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A dirigent protein redirects extracellular
terpenoid metabolism for defense against
biotic challenges

Jia-Ling Lin1,2,3,12, Wen-Kai Wu 1,12, Gui-Bin Nie1,12, Jian-Xu Li 1,4, Xin Fang5,
Yin-Guo Sheng1, Meng-Meng Wang1,2, Qi-Yue Zheng1, Xiao-Xiang Guo1,
Jia-Fa Huang1, Li-Ying Ma1,4, Ling-Jian Wang1, Jia-Xin Liu 6, Shan-ShanWang 1,
Baofu Xu 7,8, Yiqun Gao9, Yan Li7,8, Dong Wang10, Cathie Martin 11,
Xiao-Ya Chen 1,2,4 & Jin-Quan Huang 1

Plants have evolved an extensive repertoire of specializedmetabolites to adapt
to complex environmental changes. Here, we identify two paralogous dirigent
proteins (DPs) in cotton that serve as gatekeepers of extracellular terpenoid
phytoalexin production in green organs, directing the transition of hemi-
gossypol away from gossypol synthesis toward a hydroxylation pathway that
leads to the biosynthesis of highly toxic hemigossypolone and heliocides.
Under oxidative conditions, these proteins function synergistically with aldo-
keto reductases to catalyze the hydroxylation of hemigossypol, followed by
spontaneous oxidation that yields hemigossypolone, revealing a noncanonical
role for aldo-keto reductases in extracellular terpenoid metabolism. Notably,
mutants lacking these dirigent proteins produce gossypol but are devoid of
hemigossypolone and heliocides in green organs exhibit heightened sus-
ceptibility to multiple biotic stresses, underscoring the enhanced protective
role of these metabolites. This study describes a DPs-mediated mechanism of
extracellular hydroxylation and highlights the potential ecological advantages
of redirecting specialized metabolism extracellularly for enhanced defense
against varying types of pathogens and herbivores.

Plants employ a multifaceted defense system against pests and
pathogens, characterized by an integrated network of physical bar-
riers, pattern-recognition receptors, defensive proteins, and bioactive
specializedmetabolites1–3. Thesemetabolic pathways are often unique
to specific species, exhibiting organ- and cell-specificity and distinct
regulatory profiles. This specialization equips plants to effectively
respond to fluctuating environmental conditions and various biotic
stressors caused by pathogens and herbivores1,4,5. Of these metabo-
lites, terpenoids represent the specializedmetaboliteswith the highest
structural diversity in plants6.

A fundamental aspect of plant defense is metabolic redirection,
wherein different tissues and organs synthesize related yet distinct

metabolites to counter specific antagonists. In some Solanaceae spe-
cies, for instance, leaves produce steroidal saponins while berries
generate steroidal glycoalkaloids7. Despite sharing a common pre-
cursor, these metabolites are differentially synthesized and deployed
to target distinct threats. This organ-specific metabolite production
underscores the precision with which plants have evolved to optimize
their defenses, tailoring responses to the ecological challenges posed
by various pests and pathogens.

Within the genus Gossypium, a diverse array of terpenoid phy-
toalexins characterized by the δ-cadinene skeleton is synthesized,
including the sesquiterpenoid hemigossypol (1), the sesquiterpenoid
quinonehemigossypolone (3), thedisesquiterpenoid gossypol (4), and
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the heterodimers ofmonoterpenes and 3 known as heliocides (5a ~ 5d)
(Fig. 1a). These specialized metabolites play critical roles in plant
defense, exhibiting significant bioactivity against various pathogens
and herbivores8–11. Notably, the spatial distribution of these com-
pounds within plant organs is highly specialized. 4 accumulates pre-
dominantly in non-green organs, such as the subepidermal layers of
roots, where it offers robust defense against non-specialist pathogens
like Verticillium dahliae12. Additionally, in the secretory glandular cells
(SGCs) of seeds, 4 functions as a deterrent against herbivorous mam-
mals by providing spermatogenesis-inhibiting effects8,13–15. In contrast,
3 and heterocyclic 5a ~ 5d are primarily localized in the SGCs of
chlorophyll-rich organs, including leaves and stems (Fig. 1b)11,16 This
organ-specific accumulation pattern is reminiscent of other classes of
specialized metabolites, such as flavonoids, steroids, and alkaloids,
which similarly exhibit distinct localization and activity profiles across
different plant organs7,17–19. Therefore, such a spatial distribution raises
the possibility of a regulatory framework orchestrating localized
defense responses. While previous studies have elucidated the accu-
mulation of 3 and 5a ~ 5d in the extracellular space20, the reactions that
enable these complex chemical transformations in the apoplastic
environment remain unclear.

In cotton, the biosynthesis of 1 requires the coordinated activities
of cytochrome P450 monooxygenases, specialized glyoxalases, diox-
ygenases, and dehydrogenases, which successively modify the δ-
cadinene skeleton produced by terpene synthases from farnesyl pyr-
ophosphate (FPP) produced via the mevalonate (MVA) pathway8,11,21,22

(Fig. 1a). Following its synthesis, 1 can be converted into 4 through the
action of laccases and dirigent proteins (DPs) in the extracellular
space, where the DPs precisely dictate the axial chirality of 48,23

(Fig. 1a). DPs, as a unique family of extracellular glycoproteins, are
pivotal in the stereochemical regulation of biomolecular coupling
reactions24. Although they lack intrinsic catalytic activity, these pro-
teins exert significant influence over the stereochemical outcomes of
enzymatic reactions, playing an essential role in the biosynthesis of
compounds necessitating radical-radical coupling, such as lignans and
lignin25–28; however, their broader functional roles remain
underexplored.

Here, we report a distinct extracellular hydroxylation mechanism
mediated by DPs and aldo-keto reductases (AKRs) that redirects ter-
penoid synthesis in SGCs of green organs of cotton. In the presence of
oxidants, DPs interact with AKRs to mediate the hydroxylation of 1,
yielding the intermediate 5-hydroxy-hemigossypol (2), which is prone
to spontaneous oxidation to form 3. This mechanism redirects terpe-
noidmetabolism away from 4 biosynthesis toward the production of 3
and heterocyclic 5a ~ 5d. Intriguingly, DP-knockout plants, which
accumulate 4 exclusively while being devoid of 3 and 5a ~ 5d, show
increased susceptibility to a range of biotic stresses, including both
pathogens and insect predators, underscoring the potential selective
advantage conferred by these other terpenoid phytoalexins. These
findings broaden our understanding of the functional repertoire of
DPs and provide valuable insight into the complexity of plant specia-
lized metabolism even outside the cell.

Results
Identification of GhDP1_A1/A2 using coexpression analysis
The distinct accumulation patterns of 3 and 4 in cotton organs
prompted us to investigate the genetic basis of 3 biosynthesis.
Through correlation analysis of 3 content across eight organ types—
including root, stem, leaf, petal, stamen, pistil, calycle, and ovule—we
identified two subgenome-A biased tandemly arrayed DP genes,
GhDP1_A1 (Gh_A01G2132) and GhDP1_A2 (Gh_A01G2133), both exhi-
biting strong positive correlations with 3 accumulation [correlation
coefficient (r) ≥ 0.98, Fig. 1b–d and Supplementary Data 1–3].
Although their expression profiles differ markedly from those of
genes encoding enzymes responsible for the monomer synthesis in

the 4 biosynthetic pathway (Fig. 1d), they are absent in glandless
cotton plants, which are devoid of 1, 3, 4, and 5a ~ 5d, consistent with
other genes involved in 4 biosynthesis (Supplementary Fig. 1). These
genes, GhDP1_A1 and GhDP1_A2, exhibit a remarkable sequence
identity of approximately 93% at both the nucleotide and amino acid
level (Supplementary Fig. 2a, b). Notably, their D-subgenome
homologs, GhDP1_D1 (Gh_D09G0156) and GhDP1_D2 (Gh_D09G0157),
exhibit negligible or undetectable expression across all organs in
upland cotton (Supplementary Fig. 2c), suggesting potential loss of
biological function.

Our previous single-cell RNA sequencing (scRNA-seq) results20,
along with promoter-driven GUS and GFP analyses, revealed that the
expression of GhDP1_A1 and GhDP1_A2 is confined to SGCs (Fig. 1e–g),
which are responsible for the biosynthesis of 4-related specialized
metabolites in cotton aboveground organs20. Computational predic-
tions indicate that numerous DPs possess N-terminal signal peptides
that are responsible for directing them to the apoplast29, the extra-
cellular space within plant tissues. Both GhDP1_A1 and GhDP1_A2 pro-
teins harbor these signal peptides (Supplementary Fig. 3), suggesting
their targeting to the extracellular space,which is further corroborated
by immunogold labeling of GhDP1 proteins and the subcellular loca-
lization of GFP-tagged GhDP1_A1 (Supplementary Fig. 4). Altogether,
these findings substantiate the localization of GhDP1_A1 and GhDP1_A2
within the extracellular cavity of pigment glands, where 3, 4, and allied
terpenoids accumulate20, suggesting their central role in the extra-
cellular biosynthesis of terpenoids.

Phylogenetic analysis indicates that GhDP1_A1 and GhDP1_A2
belong to DIR-b/d subfamily (Fig. 1h)30–32, which is consistent with the
previously characterized DPs (GhDIR5 and GhDIR6) involved in
determining the axial chirality of 48. However, GhDP1_A1 and
GhDP1_A2 share less than 50% amino acid similarity with the (+)- and
(–)−4-forming DPs (Supplementary Fig. 5), suggesting that GhDP1
proteins have diverged functionally from 4 axial chirality-controlling
DPs in cotton.

GhDP1_A1/A2 redirect terpenoid metabolism in cotton
To investigate the function of GhDP1_A1 and GhDP1_A2, we employed
virus-induced gene silencing (VIGS) technology to attenuate their
expression. Due to the high nucleotide homology between the
GhDP1_A1 andGhDP1_A2 transcripts, the silencing constructwasunable
to selectively target either transcript, resulting in the downregulation
of both GhDP1_A1 and GhDP1_A2 (Supplementary Fig. 6a, b). This gene
silencing led to amarked reduction of more than 50% in the levels of 3
and 5a ~ 5d, alongside a 5- to 22-fold increase in 4 accumulation in
green organs (Supplementary Fig. 6c, d).

