anderson, T. R, Peterson, C. A., and
Bernards, M. A. (2007). Soybean root suberin: Anatomical distribution, chemical

Frontiers in Plant Science

09

10.3389/fpls.2025.1744428

composition, and relationship to partial resistance to Phytophthora sojae. Plant
Physiol. 144, 299-311. doi: 10.1104/pp.106.091090

Tijet, N., Helvig, C., Pinot, F., Le Bouquin, R, Lesot, A., Durst, F,, et al. (1998).
Functional expression in yeast and characterization of a clofibrate-inducible plant
cytochrome P-450 (CYP94A1) involved in cutin monomers synthesis. Biochem. J. 332
(Pt 2), 583-589. doi: 10.1042/bj3320583

Tully, T. L. A,, Kaushik, P., O’Connor, J., and Bernards, M. A. (2020). Fatty acid -
hydroxylases of soybean: Cyp86a gene expression and aliphatic suberin deposition.
Botany 98, 317-326. doi: 10.1139/cjb-2019-0198

Wassmann, F. F. M. (2014). Suberin biosynthesis in O. sativa: characterization of a
cytochrome P450 monooxygenase. Faculty of Mathematics and Natural Sciences,
Rheinische Friedrich-Wilhelms-Universit.t Bonn, Germany. Ph.D. thesis.

Woolfson, K. N., Esfandiari, M., and Bernards, M. A. (2022). Suberin biosynthesis,
assembly, and regulation. Plants 11, 155. doi: 10.3390/plants11040555

frontiersin.org


https://doi.org/10.1046/j.1432-1327.2001.02207.x
https://doi.org/10.1007/s00425-010-1336-1
https://doi.org/10.1007/s00425-010-1336-1
https://doi.org/10.1104/pp.108.127183
https://doi.org/10.1104/pp.106.091090
https://doi.org/10.1042/bj3320583
https://doi.org/10.1139/cjb-2019-0198
https://doi.org/10.3390/plants11040555
https://doi.org/10.3389/fpls.2025.1744428
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	GmCYP86A37 is a bifunctional cytochrome P450 essential for soybean root aliphatic suberin biosynthesis
	Introduction
	Materials and methods
	Cloning &amp; expression of soybean P450s
	Heterologous protein expression
	Fatty acid &omega;-hydroxylation enzyme assay
	Chemotyping of cyp86a37/38 knockout lines for altered suberin

	Results
	Expression of GmCYP86A and GmCYP86B in yeast
	GmCYP86A37 and GmCYP86B9 substrate specificity
	Enzyme Kinetics of GmCYP86A37 and GmCYP86B9
	GmCYP86A37 produces oleic-1,18-dioic acid in vitro
	cyp86a37/38 reduces accumulation of &omega;-hydroxy FA and α,&omega;-dicarboxylic acids in transgenic soybeans

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