To further determine the involvement of GhDP1_A1 and
GhDP1_A2 in the biosynthesis of 3 and 5a ~ 5d, we employed
CRISPR-Cas9 to simultaneously delete both genes in Gossypium
hirsutum. Due to the high sequence similarity between GhDP1_A1
and GhDP1_A2, two single-guide RNAs (sgRNAs) were designed to
target sequences within the single exon of both genes (Fig. 2a).
CRISPR-Cas9 allowed for the efficient knockout of both genes in a
single editing event (Fig. 2a and Supplementary Fig. 7a). Editing
of both GhDP1_A1 and GhDP1_A2 did not result in any observable
effects on plant growth and development, as assessed by visual
inspection (Supplementary Fig. 7b). However, analysis of meta-
bolite profiles by liquid chromatography-mass spectrometry
(LC-MS) revealed a complete loss of 3 and 5a ~ 5d, the major
specialized metabolites in wild-type (WT) leaves, stems, pistils,
and calyces, in the edited lines (Fig. 2b). In contrast, these mutant
lines exhibited a significant increase in the accumulation of 4,
with levels rising 4- to 17-fold across various organs (Fig. 2b).
Collectively, these findings establish GhDP1 proteins as essential
for 3 and 5a ~ 5d biosynthesis, directing 1 from 4 towards 3 and
5a ~ 5d biosynthesis in green organs.
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GhDP1-mediated hydroxylation reprograms terpenoid bio-
synthesis by channeling hemigossypol to hemigossypolone
To explore the biochemical function of GhDP1 in the biosynthesis of 3,
we employed the apoplastic fluid (APF) wash method, a widely used
technique for isolating and analyzing secreted proteins from plant
tissues, particularly in Nicotiana benthamiana33,34. APFs, the extra-
cellular fluids collected from the apoplast, contain secreted proteins,
including laccases and other oxidases, which catalyze oxidation reac-
tions in vitro33,34. This method is particularly useful for functional
analysis of secretory proteins without the need for further
purification33,34.

We firstly used APFs from G. hirsutum leaves to investigate the
biochemical role of GhDP1_A1 and GhDP1_A2. The APFs catalyzed the
conversion of 1 to 4 in vitro (Fig. 3a and Supplementary Fig. 8). Upon
the addition of recombinant GhDP1_A1 or GhDP1_A2, both expressed
and purified fromSf9 insect cells (Supplementary Fig. 9a), the reaction
mixture produced 3 and a previously unidentified compound with a
molecularmass 16Da higher than 1, tentatively identified as 5-hydroxy-
hemigossypol (2), along with a decrease in 4 levels (Fig. 3a–c and
Supplementary Fig. 8). These results demonstrate that, in the presence
of APFs, both GhDP1_A1 and GhDP1_A2 mediate the hydroxylation of 1
to form 2, which is subsequently converted to 3. As a control, no
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to enable the production of hemigossypolone and heliocides in cotton green
organs. a Proposed biosynthetic pathways of 3, 4, and 5a ~ 5d in cotton. FPP from
the MVA pathway is converted into 1 through CDN, P450s, dioxygenases, etc. 1 can
either undergo homocoupling to form 4 or be further hydroxylated to produce 3.
Previous studies suggest that 3 may originate from deoxyhemigossypol84–87. 3 and
MEP-derived monoterpenes undergo a Diels-Alder reaction to yield 5a ~ 5d. Solid
lines, well-characterized steps; Dashed lines, putative steps. b Heatmap of relative
abundance of compounds 3 and 4 across various cotton organs. Ratios of 3 to 4
were calculated and log2-transformed. Color gradient, relative abundance (red: 3-
dominant; yellow:4-dominant). Detailed quantitative data in SupplementaryData 1.
cCorrelation networkof3 levels and the transcript abundanceof glandular-specific
genes across eight cotton organs. Only genes with P ≤0.05 (two-tailed) are inclu-
ded. Edge thickness, correlation magnitude; Node size, -log10(P_value) value; Blue
node, compound 3; Red node, GhDP1_A1 and GhDP1_A2; Orange node, known ter-
penoid biosynthesis genes; Gray node, other significantly correlated but

uncharacterized genes. Transcript data analyzed with edgeR; correlations and P
values calculated using rcorr in R (Detailed in Supplementary Data 2). d Heatmap
illustrating 3 accumulation patterns and organ-specific transcript abundance of
GhDP1_A1, GhDP1_A2, and other 4 biosynthetic genes. The FPKM values were nor-
malized by log2 transformation and then used to generate the heatmap. eDot plots
depicting the expression profiles of GhDP1_A1 and GhDP1_A2 across various cell
types in cotton leaves. Dot color, scaled expression; Dot size, proportion of cells
within each cluster that express the corresponding gene. f GUS staining analysis of
wild-type, pGhDP1_A1::GUS and pGhDP1_A2::GUS cotton leaves. Scale bars, 50 μm.
g Confocal microscopy images of wild-type and transgenic cotton leaves expres-
sing pGhDP1_A1::GhDP1_A1-GFP and pGhDP1_A2::GhDP1_A2-GFP. Scale bar, 30 μm.
For f–g the experiments were independently repeated three times with similar
results. h Phylogenetic analysis of AtDIRs alongside functionally characterized
dirigent proteins. Functionally characterized proteins are marked with yellow
asterisks. Source data are provided as a Source Data file.
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product was detected when 1 was incubated with GhDP1_A1 or
GhDP1_A2 alone in the buffer without APFs (Fig. 3a and Supplementary
Fig. 8), confirming that GhDP1 proteins require the presence of factors
in the APF for their activity. Time-course analysis employing APFs as a
catalytic system revealed a transient accumulation of 2, and a steady
increase in 3 levels with increasing concentrations of GhDP1 proteins
(Fig. 3d and Supplementary Fig. 9b, c). These findings suggest that 2
serves as a key intermediate on the pathway to 3.

To further confirm these results, we extracted APFs from N.
benthamiana leaves transiently expressing GhDP1_A1. These APFs
catalyzed the conversion of 1 to 2 and then to 3, whereas no 3 was
produced in the absence of GhDP1_A1 (Supplementary Fig. 10).
Similarly, APFs from Nicotiana tabacum leaves stably expressing
either GhDP1_A1 or GhDP1_A2 catalyzed the conversion of 1 to 3 via 2
efficiently, with a marked reduction in 4 production, while APF from
control plants exclusively yielded 4 (Fig. 3e and Supplementary
Fig. 11). These observations support the functional equivalence of
the paralogous proteins GhDP1_A1 and GhDP1_A2. Together, these
results indicate that GhDP1 proteins are essential in modulating
terpenoid metabolism by blocking 4 production and enabling 3
biosynthesis.

GhDP1 directs laccase-catalyzed hydroxylation rather than
homocoupling
Previous studies have demonstrated that the canonical substrates of
DPs, phenolic radicals, are generated by laccases or alternative organic
oxidants, which are subsequently stereoselectively dimerized into
lignans or 4 with the aid of DPs25,35. To evaluate the potential catalytic
activity of GhDP1_A1 in oxidant-mediated reaction, we assessed
recombinant GhDP1_A1 in conjunction with 1 and a laccase from Rhus
verniciflua (RvLac), an enzyme renowned for its multi-electron oxida-
tion capabilities36. Consistent with previous findings, products of lac-
case alone lack selectivity8,37. In our experiments, laccase alone
catalyzed the dimerization of 1 into 4 and the formation of 2 and 3,
although their production was very low (Fig. 3f), similar to reports of
laccase activity in lignin biosynthesis, where products are generated in
the presence of oxidants (H2O2), and DPs substantially augmented
specific product yield26. Likewise, our previous findings on 4 axial
chirality-controlling DPs indicated that while laccase alone could
convert 1 to 4 at minimal levels, the presence of chirality-controlling
DPs increased yield significantly8. In accordance with these observa-
tions, the addition of recombinant GhDP1_A1 in laccase enzymatic
assays resulted in approximately a threefold increase in the total 2
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yield and a fourfold increase in 3 yield, while 4 was barely detectable
(Fig. 3f, g and Supplementary Fig. 12). These findings highlighted that
GhDP1 proteins mediate the chemical reaction in a specific direction,
organizing otherwise chaotic products.

We further isolated and purified 2 and used it as a substrate to
evaluate the spontaneity of its dehydrogenation process to 3. In a
separate experiment, we discovered that 2 dissolved in methanol at
low temperature (4 °C) resulted in its gradual conversion to 3, which is
relatively more stable at an even lower temperature (−40 °C) (Sup-
plementary Fig. 13a). At 30 °C, 2 quickly and spontaneously produces 3
in mildly acidic buffer (pH 5.8) (Supplementary Fig. 13b). These results
showed that2 can undergo spontaneous dehydrogenation to form3 in
a non-enzymaticmanner. The inherent instability and rapidconversion
of 2 have thus far precluded its unambiguous structural characteriza-
tion by nuclear magnetic resonance (NMR), despite our attempts to
isolate sufficient quantities for definitive analysis. Therefore, although
the mass difference (+16Da) is consistent with a hydroxylated deri-
vative of 1, the precise position of hydroxylation in 1 remains to be
conclusively determined.

Interaction of GhDP1 with aldo-keto reductase in hemi-
gossypolone biosynthesis
Despite the extensive study of DPs, the specific enzyme partners with
which they interact remain poorly characterized. To identify potential
interacting partners of GhDP1_A1, we utilized anti-GFPmagnetic beads
to perform immunoprecipitation- mass spectrometry (IP-MS) analysis
of 35S::GhDP1_A1-GFP transgenic and wild-type cotton plants. This
approach identified approximately 2800 potential interacting pro-
teins, which were specifically detected in the 35S::GhDP1_A1-GFP sam-
ples and absent in the wild-type cotton plant samples (Supplementary
Data 4). To refine our candidate list, we cross-referenced the identified
proteins with our previously published RNA-seq dataset, focusing on
genes that are significantly downregulated in glandless cotton culti-
vars, which are characterized by disrupted biosynthesis of terpenoid
specialized metabolites38. This intersection yielded a list of 66 candi-
date genes, among which a previously uncharacterized aldo-keto
reductase, designated GhAKR13D2_A3 (Gh_A08G1908), exhibited the
highest correlation coefficient with GhDP1_A1 expression (r = 0.95)
(Fig. 4a, b and Supplementary Data 5). The interaction between
GhDP1_A1 and GhAKR13D2_A3 was substantiated via a split luciferase
complementation (SLC) assay (Fig. 4c). The emergence of yellow
fluorescence upon co-expression of GhDP1_A1-cYFP and
GhAKR13D2_A3-nYFP in tobacco leaves provided further corroboration
of this interaction (Fig. 4d and Supplementary Fig. 14a). A His pull-
down assay confirmed the physical binding of GhDP1_A1-His with
GhAKR13D2_A3-FLAG and in a co-immunoprecipitation assay,
GhAKR13D2_A3-YFP was co-immunoprecipitated with GhDP1_A1-FLAG
(Fig. 4e, f). Altogether, these results provided thefirst evidenceof aDP-
AKR interaction.

AKRs are ubiquitous across diverse species, participating in var-
ious redox reactions with broad substrate specificity and utilizing
NAD(P)(H) as cofactors39. In G. hirsutum, the GhAKR13D2 gene family
comprises five members, consisting of three tandemly duplicated
genes in the A-subgenome (GhAKR13D2_A1 ~A3) and two in the
D-subgenome (GhAKR13D2_D1 ~D2). ScRNA-seq analysis reveals that
although the five AKR genes are not exclusively expressed in SGCs,
their expression levels aremarkedly higher in SGCs compared to other
cell types (Fig. 4g and Supplementary Fig. 14b). Notably, experiments
utilizing the native promoter of GhAKR13D2 to drive the expression of
a GhAKR13D2_A3–GFP fusion protein demonstrated that
GhAKR13D2_A3 is actively expressed within cells (Supplementary
Fig. 14c). Remarkably, GhAKR13D2_A3 exhibits the strongest correla-
tion with both GhDP1_A1 expression and 3 levels across various organs
(Fig. 4h and Supplementary Data 6). Organ-specific expression profil-
ing indicates elevated expression of GhAKR13D2_A3 in

photosynthetically active green organs such as leaves and stems,
where 3 and 5a ~ 5d accumulate, while expression is minimal in non-
photosynthetic organs including ovules and roots (Fig. 4i). Although
the computational predictions did not identify any secretory signal
peptides (Supplementary Fig. 15a), apoplastic protein extraction fol-
lowed by mass spectrometry analysis showed the presence of
GhAKR13D2_A3 in the extracellular space (Supplementary Fig. 15b and
Supplementary Data 7). Furthermore, immunogold labeling revealed
the presence of GhAKR13D2_A3 within glandular cavities (Supple-
mentary Fig. 15c). To further elucidate its extracellular distribution, we
co-expressed GhAKR13D2_A3 fused to mCherry with the plasma
membranemarkerAtPIP2A-YFP inN. benthamiana leaf epidermal cells,
and stained the cell wall using Fluorescent Brightener 28 (Calcofluor
White M2R, FB28). Confocal imaging revealed that GhAKR13D2_A3-
mCherry partially co-localized with AtPIP2A-YFP at the plasma mem-
brane, while also exhibiting overlap with the FB28 signal along the cell
wall. This dual localization pattern indicates that GhAKR13D2_A3 can
be targeted to both the plasma membrane and the apoplastic space
(Supplementary Fig. 15d), implicating it in extracellular biochemical
processes. Although AKRs have conventionally been categorized as
intracellular enzymes40, our findings reveal their potential for extra-
cellular localization, suggesting a promising cooperative rolewithDPs.

GhAKR13D2_A3 plays a critical role in the biosynthesis of
hemigossypolone and heliocides
To investigate the role of GhAKR13D2_A3 in planta, we performed a
VIGS assay targeting GhAKR13D2, quantitative real-time PCR (qPCR)
analysis confirmed a significant downregulation of GhAKR13D2_A3
expression (Supplementary Fig. 16a). Given the potential for VIGS to
simultaneously reduce the expression of multiple GhAKR13D2 genes
due to their high sequence similarity (Supplementary Fig. 16b), we
performed transcriptome sequencing on leaves from VIGS-silenced
and control plants to distinguish between these genes accurately. This
analysis revealed that the expression levels of allfiveGhAKR13D2 genes
were down-regulated inVIGS-silenced plants (Supplementary Fig. 16c).
The VIGS assay resulted in a significant reduction in the levels of 3 and
5a ~ 5d compared to control plants. Specifically, the level of 3
decreased by approximately eightfold, while the levels of 5a ~ 5d were
reduced by 3-6 fold (Fig. 4j).

To further investigate the role of GhAKR13D2_A3, we generated
CRISPR- Cas9-mediated knockout mutants using two sgRNAs specifi-
cally designed to target GhAKR13D2_A3, with minimal theoretical
potential to affect the other four paralogous GhAKR13D2 genes (Sup-
plementary Fig. 16d). Sequence analysis of T2 generation plants con-
firmed successful gene editing, resulting in two knockout lines:
CR-Ghakr13d2_a3#1 and CR-Ghakr13d2_a3#2 (Supplementary Fig. 16d).
In CR-Ghakr13d2_a3#1, both target sites induced frameshift mutations,
whereas in CR-Ghakr13d2_a3#2, the first target site caused a 5-bp
deletion, and the second site led to a 1-bp insertion (Supplementary
Fig. 16d). Subsequent DNA sequencing validated the specificity of the
gene editing events toGhAKR13D2_A3, with nodetectable alterations in
the sequences of homologous genes, GhAKR13D2_A1/A2/D1/D2 (Sup-
plementary Fig. 16e), reinforcing the precision of our CRISPR-Cas9
methodology. Metabolic profiling of these CRISPR lines revealed
results consistent with those observed in the VIGS assay, demon-
strating significantly reduced levels of 3 and 5a ~ 5d compared to wild-
type plants (Supplementary Fig. 16f and Supplementary Data 8). These
findings demonstrate that GhAKR13D2_A3 and GhDP1 are functionally
interdependent during the biosynthesis of 3 and 5a ~ 5d.

Enhanced hydroxylation efficiency via GhDP1-AKRs cooperation
with oxidants
To further explore the structural basis underlying the interaction
between GhDP1 and GhAKR13D2, we employed AlphaFold3 (AF3) to
predict their three-dimensional structures41. Molecular docking
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Fig. 4 | Interaction between GhDP1 and AKR in hemigossypolone biosynthesis.
a Venn diagram illustrating the intersection of genes identified through IP-MS
targeting GhDP1_A1 and those down-regulated in differential gene expression
analyses contrasting glandless cotton (GL) and glandular cotton (G) leaves,
excluding GhDP1_A1 itself. b Correlation network showing Pearson’s correlation
coefficients between GhDP1_A1 expression and 25 interacting genes, which are
significantly down-regulated in GL compared with G leaves. Correlations were
calculated across various cotton organswith P ≤0.05using rcorr inR. c SLC assay in
tobacco leaves demonstrates the GhDP1_A1-GhAKR13D2_A3 interaction, with a
blue-red gradient depicting interaction strength. d BiFC assay confirm the inter-
actionof GhDP1_A1withGhAKR13D2_A3 inN. benthamiana leaves. Scale bar, 25 μm.
e In vitro pull-down assays illustrate the interaction between GhDP1_A1-His and
GhAKR13D2_A3-FLAG, using YFP-His as a negative control. f Co-IP assay of
GhAKR13D2_A3 with GhDP1_A1 in N. benthamiana. YFP alone served as a negative
control. The enriched YFPmonomer observed in the GhAKR13D2_A3-YFP IP sample
is likely due to partial dissociation or degradation of the fusion protein during

extraction or IP procedures. For c–f the experiments were independently repeated
twice with similar results. g Dot plot illustrating the expression of GhAKR13D2_A3
across various cell types in cotton leaves. h Correlation plot depicting the co-
expression coefficients of gene expression profiles of five GhAKR13D2 genes with 3
and GhDP1_A1. Higher correlation coefficients are represented by darker blue hues.
i The transcript expression profiles of GhAKR13D2_A3 among different cotton
organs. RNA-seq datasets for various cotton organs were retrieved from the NCBI
Sequence Read Archive (SRA) under project accession number PRJNA248163.
j Comparative content analysis of terpenoid specializedmetabolites in leaves from
control plants (TRV:00) andGhAKR13D2-VIGS (TRV:GhAKR13D2) cotton plants. Box
plots show the distribution of values with the centre line representing the median,
the bounds of the box representing the 25th (Q1) and 75th (Q3) percentiles, and
whiskers extending to the minimum andmaximum values. Each point represents a
biological replicate (n = 4 samples). P values were determined by a two-tailed
unpaired t-test. Source data are provided as a Source Data file.
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analyses of the GhDP1_A1 and GhAKR13D2_A3 complex revealed that 1
preferentially binds within the active site of GhDP1_A1 (Fig. 5a), rather
than the larger pocket of GhAKR13D2, which typically accommodates
NAD(P)(H). Notably, the hydroxyl group at C3 of 1 forms two hydrogen
bonds with the R145 residue of GhDP1, while the hydroxyl group at C8
establishes a hydrogenbondwith Y102. C7, the site of 1dimerization, is
encapsulated within the protein complex, a configuration that may
hinder the homocoupling of 1 required for 4 biosynthesis. Conversely,
C5 is exposed (Fig. 5a), potentially facilitating access for laccases or
AKRs to exert their functions.

To confirm the functional significance of residues in proximity
to 1, we generated site-directed mutants of GhDP1 and assessed their
activity using APFs extracted from N. benthamiana leaves transiently
expressing the corresponding constructs. Enzymatic assays revealed
that the R145A and Y102A substitutions completely abrogated
activity, as evidenced by the absence of product 3 formation
(Fig. 5b). In silico stability predictions suggested that the overall
protein fold of GhDP1_A1 was not significantly destabilized by these
two site-directed mutations (ΔΔG < 5 kcal/mol for R145A and Y102A,
Supplementary Data 9), supporting the notion that the abolished
activity is due to the loss of critical catalytic interactions rather than
global misfolding. Additionally, the S140A, V177A, and I167Amutants
of GhDP1_A1 retained the capacity to produce the hydroxylated
product 2, as well as the subsequent product 3 in similar assays
(Supplementary Fig. 17). These findings highlight the essential roles
of R145 and Y102 and demonstrate the effectiveness of structure-
guided mutagenesis in elucidating the functional mechan-
isms of DPs.

We next incubated recombinant GhDP1_A1 with GhAKR13D2_A3
expressed in Escherichia coli and using 1 as the substrate. The addition
of standard AKR cofactors, NAD(P)(H), did not yield detectable enzy-
matic activity (Supplementary Fig. 18).Given our previousfindings that
laccases, through their high oxidative potential, can generate 2 and 3
independently of DPs in vitro, we sought alternative oxidants.
According to the previous studies on the role of DPs in lignin bio-
synthesis,we evaluatedweaker oxidants, specifically oxidativeCu²⁺ (or
Fe³⁺) ions, which have been shown to induce hydroxylation in laccase-
DPs systems (Fig. 3f). Notably, neither GhDP1_A1 nor GhAKR13D2_A3
alone facilitated significant production of 2 or 3 in the presence of
these oxidants (Fig. 5c, d and Supplementary Fig. 19). However, when
both proteins were present, a substantial increase in 2 yield was
observed, along with a notable accumulation of 3 (Fig. 5c, d and Sup-
plementary Fig. 19). This synergistic effect suggests that the hydro-
xylation of 1 is controlled by GhAKR13D2 and GhDP1 working together
under oxidative conditions.

The promiscuity exhibited by ancestral enzymes is thought to
precede the emergence of evolved enzymatic activities42. The identi-
fication of GhAKR13D2_A3 as a partner for DPs prompted us to inves-
tigate its homologs acrossmultiple species. Among these species, only
species of cotton synthesize 3 or 4. Nevertheless, these AKRs can
partner effectively with GhDP1_A1 to catalyze the hydroxylation of 1 to
2 in the presence of Cu²⁺ ions (Fig. 5e and Supplementary Fig. 20).
These findings suggest that, during the evolution of the 3 pathway,
AKRs have been selected that can interact with DPs, thereby enabling
complex extracellular hydroxylation reactions.

Sequence alignment revealed that GhAKR13D2 members contain
conserved residues essential for NADP(H) binding and substrate
interaction (Fig. 5f)39,43,44. Biacore analysis further confirmed a high-
affinity interaction between GhAKR13D2_A3 and NADP(H) (Supple-
mentary Fig. 21). Enzymatic assays demonstrated GhAKR13D2_A3 has
the typical AKR activity, such as the NADPH-dependent reduction of
2-nitrobenzaldehyde to 2-nitrobenzyl alcohol45 (Supplementary
Fig. 22). However, during the 1 oxidation reaction mediated by
GhAKR13D2_A3 and GhDP1_A1, the addition of NADPH inhibited the
conversion of 1 to 2 and 3 (Supplementary Fig. 23), suggesting that the

oxidation reaction may proceed through a mechanism that is incom-
patible with the reductive conditions introduced by NADPH.

HemigossypolonebiosyntheticDPs andAKRsamongGossypium
species
The cotton genus exhibits remarkable genomic diversity from global
radiation, with evidence indicating that polyploidization between
Gossypium arboreum (A2 genome)-like and Gossypium raimondii (D5
genome)-like species has given rise to at least seven allotetraploid AD-
genome species (2n = 4x = 52) [(AD)1 to (AD)7 genomes]46.

To trace the genomic inheritance related to specialized metabo-
lism across species, we conducted a syntenic analysis utilizing the
genomes of Durio zibethinus, Theobroma cacao, and selected Gossy-
pium species from the order Malvales, with Arabidopsis thaliana ser-
ving as an outgroup reference. Our analysis revealed that orthologues
of both GhDP1 and GhAKR13D2 are present in the genomes of Gossy-
pium species but are conspicuously absent in D. zibethinus, T. cacao,
andA. thaliana (Fig. 6). Notably,G. raimondii possesses orthologues of
GhAKR13D2 but lacks orthologues of GhDP1, which may account for
the absence of 3 in this species16. Collectively, the evolutionary tra-
jectories of GhDP1 and GhAKR13D2 have endowed cotton plants with
the ability to synthesize complex natural compounds, including 3 and
heterocyclic 5a ~ 5d.

Extracellularly hydroxylation-derived hemigossypolone and
heliocides display selective advantages against insects and
pathogens
The GhDP1-knockout mutant plants, characterized by the exclusive
accumulation of 4 and the absence of 3 and heterocyclic 5a ~ 5d
(Fig. 2b), provide a unique system to investigate the role of terpenoid
metabolic synthesis in biotic resistance. Given that the biosynthesis of
plant natural products significantly enhances the Darwinian fitness of
plants47, we sought to elucidate the impact of thesemetabolic changes
on the biotic resistance of cotton.

Helicoverpa armigera and Spodoptera frugiperda are among the
most destructive chewing herbivores in agricultural systems48,49. In our
analysis, GhDP1-knockout mutants exhibited significantly reduced
resistance to these pests. Larvae feeding on GhDP1-deficient plants
gained 2.2 times more weight for H. armigera and 1.9 times more
for S. frugiperda compared to those feeding on wild-type controls
(Fig. 7a, b). These results highlight the critical role of 3 and 5a ~ 5d in
mediating herbivore deterrence.

To further investigate the role of GhDP1 in pathogen resistance,
we challenged both WT and CR-Ghdp1 cotton plants with two soil-
borne fungal pathogens: Fusarium oxysporum, a vascular wilt-causing
ascomycete50, and Rhizoctonia solani, a necrotrophic basidiomycete
responsible for root and stem blight51. Disease severity was quantified
using a standardized disease grading system, revealing that GhDP1-
deficient plants exhibited significantly exacerbated disease symptoms
in both pathosystems (Fig. 7c, d, f, g). Consistently, qPCR-based
quantification of fungal biomass demonstrated a substantial increase
in F. oxysporum and R. solani colonization in CR-Ghdp1 plants com-
pared to WT (Fig. 7e, h), corroborating the observed susceptibility. In
parallel, we extended these findings to foliar infections using Botrytis
cinerea, a necrotrophic fungus with an exceptionally broad host range
and global agronomic significance52,53. Upon leaf inoculation, CR-
Ghdp1 plants developed substantially larger necrotic lesions than WT
counterparts (Fig. 7i, j). qPCR quantification of fungal DNA revealed
a ~ 7-fold increase in B. cinerea biomass in GhDP1-knockout leaves
(Fig. 7k), further supporting a critical role forGhDP1 in broad-spectrum
pathogen resistance. These results collectively demonstrate that
GhDP1 contributes positively to cotton resistance against both vas-
cular and non-vascular fungal pathogens.

Overall, these findings demonstrate that GhDP1 and its homologs,
whichhave evolved specificallywithin the cotton lineage, are pivotal in
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enhancing resistance to insect herbivores and pathogens by redirect-
ing terpenoid synthesis towards 3 and heterocyclic 5a ~ 5d. The
resultant accumulation of a range of specialized metabolites—char-
acterized notably by elevated levels of 3 and heterocyclic 5a ~ 5d,

alongside reduced levels of 4—in the green organs of cotton, signifies
an optimized defensive mechanism that supersedes reliance on 4
alone (Fig. 7l). Given that 3 and 5a ~ 5d are cytotoxic, their extracellular
biosynthesis and sequestration likely serve to mitigate potential
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Fig. 5 | GhDP1 and GhAKR13D2 collaboratively facilitate extracellular hydro-
xylation under oxidative condition. a Structural model of the
GhDP1–GhAKR13D2 heterodimeric complex associated with hemigossypol (1). The
structure was predicted by AlphaFold3, with GhDP1_A1 shown in green and
GhAKR13D2_A3 in purple. 1 (yellow) is modeled in the active site of GhDP1_A1,
positioned in close proximity to two key residues, R145 and Y102. The lower panel
highlights the predicted hydrogenbonding interactions between 1 and the catalytic
residues, with distances (in Å) indicated in red. Gray numbers indicate the positions
of carbon atoms in 1. b Characterization of dirigent activities in vitro using apo-
plastic fluids from N. benthamiana leaves transiently expressing GhDP1_A1,
GhDP1_A1 mutants, and control (empty vector), with 1 as the substrate. Extracted
ion chromatograms (EICs) at m/z 277.1067 and m/z 519.2013 indicate 3 and 4,
respectively. c, d Functional characterization of GhAKR13D2_A3 and GhDP1_A1 in
the presence of Cu2+ by in vitro assays. Chromatographic peaks corresponding to 2
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(NP_751892.1). The right panel shows quantitative comparisons of hydroxylation
product (2) levels, with and without AKRs. Data are presented as mean ± s.d. (n = 3
independent experiments); significance was determined by unpaired two-tailed
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f Phylogenetic analysis and amino acid sequence alignment ofGhAKR13D2proteins
across different kingdoms including microorganisms, animals and plants. Con-
served catalytic sites are marked by red asterisks, while black asterisks denote
NADP(H) binding sites. Source data are provided as a Source Data file.
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toxicity within plant cells, thereby providing a defensive advantage.
These findings exemplify a sophisticated evolutionary optimization of
plant specialized metabolism, enabling cotton to mount robust,
compartmentalized, and chemically diversified defenses.

Discussion
In this study, we have uncovered a specific branch of terpenoid
metabolism that acts extracellularly in the green organs of cotton and
elucidated its underlying genetic and biochemical mechanisms.
GhDP1, in conjunction with AKR, mediates the oxidative redirection
from the 4 pathway toward the biosynthesis of 3 and 5a ~ 5d. This
metabolic shift appears to enhance defense capabilities against a
broad range of biotic stresses, including herbivorous insects such asH.
armigera and S. frugiperda, the airborne fungal pathogen B. cinerea,
and soil-borne fungal pathogens such as F. oxysporum and R. solani.
Meanwhile, cotton seeds exclusively biosynthesize 4, potentially ser-
ving as a chemical deterrent against seed-predating non-ruminant
mammals (Fig. 7l). This research underscores the role of divergence in
metabolic pathways in augmenting plant defense mechanisms.

Interestingly, although laccase-rich APF from G. hirsutum leaves
was capable of converting 1 into gossypol 4, it failed to support the
hydroxylation reaction leading to 2 and 3 in the absence of externally
supplied GhDP1_A1 or GhDP1_A2. We hypothesize that GhDP1_A1/_A2
may be tightly associated with membrane-bound receptor proteins,
limiting their dissociation during standard APF extraction protocols.
This is reminiscent of the rice small secreted dirigent protein OsSSP1,
which binds to plasmamembrane receptorsOsSSR1 andOsBAK1 in the
apoplast to trigger immune responses during Magnaporthe oryzae
infection54. Such interactions could similarly prevent the release of
GhDP1 proteins during vacuum infiltration and centrifugation. Con-
sistent with this, proteomic analysis of APF further corroborated these
findings, identifying abundant laccases but no GhDP1 peptides (Sup-
plementary Data 7). These observations explain why exogenous sup-
plementation of recombinant GhDP1 was necessary to reconstitute
extracellular hydroxylation activity in vitro and highlight the

challenges associated with recovering compartmentalized proteins
from complex plant tissues.

Hydroxylation of aromatic compounds, the oxygen transfer
reaction that introduces the hydroxyl group (-OH) into aromatic rings
via substituting functional groups or hydrogen atoms, is viewed as one
of the most challenging fields in modern synthesis55. Enzymes such as
cytochrome P450 monooxygenases, dioxygenases, significantly
streamline this process through facilitating selective oxygenation of
organic molecules under benign conditions56. However, the reactions
carried out by P450 enzymes rely on NAD(P)H57, which is energy-
consuming and requires a carefully designed catalytic environment.
Here, we have discovered a mechanism of extracellular hydroxylation
reactions distinct from the classical NADPH-dependent P450-catalyzed
hydroxylation reactions. Our study reveals that the hydroxylation of 1
occurs extracellularly, facilitated without NADPH, through the syner-
gistic actions of GhDP1 and GhAKR13D2 under oxidative conditions.
This mechanism would be well-suited to hydroxylation using white
biochemical reactions and contrasts sharply with the traditionalmulti-
electron transfer process involving cytochrome P450 systems that
utilize an oxo-ferryl heme radical cation complex [heme(FeIV=O)]·+58.
We propose a putative mechanism wherein 1 is attacked by hydroxyl
radicals generated by laccases or metal ions (Fig. 7l), following a
mechanism akin to previously documented radical-mediated aryl
hydroxylation59. Subsequently, 2 spontaneously oxidizes to its ben-
zoquinone form, 3 (Fig. 7l). The participation of GhDP1 is crucial, as its
absence impedes the extracellular hydroxylation reaction, under-
scoring the expanded role of DPs in the biosynthesis of plant specia-
lized metabolites, where they predominantly contribute to
bimolecular coupling reactions and determine the chirality of phenolic
products60–65.

Although DPs are well documented to cooperate with laccases in
the oxidative dimerization of extracellular specialized metabolites65,
our study elucidates a previously unknown mechanism in which the
dirigent protein GhDP1 not only acts as a regulator of extracellular
hydroxylation reactions but also recruits an AKR to synergistically

A01

96.21-97.31Mb

A01

99.81-98.73Mb

Chr01

109.81-108.73Mb

Chr02

14.01-15.18Mb

Chr01

85.51-84.31Mb

Chr01

18.04-21.81Mb

Chr01

114.60-112.59Mb

 

NW 019167915._ 1

3.24-3.34Mb

Chr 2

9.03-9.05Mb

 Chr02

10.41-10.82Mb

GhDP1_A1 GhDP1_A2

Gobar.A01G175300 Gobar.A01G175200

Ghe01G21430

Gar02G08280Gar02G08270

Gano_01G021130 Gano_01G021120

Gstu01G007690

Gbic_01G021090

Gossypium 
hirsutum

 A08  D08

Gossypium
barbadense

 D08
61.65-61.75M

 A08

114.63-114.75Mb b

Gossypium
herbaceum

Gossypium
arboreum  Chr08

128.08-128.25Mb

Gossypium 
anomalum  Chr08

99.84-99.94Mb

Gossypium
 sturtianum

 Chr08

4.72-4.58Mb

Gossypium 
bickii

Gossypium 
raimondii

 Chr04
2.61-2.74Mb

 

 NW_019168492.1

1.00-0.92M
Durio zibethinus

b

38.83-38.59Mb

 Chr 3
1.31-1.34M

Arabidopsis thaliana
b

GhAKR13D2_A1
GhAKR13D2_A2

GhAKR13D2_A3
GhAKR13D2_D1

GhAKR13D2_D2

99.73-99.85Mb

Gobar.A08G227300

Gobar.A08G227600 62.22-62.31Mb
Gobar.D08G254100 Gobar.D08G254200

 Chr08
Ghe08G27740

127.13-127.27Mb
Gar08G27400 Gar08G27410

_Gbic 08G027280 _Gbic 08G027290

 Chr08 130.35-130.45Mb

Cotton_D_gene_10007961

2.55-2.57Mb

Chr ChrTheobroma cacao 0502

Gstu08G004650 Gstu08G004640 Gstu08G004620

Gar08G27450

Cotton_D_gene_10007960

Gano_08G027930

Ghe08G27730

Tree scale: 30 MYA 

Fig. 6 | Synteny of GhDP1 and GhAKR13D2 loci across Gossypieae and related
species. Syntenic analysis of genomic loci encoding GhDP1 (left panel) and
GhAKR13D2 (right panel) across species within the Gossypieae tribe, durian, and

cacao from the Malvales order, with A. thaliana serving as an outgroup. Syntenic
relationships between species are indicated by gray ribbons, while loci corre-
sponding to GhDP1 and GhAKR13D2 are highlighted in purple.

Article https://doi.org/10.1038/s41467-025-64323-z

Nature Communications |         (2025) 16:9270 10

www.nature.com/naturecommunications


mediate this reaction. The hydroxylation mechanism catalyzed by the
GhDP1-AKR complex fundamentally differs from the classical DP-
laccase system: the catalytic reaction shifts fromdimerization coupling
to hydroxylation and proceeds independently of the typical AKR
cofactor NADPH, occurring extracellularly under oxidative conditions
via a radical-mediated process. Moreover, AKR family members are
identified as auxiliary catalytic partners of dirigent proteins, sig-
nificantly expanding the functional scope of DPs from controlling
product stereochemistry to modulating metabolic flux direction. This
discovery provides valuable insights into howplants precisely regulate

extracellular specialized metabolism and defense mechanisms, open-
ing avenues for research into dirigent protein function and plant
metabolic regulation.

Moreover, GhAKR13D2 appears to provide ancillary support for
this hydroxylation process. Its widespread subcellular localization
suggests that it retains primordial AKR family functions, as evidenced
by its interaction with the cofactors NADP(H), a hallmark cofactor of
AKRs. Notably, unlike GhDP1-knockout lines, GhAKR13D2-VIGS plants
and GhAKR13D2_A3-knockout lines exhibit reduced 4 levels compared
to control plants, suggesting a multifaceted role for GhAKR13D2 in
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Fig. 7 | Evolutionary significance of manipulating extracellular terpenoid
metabolism in cotton. a, b Comparative growth analysis of H. armigera (a) and
S. frugiperda (b) larvae fed on leaves from wide type (WT) and GhDP1-knockout
(CR-Ghdp1) cotton plants (n = 15 individuals). c, f Disease symptoms of different
cotton genotypes upon infection by F. oxysporum (c) or R. solani (f). Scale bar, 5 cm.
d, g Index analyses of disease grades on cotton leaves. The proportion of plants
exhibiting different levels of disease severity is shown. Disease indexes were asses-
sed for 35 plants inoculated with F. oxysporum (d) and 33 plants inoculated
with R. solani (g). e, h Relative fungal biomass in infected plants. For e and h
FoActin/GhUBQ7 and Rs18S/GhUBQ7 ratios in WT were set to 1, respectively (n =6
samples). i Morphological comparison of representative leaves from WT and CR-
GhDP1 cotton plants after five days of inoculation with B. cinerea. Scale bars, 1 cm.
j, k Quantitative assessment of the lesion area induced by B. cinerea (j)
(n= 5 samples) and relative biomass of B. cinerea in the inoculated cotton leaves (k)

conducted five days post-inoculation (n= 4 samples). l Biosynthetic pathways of
major terpenoid specializedmetabolites optimized for cotton defense. In non-green
organs, such as late-stage ovules, 1 undergoes oxidative homocoupling at the C7
positionmediated by laccases andDPs to form 4, conferring reproductive toxicity to
mammals. In green organs such as stems and leaves, 1 selective oxidatized at the C5-
position by GhDP1, GhAKR13D2 and oxidants, generating specific radical inter-
mediates that lead to the formation of 2, followed by spontaneous oxidation to
produce 3. The substantial accumulation of 3 and its derivatives (5a ~ 5d), along with
a minor presence of 4, provides significantly enhanced toxicity towards herbivores
and pathogens, compared to 4 alone in green organs. This GhDP1-mediated meta-
bolic redirection underscores cotton’s strategically optimized defensivemechanism.
For a, b, e, h, j, k, mean ± s.d., P values were determined by a two-tailed unpaired t-
test. Source data are provided as a Source Data file.
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cotton (Fig. 4j and Supplementary Fig. 16f). This implies its participa-
tion not only in the biosynthesis of 3 but also potentially in the pro-
duction of4or in the recycling of enzymatic cofactors, given the broad
utilization of NADP(H) by numerous enzymes during 4 biosynthesis.
These findings expand our understanding of AKRs beyond their con-
ventional functions, highlighting their critical contributions to oxida-
tion reactions and opening avenues for chemical synthesis and
synthetic biology.

The discovery of DPs as regulatory valves in redirecting synthesis
represents an instructive paradigm in plant biochemistry, elucidating
howplants precisely control the production of specializedmetabolites
through the regulation of extracellular metabolic flow. This insight
advances our understanding of plant defense mechanisms, broad-
ening the research scope concerning selective pressures and evolu-
tionary trajectories that shape metabolic complexity. Moreover, our
study offers promising avenues for agricultural innovation. By mod-
ulating DPs and their associated pathways, it may possible to fine-tune
the production of protective metabolites both in vivo and in vitro
using white biochemistry.

Methods
Plant materials and growth conditions
Experiments were conducted using upland cotton G. hirsutum cv. R15,
its transgenic derivatives, and the glandless mutant G. hirsutum cv.
CCRI12gl. These plants were cultivated under controlled environ-
mental conditions in a greenhouse environment, maintained at 28 °C
with a 16-hour light and 8-hour dark photoperiod. Additionally, field
trials were performed at two distinct locations: Songjiang (Shanghai)
and Sanya (Hainan Province), to evaluate growth under natural con-
ditions. N. benthamiana and N. tabacum were grown under green-
house conditions in Shanghai. N. benthamiana was maintained at 22
°C, whereas N. tabacum was cultivated at 28 °C, both under a con-
sistent 16-hour light and 8-hour dark photoperiod.

Virus-induced gene silencing (VIGS) and metabolite analysis
Virus-induced gene silencing was employed to investigate the func-
tional roles of specific target genes. DNA fragments, ranging from 300
to 500bp, corresponding to target gene sequences, were amplified via
polymerase chain reaction (PCR) using gene-specific primers detailed
in Supplementary Data 10. These amplicons were subsequently cloned
into the pTRV2 vector. The recombinant pTRV2 constructs were then
introduced into Agrobacterium tumefaciens strain GV3101. The trans-
formed cultureswere grown overnight in Luria-Bertani (LB)medium at
28 °C. Following cultivation, the bacterial cells were collected by cen-
trifugation, resuspended in infiltration medium containing 10mM
MgCl2, 10mM 2-morpholinoethanesulphonic acid, and 150mM acet-
osyringone, with the pH adjusted to 5.8. The suspension was stan-
dardized to anoptical density at 600nm (OD600) of approximately 0.8
to ensure consistency in infiltration efficiency. For the infiltration
procedure, cotyledons from 10-day-old cotton seedlings were treated
with a 1:1 mixture of A. tumefaciens carrying the pTRV2 vectors and
helper pTRV1 vectors. Two weeks post-infiltration, young second true
leaves were harvested for metabolite analysis. Compounds including
gossypol (4), hemigossypolone (3) and heliocides (5a ~ 5d) were iso-
lated and subjected to characterization via high-performance liquid
chromatography (HPLC), following established protocols11. Briefly,
samples were extracted using an acetonitrile/water/phosphoric acid
(80:20:0.1, v/v/v) solution and analyzedon anAgilent 1260 Infinity II LC
System equipped with a Thermo Syncronis C18 column (150 × 4.6mm,
5μm),with detection at 272 nm. Themobile phase, consisting of EtOH:
MeOH: IPA: ACN: H2O: EtOAc: DMF: H3PO4 = 16.7: 4.6: 12.1: 20.2: 37.4:
3.8: 5.1: 0.1, was delivered at 1mLmin−1 for 60min with the column
maintained at 40 °C. Compound identification and quantification were
based on retention time matching against standards using the Agilent
Chemstation Revision B.04.03.

RNA-Seq analysis
Total RNA was isolated with the RNAprep Pure Plant Plus Kit (DP441,
TIANGEN). RNA quantification and purity assessment were con-
ducted on a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific), while RNA integrity was evaluated using the RNA Nano
6000 Assay Kit on an Agilent Bioanalyzer 2100 system (Agilent
Technologies). For library construction, 1 µg of total RNA per sample
was used as starting material with the Hieff NGS Ultima Dual-mode
mRNA Library Prep Kit for Illumina (Yeasen Biotechnology). Poly(A)+
mRNA was enriched using magnetic beads coated with oligo(dT).
First-strand and second-strand cDNA were sequentially synthesized.
The resulting cDNA was end-repaired, adenylated at the 3′ ends, and
ligated to NEBNext adaptors. Purification of the library was carried
out with the AMPure XP system (Beckman Coulter). USER Enzyme
(NEB) was applied to the adaptor-ligated cDNA, followed by incu-
bation at 37 °C for 15min and 95 °C for 5min. Amplification was
performed using Phusion High-Fidelity DNA polymerase with uni-
versal and index primers. The final PCR products were purified
(AMPure XP system), and library quality was verified using the Agi-
lent Bioanalyzer 2100. Sequencing was conducted on an Illumina
NovaSeq platform. Raw data were processed via the BMKCloud
online platform (www.biocloud.net). Reads were aligned to the
reference genome using Hisat2, and transcriptome assembly was
performed with StringTie in Reference Annotation Based Transcript
(RABT) mode to identify both known and novel transcripts66,67. Gene
expression levels were quantified based on fragments per kilobase
per million mapped fragments. Differential expression analysis was
carried out with DESeq268, with genes showing an adjusted P-
value < 0.01 and |Fold Change | ≥ 2 considered differentially
expressed.

RNA extraction and gene expression analysis
Total RNA was extracted from plant organ using the RNAprep Pure
Plant Plus Kit (DP441-H, TIANGEN) according to the manufacturer’s
protocol. The isolated RNA was subsequently subjected to reverse
transcription using the EasyScript One-Step Genomic DNA Removal
and cDNA Synthesis SuperMix Kit (TransGen, AE311-03), ensuring
efficient removal of genomic DNA and synthesis of complementary
DNA (cDNA) for downstream analyses. qPCR was performed using the
SYBR Green Pre-mix Pro Taq HS qPCR Kit (AG11701, AG) to quantify
gene expression levels. The housekeeping gene, GhHIS3
(Gh_D03G0370), was employed as a normalization control69. The
relative expression levels were calculated using standard methods,
thus allowing for the assessment of differential gene expression across
various experimental conditions.

Gene editing and cotton transformation
To achieve CRISPR/Cas9-mediated knockout of GhDP1_A1, GhDP1_A2,
and GhAKR13D2_A3, we first analyzed the genomic DNA sequences of
these targets using an online CRISPR design toolkit (https://www.
crispr.hzau.edu.cn/CRISPR2). This process uncovered two common
efficient target sites within the single exon of GhDP1_A1 and GhDP1_A2:
TCAGTGGTGAAAACCCCAGT and GCTGATTTCGCATTTACGAG, and
two specific and effective target sites in different exons of
GhAKR13D2_A3: TTAAGCATGCATTCGAAAGA and TTACTGCCGTA-
CAAATCGAG. These sequences were embedded within the pYL-
CRISPR/Cas9 vector. Through the use of A. tumefaciens strain EHA105,
we then transformed these constructs into G. hirsutum cv. R15 to
generate gene-knockout plants. Following the sgRNA efficiency
checks, stable transformations were conducted. We screened for
GhDP1_A1, GhDP1_A2, and GhAKR13D2_A3 knockout lines by isolating
genomic DNA from both wild-type and T2 generation gene-editing
cotton lines. This isolation was achieved using a DNA extraction kit
(DP3112, Bioteke) following the manufacturer’s protocols. The tar-
geted genomic regions were amplified through genotyping with
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primers flanking the sgRNA target sequences (forward primer: ATG-
GAGAAGGAACACAATATAC and reverse primer: TTAGTAATGGTA-
CAAAGTAACATTG) for CR-Ghdp1 plants, and primers flanking the
sgRNA target sequences (forward primer: AAAGCTGGGATTTGGGTG
and reverse primer: TCTTCCTCAACATCACGAGT) for CR-
Ghakr13d2_a3 plants. Then the PCR products were cloned into a TA-
cloning vector (TransGen, CB501-2) for further analysis. We used
Sanger sequencing to validate the presence and accuracy of the
CRISPR-induced gene edits.

Transient and stable expressionof dirigent proteins inNicotiana
species
For transient expression assays, the coding sequences of dirigent
protein genes were amplified from a cotton cDNA library via PCR and
cloned into the pEAQ vector to facilitate expression studies. These
recombinant plasmids were then introduced into A. tumefaciens
strain GV3101. The transformed cultures were incubated overnight at
28 °C in LB medium to achieve optimal bacterial growth. Following
cultivation, bacterial cells were harvested by centrifugation and
resuspended in an infiltration medium containing 10mM MgCl2,
10mM 2-morpholinoethanesulphonic acid, and 150mM acetosyr-
ingone, with the pH adjusted to 5.8. The cell suspension was stan-
dardized to an OD600 of approximately 0.8. This A. tumefaciens
suspension was then used to infiltrate leaves of four- to six-week-old
N. benthamiana plants using a syringe infiltration technique. Two to
three days post-infiltration, the plants expressing the target dirigent
proteins were harvested for further analyses.

For the stable transformation of N. tabacum, sterilized “Thanxi”
leaf segments (0.5–1.0 cm) were immersed in the resuspended A.
tumefaciens culture containing the target vectors. These leaf sections
were subsequently placed on Murashige and Skoog medium (MSB2)
for twodays, followedby transfer toMSB2 supplementedwith 150mg/
L kanamycin and 500mg/L ticarcillin for three to four weeks under
culture room conditions maintained at 26 °C with diffused light.
Explant tissues were then moved to half-strength Murashige and
Skoog (1/2MS0)medium supplementedwith 150mg/L kanamycin and
300mg/L ticarcillin for an additional two to three weeks, during which
antibiotic resistance was indicated by the formation of green calli with
regenerating shoots. The regenerating shoots or callus pieces were
then transferred to 1/2 MS0 medium containing 200mg/L kanamycin
and 150mg/L ticarcillin until root formation was observed. Carefully
remove the agar from the roots of the regenerated seedlings and
transfer them into the soil. After stable growth, collect young leaves for
further research.

Extraction of apoplastic fluids (APFs)
To extract plant APFs, an infiltration-centrifugation protocol was
employed with minor modifications based on previously reported
methods70. Leaf samples were initially submerged in a beaker filled
with Phosphate Buffer Saline (PBS), pH 7.4, ensuring complete cov-
erage by the solution. A rotary evaporator was used to apply a
vacuum to the beaker, facilitating the removal of air bubbles from
the leaf. The vacuum was then gradually released to atmospheric
pressure. This step was reiterated until the leaves were entirely
infiltrated, as confirmed by the absence of air spaces within the tis-
sues. After infiltration, the leaf surface was carefully dried and placed
into a 20mL syringe body, substituting the usual plunger setup. This
syringe assembly was then positioned within a 50mL centrifuge
tube. A two-step centrifugation process was carried out, initially at
750 g for 20minutes at 4 °C, followed by a subsequent spin at
13,400 × g for another 20minutes at the same temperature. The APFs
were collected at the base of the centrifuge tubes and were deemed
ready for subsequent analysis without necessitating any further
processing.

Protein expression and purification
For eukaryotic expression, signal peptide truncation of GhDP1_A1 and
GhDP1A2were cloned into pFast-Bac GP67 vector and expressed in the
Sf9 insect cell (invitrogen)/baculovirus expression system26. Insect cell
cultures were incubated with Ni Sepharose excel and protease inhibi-
tors at 4 °C for 1 h, and then collected by gravity column. Protein was
washed with buffer (20mM NaAc (pH 4.5), 150mM NaCl, 20mM imi-
dazole) and eluted from the column using buffer (20mM NaAc (pH
4.5), 150mMNaCl, 300mM imidazole). A Centriprep Centrifugal Filter
(4302, Millipore) was used to concentrate and transfer the protein to
buffer (20mM NaAc (pH 4.5), 150mM NaCl, 5% glycerol). Further
purified GhDP1_A1 and GhDP1_A2 by affinity chromatography TALON
columns. The protein concentration was determined using the
Bradford assay.

GhAKR13D2_A3 was expressed in E. coli strains BL21(DE3). The
coding sequence of GhAKR13D2_A3 was first cloned into the pET32a
vector and transformed into E. coli. Transformants were then selected
on LB medium containing 100 µg/mL ampicillin. The cells were
inoculated into 500mL LB medium containing 100 µg/mL ampicillin
and induced by 250 µM IPTG when the cells reached an OD600 of
approximately0.6 at 18 °C for 20 hours. The proteinwaspurified using
wash buffer (50mM Tris-HCl, pH 7.5, 300mM NaCl, 20mM imidazole)
and elution buffer (50mM Tris-HCl, pH 7.5, 300mM NaCl, 200mM
imidazole). Then the proteins were desalted and the buffer was con-
verted to 50mM Tris-HCl pH 7.5, 300mM NaCl buffer using PD-10
Desalting Columns (Cytiva).

Dirigent assays
For dirigent activity assays utilizing APFs as catalysts, GhDP1_A1 and
GhDP1_A2 proteins expressed in insect cell cultures were assayed in
200μL APFs of G. hirsutum leaves containing 100μM hemigossypol
(1). Controls were performed either without 1, without GhDP1, or
without APF. For the GhDP1_A1 and GhDP1_A2 proteins expressed inN.
benthamiana andN. tabacum, 100μMhemigossypol (1) was incubated
with 200μL of APF that either expressed GhDP1_A1, GhDP1_A2 or the
empty vector (EV).

For GhDP1_A1 and laccase activity assays, the phenolic hydro-
xylation of 1 by the GhDP1_A1 protein and RvLac was carried out in
500μL of a solution containing 25mM NaAC buffer pH4.5, 100μM
CuCl2, 100μM substrate with 2μg RvLac and 5μg GhDP1_A1 protein.
Controls were executed either without 1, without GhDP1_A1, without
RvLac, or without both GhDP1_A1 and RvLac. The above reaction pro-
ducts and substrates were extracted with ethyl acetate, then evapo-
rated to dryness using a vacuum concentrator. The sample sizes for
each analysis are indicated in the figure legends. The residue was
subsequently resuspended in 60μL of acetonitrile and analyzed by
Agilent 1260 Infinity II LC System or Q Exactive quadrupole orbitrap
high-resolution mass spectrometry coupled with a Dionex Ultimate
3000 RSLC (HPG) ultra-performance liquid chromatography (UPLC-Q-
Orbitrap-HRMS) system (Thermo Fisher Scientific) using the Thermo
C18 analytical column (150 × 4.6mm, 5 μm). The mobile phase con-
sisted of solvent A (water with 0.1% formic acid) and solvent B (acet-
onitrile) at a flow rate of 1mL/min, with the following 12-minute
gradient and detection at 257 nm and 272 nm: 0-3min, 20-70% B; 3-
5min, 70-80%B; 5-7min, 80-84%B; 7-8min, 84-100%B; 8-10min, 100%
B; 10-11min, 100-20% B; 11-12min, 20% B. A HESI ionization source was
employed to collect theMS data in positive-ionmode. Key parameters
of mass spectrometer were as follows: mass range: 100-1000m/z;
ionization voltage: +3.8 kV/–3.0 kV; sheath gas pressure: 35 arbitrary
units; auxiliary gas: 10 arbitrary units; auxiliary gas heater temperature:
350 °C; capillary temperature: 320 °C.Mass spectra and retention time
matching with standards were used to identify detected compounds.
Agilent Chemstation Revision B.04.03 and Thermo Scientific Xcalibur
Version 4.2.47 were used for data analysis.

Article https://doi.org/10.1038/s41467-025-64323-z

Nature Communications |         (2025) 16:9270 13

www.nature.com/naturecommunications


Conjoint enzymatic activity assay of GhDP1_A1 and
GhAKR13D2_A3
To analyze the combined catalytic activity of GhDP1_A1 and
GhAKR13D2_A3, the reaction mixture (500 µL) contained 25mM
sodium acetate buffer (pH 4.5), 100μM CuCl₂ or FeCl₃, and 100μM
hemigossypol (1). Subsequently, 5μg of GhDP1_A1 and 5μg of
GhAKR13D2_A3 were added to the mixture. Control experiments with
individual components removed in turn were set. The reaction pro-
ducts were detected using the method as described previously.

Immunogold labeling and TEM observation
Referring to previously reportedmethods71, the young leaves of cotton
seedlingswerefixed in 4% (v/v) glutaraldehyde (EMGrade) in0.1MPBS
(pH 7.4). After beingwashed three timeswith PBS, theywerepost-fix in
2% (w/v) osmium tetroxide in PBS for 1 h, then rinsed thoroughly with
Milli-Q water. The samples were then dehydrated through a graded
ethanol series, followed by infiltration with acrylic ‘LR White’ resin for
several days. Each sectionwas embedded in gelatin capsules with fresh
resin and polymerized at 65 °C. The sections were cut to 80nm
thickness and collected on formvar-coated gold grids.

For immunogold labeling and TEM, treat ultrathin sections with
10% H2O2 for 10min, followed by three washes with distilled water.
Block with 1% bovine serum albumin in PBS for 1 hour. Incubate the
sections with anti-GhDP1 or anti-GhAKR13D2 monoclonal antibody
(1:500 dilution, customized by Abmart) at 37 °C for 2 hours. Wash
sections five times with 0.01% Tween 20 in PBS, then incubate with
goat anti-mouse IgG (1:30 dilution, Abcam, ab27241) for 1 hour. Rinse
withPBS anddistilledwater. Stainwith aqueous uranyl acetate (2%w/v)
for 3min and lead citrate for 5min, followed by rinsing with distilled
water and air drying. Finally, observe the sections under a transmission
electron microscope (H7650, Hitachi) at 80 kV accelerating voltage.

Subcellular localization assays
The coding sequences ofGhDP1_A1 andGhDP1_A2were fused with GFP
and placed under the control of upstream of the 2 kb promoter of
GhDP1_A1 andGhDP1_A2 or the 35S promoter, respectively, and cloned
into the pCAMBIA2301 vector. Similarly, GhAKR13D2_A3 and its
upstream 2 kb promoter were cloned into the pCAMBIA2301 vector.
The above constructs were used for cotton transformation. For tran-
sient expression analysis in N. benthamiana, the coding sequence of
GhAKR13D2_A3 was fused in-frame to the C-terminus of the mCherry
fluorescent protein and introduced into N. benthamiana leaf epi-
dermal cells via Agrobacterium-mediated infiltration. The plasma
membrane marker AtPIP2A fused to YFP was co-expressed as a loca-
lization reference. Two to three days post-infiltration, leaves were
excised and subjected to confocal laser scanning microscopy. The
fluorescent dye Fluorescent Brightener 28 (Calcofluor White M2R,
FB28) was used at a final concentration of 0.1% (w/v) in water for the
cell wall visualization. Colocalization of GhAKR13D2_A3-mCherry sig-
nals with AtPIP2A-YFP and FB28 staining was assessed under both non-
plasmolyzed and plasmolyzed conditions. For plasmolysis treatment,
leaf discs were incubated in 0.8Mmannitol for 20 − 30minutes before
imaging to distinguish the plasma membrane from the
apoplastic space.

Allfluorescence signalswere observedby a LeicaTSCSP8STED3×
confocal microscope. Pictures were analyzed by ImageJ.

Phylogenetic analysis
The full-length amino acid sequences of dirigent proteins or aldo-keto
reductases were aligned and trimmed by MUSCLE v5.1 (https://drive5.
com/muscle5) and trimAI (http://trimal.cgenomics.org)72,73. Then, a
phylogenetic tree was constructed using IQ-TREE v2.2.0 (http://www.
iqtree.org) with the maximum likelihood (ML) method74. The boot-
strap testmethodwas set to 1000. The polygenetic tree was visualized
by iTOL (https://itol.embl.de)75.

Molecular docking and in silico protein stability analysis
AlphaFold3was applied forproteinhomologymodelsofGhDP1_A1 and
GhAKR13D2_A341. The molecular docking analysis was performed by
AutoDock Vina, v1.1.276. The docking parameters are as follows: cen-
ter_x = −6.862, center_y = −14.904, center_z = 3.977, size_x = 40,
size_y = 40, size_z = 50, exhaustiveness = 8. The effects of site-directed
mutagenesis onGhDP1_A1 stabilitywere systematically evaluated using
three computational approaches: Rosetta’s ddg_monomer, FoldX 5.0,
and ThermoMPNN77–79.

Western blotting
Protein samples were isolated using a 4-20% ExpressPlus PAGE Gel
(GenScript), and subsequently transferred onto an Immobilon-P PVDF
0.45 µmmembrane (Merck). First antibodies applied comprised of 5%
skim milk (BD) anti-His (1:5000 dilution, Smart-Lifesciences,
SLAB2801), anti-GFP (1:5000 dilution, Smart-Lifesciences, SLAB3001),
anti-FLAG (1:5000 dilution, Smart-Lifesciences, SLAB0101), or a
custom-made mouse monoclonal antibody against GhDP1 produced
by Abmart (1:1000). For secondary antibody, horseradish peroxidase
(HRP)-labeled goat anti-mouse (1:10,000 dilution, ZB-2305, ZSGB-BIO)
in 1×TBST was used. The blotting signals were identified by applying
SuperSignalWest FemtoHigh Sensitivity Substrate (ThermoScientific)
to the PVDF membrane. Finally, signal detection was performed using
Tanon 5200 SF (Tanon).

Split luciferase complementation (SLC) assay
The coding sequences of GhDP1_A1 and GhAKR13D2_A3 were cloned
into pJW771 (nLUC) and pJW772 (cLUC) vectors under the control of
the CaMV 35S promoter, respectively. The resulting constructs, along
with the corresponding empty vector controls,were introduced intoA.
tumefaciens strain GV3101. The transformed strains were cultured,
harvested, and resuspended in infiltration buffer (10mM MgCl₂,
10mMMES, 150 µMacetosyringone) to anOD600 of ~1.0 and incubated
at room temperature for 2–3 h. Equal volumes of the nLUC and cLUC
strains were mixed at a 1:1 ratio and infiltrated into N. benthamiana
leaves. After 48 hours, 1mM D-luciferin (potassium salt; APExBIO) was
applied to the infiltrated areas. Luminescence was detected and
imaged using a Tanon 5200 SF imaging system to assess
protein–protein interaction.

Pull-down assay
GhDP1_A1-His and GhAKR13D2_A3-FLAG proteins were co-expressed in
E. coli (BL21) using the pETDuet vector, with YFP-His and
GhAKR13D2_A3-FLAG co-expression as the control group. Ni-NTA
agarose resin (Cytiva)was used to capture theHis-taggedproteins. The
Ni-NTA agarose resin was then washed three times with wash buffer
(50mM Tris-HCl pH 7.5, 100mM NaCl, 20mM imidazole) to remove
non-specifically bound proteins. The precipitates were released by
boiling in SDS sample buffer at 100 °C for 10minutes and detected by
Western blot analysis using anti-FLAG (Smart-Lifesciences, SLAB0101)
and anti-His (Smart-Lifesciences, SLAB2801) antibodies.

Bimolecular fluorescence complementation (BiFC) assay
pMSH21-mCherry-cYFP, pMSH21-mCherry-nYFP, pMSH21-GhDP1_A1-cYFP
and pMSH22-GhAKR13D2_A3-nYFP vectors were constructed and sub-
sequently transformed into A. tumefaciens strain GV3101. Then, the
bacterial cultures were expanded and the bacteria were collected. The
collected bacteria were suspended until the OD600 was approximately
1.0 and then left at room temperature for 2-3 hours. Equal volumes of
pMSH21-GhDP1_A1-cYFP and pMSH22-nYFP, pMSH22-GhAKR13D2_A3-
nYFP and pMSH22-cYFP, pMSH21-GhDP1_A1-cYFP and pMSH22-mCherry-
nYFP, pMSH22-GhAKR13D2_A3-nYFP and pMSH22-mCherry-cYFP,
pMSH22-mCherry-nYFP and pMSH22-mCherry-cYFP were mixed and
injected into tobacco leaves. The mCherry protein was used as an
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unrelated protein control. After 48h fluorescence was observed using a
Leica TSC SP8 STED 3× confocal microscope.

Co-immunoprecipitation (Co-IP)
The expression vectors pCAMBIA1300-GhAKR13D2_A3-YFP,
pCAMBIA1300-YFP (empty vector control), and pEAQ-GhDP1_A1-FLAG
were used to transiently co-express GhAKR13D2_A3-YFP or YFP and
GhDP1_A1-FLAG in N. benthamiana leaves. Proteins were subsequently
extracted from the leaves using IP lysis buffer consistingof 50mMTris-
HCl, 150mM NaCl, 20% glycerol, 0.5% NP-40, and 1×PIC (TransGen).
After centrifugation, supernatant was incubated with anti-GFP beads
(Smart-Lifesciences, SM038001) for 2 h at 4 °C, followed by four times
washes with the extraction buffer. Western blot analysis was per-
formed using anti-GFP (Smart-Lifesciences, SLAB3001) and anti-FLAG
antibodies (Smart-Lifesciences, SLAB0101) to identify proteins that
interacted and were tagged with GFP and FLAG.

Biacore assay
GhAKR13D2_A3 purified protein was dissolved with deionized and
prepared into 1mg/mL protein stock solution. The stock solution was
diluted to 30μg/mLwith four different acetate buffers (pH 4.0, pH 4.5,
pH 5.0, pH 5.5) prior to injection. The response values of proteins
under different conditions were detected by the Biacore preen-
richment system, and the optimal coupling condition was pH 4.0.

The coupling of purifiedproteins to theCM5chipwas achievedby
activating the carboxyl groups on the surface of the CM5 chip via EDC/
NHS, followed by the condensation of carboxylic acids and amines to
bond the proteins to the CM5 chip, and finally blocking the unbound
carboxyl groups with ethanolamine.

The small molecular compounds were dissolved in PBS and
diluted into 64 μmol/L, and the compound concentration was dilu-
ted at a half ratio. The concentration range was 0.0625 to 32 μmol/L,
and the mobile phase was a PBS solution. The response value of the
molecular compounds flowing over the protein surface was ana-
lyzed by the Biacore system. The initial concentration of the stock
solution was 125 nmol/L, and the buffer system was a phosphate
buffer system without DMSO, ranging from 0.488 nmol/L to 62.5
nmol/L, and other parameters were the same as those of small
molecular compounds.

A kinetic curve was then drawn based on the dose-effect rela-
tionship between the response value and the concentration of the
candidate compound. The binding specificity of the mobile phase
molecules to the target protein was determined through the curve
fitting, and the dissociation constant (KD) value was calculated.

Insect feeding test
The third instar larvae ofH. armigera and S. frugiperdawere purchased
from Keyun Biology and cultured in an incubator at 28 °C with 70%
relative humidity, under a 16-hour light / 8-hour dark. G. hirsutum cv.
R15 (WT) or GhDP1-knockout (CR-Ghdp1) cotton leaves were used as
fodder. Each larva was fed in a separate container, fresh plants were
changed daily, and the body weight gain was recorded after three (H.
armigera) or five (S. frugiperda) days of feeding.

Botrytis cinerea inoculation assay
Botrytis cinerea strain B05.10 was cultured on potato dextrose agar
(PDA) medium for three days. Colonies with a diameter of 5mm were
then transferred to leaves of G. hirsutum cv. R15 (WT) or GhDP1-
knockout (CR-Ghdp1) cotton plants for pathogen inoculation. After
five days, the lesion area on the leaves infected with B. cinerea was
measured using ImageJ software. For reference, wild-type leaves trea-
ted with a blank medium (MOCK) served as an additional control. The
biomass of the B. cinerea was quantified by measuring the relative
abundance of fungal Actin (BcActin) DNA to cotton GhUBQ7 DNA
using qPCR.

Fusarium oxysporum and Rhizoctonia solani inoculation assay
Fusarium oxysporum f. sp. lycopersici strain 4287 and Rhizoctonia
solani isolate RH-9 were initially cultured on potato dextrose agar
(PDA) at 28 °C for 3 days. Subsequently, mycelia were transferred to
Czapek-Dox liquid medium and incubated at 28 °C with shaking at
150 rpm for 3 days to promote spore production. Spores were har-
vested by suspending the cultures in sterile water, and concentrations
were adjusted to 106 conidia/mL using a hemocytometer. Seedlings
(2–3 weeks old) were inoculated using the root-drenching method,
followedby application of the spore suspension to the soil. Plants were
grown under controlled conditions (28 °C, 85% relative humidity, 16-
hour light/8-hour dark). Disease grades were assessed 7–10 days post-
inoculation using a five-point scale: 0 = no visible wilting or yellowing
symptoms; 1 = one or two cotyledons wilted or dropped; 2-3 = one or
two true leaves wilted or dropped; 4 = all leaves dropped or plant died.
Disease grades were calculated from three independent biological
replicate experiments. Relative fungal biomass was measured by DNA-
based qPCR using the threshold cycle value (CT) of F. oxysporum Actin
(FoActin) DNA or R. solani 18S rRNA (Rs18S) DNA against the CT of
cotton genomic GhUBQ7 (GenBank: DQ116441)80,81. The data were
normalized to cotton GhUBQ7 (GenBank: DQ116441) expression. The
ratio of fungal DNA to cotton DNA inWT plants was set to 1. Statistical
significance was evaluated using Student’s t-test. The plants were
photographed and subjected to disease index analyses 7-10 days post-
inoculation.

Synteny analysis
The genomes and complete protein sequences of the species utilized
in the phylogenetic study were uploaded to MCscan (Python version),
a tool from the JCVI utility libraries (https://github.com/tanghaibao/
jcvi)82. Gene pair comparisonswere conducted using LAST83. Following
bidirectional sequence alignment, removal of potential tandem
duplications and low-scoring hits, the anchors derived from the LAST
outputs were organized into syntenic blocks. Microsynteny diagrams
were produced using the synteny functions with their default
parameters.

Immunoprecipitation-mass spectrometry (IP-MS)
Cotton plants (transgenic 35S::GhDP1_A1-GFP and wild type) were
grown for three weeks. Leaf organs were immediately frozen in liquid
nitrogen, then insolublepolyvinylpolypyrrolidone (PVPP)wasadded at
a ratio of 5:1 (m/m) and thoroughly ground. Proteins were extracted
using the extraction buffer (150mMTris-HCl pH 7.5, 150mMNaCl, 10%
glycerol, 10mM EDTA, 0.5% Triton X-100, 20mM NaF, 100mM DTT,
and the protease inhibitor cocktail (Roche)) by sonication at 4 °C. The
homogenate was filtered through a 0.45 µm filter. Wild-type cotton
plants were used as negative controls for downstream analyses.

Anti-GFP Magarose Beads (Smart-Lifesciences, SM038001), pre-
equilibrated with TBS (10mM Tris-HCl pH 7.5, 150mM NaCl, 0.5mM
EDTA), were incubated with the protein extract at 4 °C for 2 hours.
Following incubation, the beads were washed three times quickly and
three times slowly with TBST (10mM Tris-HCl pH 7.5, 150mM NaCl,
0.5mM EDTA, 0.5% Triton X-100). The proteins were eluted using the
denaturing buffer (2% SDS, 100mM Tris-HCl pH 8.0, 10mM TCEP,
50mM CAA), and the collected eluate was denatured at 95 °C for
10minutes for further analysis.

Samples were sequentially washed with 8M urea and 50mM
ammonium bicarbonate using filter-aided sample preparation (FASP)
with Vivacon 500 (10,000 MWCO, SARTORIUS, VN01H01). Each sam-
ple was digested overnight using 1μg of trypsin (Promega). Desalting
was performed using Pierce™ C18 Spin Tips & Columns (Thermo
Fisher, 89870). The eluted peptides were dried by centrifugation at
10 °C and dissolved in an appropriate volume of 0.1% formic acid and
then subjected liquid chromatography mass spectrometry (LC-MS)
detection.
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Mass spectrometry experiments were conducted using a timsTOF
Pro2 instrument, which was integrated with a nanoElute liquid chro-
matography system (Bruker Daltonics). Peptide samples were recon-
stituted in 0.1% formic acid (FA), and 200ng of each peptide
was subjected to separation via a reversed-phase analytical column
(25 cm × 75 μm i.d., Ionopticks). The separation employed a 60-minute
gradient (buffer A: 0.1% FA; buffer B: 0.1% FA in acetonitrile), starting at
2% buffer B and increasing to 22% over 45minutes, followed by a rapid
increase to 37% over 5minutes, a jump to 80% for 5minutes, and then
held at this concentration. The flow rate was set at 300 nL/min, with
the column maintained at a temperature of 50 °C. The timsTOF Pro2
was operated in DDA-PASEF mode, configured with a capillary voltage
of 1500 V, a dry gas flow rate of 3 L/min, and a drying temperature of
180 °C. During PASEF MS/MS acquisition, collision energy was linearly
ramped from 59 eV at a mobility value of 1/K0 = 1.6 V·s/cm² down to
20 eV at 1/K0 = 0.6V·s/cm².

Themass spectrometry data were processed using Paser version
2023, with a search conducted against the NBI_Gossypium_hirsu-
tum_v1.1.pep.fas.fa (https://www.cottongen.org). The initial search
parameters included a precursor mass tolerance of 10 ppm,
employing Trypsin as the enzymatic cleavage agent, allowing for a
maximum of two missed cleavages, and a fragment ion mass toler-
ance of 0.02 Da. Carbamidomethylation of cysteine (C) at 57.02Da
was set as a fixed modification, while methionine oxidation (M) at
15.99Da was considered a variable modification during the database
search. A global false discovery rate (FDR) threshold of 0.01 was
established for both peptide and protein identification. For the
decoy database, a mutated strategy similar to random amino acid
sequence shuffling was used, with sequences varying from a mini-
mum of two amino acids to up to half the length of the original
peptide. Spectronaut 19 performed automatic calibration and local
normalization of the data, and the average peak area of the top three
peptides with an FDR below 1.0% was utilized for protein group
quantification.

Proteome of cotton apoplastic fluid (APF)
Upland cotton G. hirsutum cv. R15 APF was extracted as follows, then
the BBP buffer (100mM Tris-Base (pH 8.8), 100mM EDTA, 50mM
Borax, 50mM ascorbic acid, 1% Triton X-100, 10mM TCEP, 30%(m/v)
sucrose, 50mM tetraborate, the protease inhibitor 1mM cocktail
(Roche) and 1mM PMSF was added at a volume ratio of 1:4 (v/v).
Subsequently, phenol was added to the mixture at a ratio of 1:1 for
protein extraction. After centrifugation, the upper phasewas collected
and transferred to a solution of 0.1M ammonium acetate (dissolved in
methanol) and incubated at−20 °Covernight for proteinprecipitation.
The precipitated proteins were washed with 90% acetone and subse-
quently dissolved in 8M urea. The samples underwent reduction,
alkylation, and trypsin digestion. After digestion, desalting was per-
formed using Pierce™ C18 Spin Tips & Columns (Thermo Fisher,
89870). The samples were then dried by centrifugation and dissolved
in 0.1% formic acid for instrumental analysis. LC-MS detection,
sequence database searching, and data analysis were performed as
previously described.

Data analysis and statistics
Compound structures were drawn by ChemDraw 19.0. Enzyme assays
or analyses of chemicals were conducted by Origin 2022. Quantifica-
tion and statisticswere conducted using GraphPad Prism 8.2.1. All data
are presented as mean± s.d. and statistical analysis was conducted
using a two-tailed unpaired Student’s t-test unless otherwise specified.
*P < 0.05, **P <0.01, ***P < 0.001 and ****P <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all relevant data supporting the findings of
this study are available within the article and its Supplementary
Information. The RNA-seq data generated in this study have been
deposited in the NCBI SRA database under accession number
PRJNA1210977, corresponding to the transcriptome of GhAKR13D2
VIGS experiment. Public RNA-seq datasets used for comparative ana-
lyses are available under accession numbers PRJNA248163 (gene
expression profiles across different organs of upland cotton, https://
www.ncbi.nlm.nih.gov/sra/?term=PRJNA248163) and PRJNA493958
(transcriptomes of glanded and glandless cotton varieties, https://
www.ncbi.nlm.nih.gov/sra/?term=PRJNA493958). Sequence data and
gene IDs can be found in the Cottongen database (https://www.
cottongen.org). The single-cell transcriptomic data used in this study
can be found at the National Center for Biotechnology Information
using the accession number GEO: GSE243419. The mass spectrometry
proteomics raw data from the IP-MS and apoplast proteome experi-
ments have been deposited in the ProteomeXchange Consortium
under the accession numbers PXD062712 and PXD062792, respec-
tively. In summary, all datasets generated and analyzed in this study
have been deposited in publicly accessible repositories, and the rele-
vant accession numbers and links are provided above. Source data are
provided with this paper.
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