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Orobanche cumana KAI2d2 mediates the
perception of dehydrocostus lactone and
strigolactones and is inhibited by triazole ureas

Dear Editor,

Orobanche cumana (Orobanchaceae), commonly known as
broomrape, is an obligate root holoparasitic plant that infests sun-
flower (Helianthus annuus), causing substantial yield losses in
many regions of Europe and Asia (Gagne et al., 1998; Westwood
et al.,, 2010). lts seed germination is triggered by chemical
signals exuded by sunflower roots, including strigolactones (SLs)
and sesquiterpene lactones (STLs) such as dehydrocostus
lactone (DCL) (Plakhine and Joel, 2010; Dor et al., 2020). In non-
parasitic plants, SL perception by the o/p-hydrolase DWARF14
(D14) initiates a signaling cascade via the SCFM**2 ubiquitin ligase
complex. SL recognition and hydrolysis by D14 destabilize the D14
lid domain, which is required for the association of D14 with the
MORE AXILLARY GROWTH 2 (MAX2) F-box protein (Yao et al.,
2016; Vancea et al., 2025). In Orobanchaceae, perception of
SL and STL signals is mediated by KARRIKIN INSENSITIVE2-
divergent (KAI2d) receptors. KAI2d evolved from canonical KAI2
a/B-hydrolases, D14 homologs that respond to karrikins and
unknown endogenous ligands (Galindo et al., 2002; Toh et al.,
2015; Tsuchiya et al., 2015; Conn and Nelson, 2016; Takei et al.,
2023). In Striga hermonthica, SL recognition by the KAI2d protein
ShHTL7 also induces lid domain destabilization and MAX2
binding, suggesting that this mode of SL signaling is conserved
in at least some KAI2ds (Vancea et al., 2025). However, the
structural basis of STL recognition in O. cumana is unknown, and
we lack selective inhibitors that block germination without
interfering with SL signaling in the sunflower host.

We identified 11 D14/KAI2 homologs in the O. cumana genome
and classified them into four clades: D14, D14-like, KAI2, and
KAI2d (Supplemental Figure 1). Whereas Arabidopsis and rice
each have a single copy of D14 and KAI2, O. cumana contains
one D14 (OcD14), one KAI2c (OcKAI2c), and nine KAI2d paralogs
(OcKAI2d1-OcKAI2d9), indicating lineage-specific expansion
and functional diversification of KA/I2d genes akin to other Striga
family members. Sequence alignment and AlphaFold modeling
confirmed conservation of the Ser-His—Asp catalytic triad across
all OcKAI2d proteins (Supplemental Figures 2 and 3), supporting
a cleavage-based signaling mechanism. Ligand pocket analysis
revealed two subgroups: OcKAI2d1, OcKAI2d3, and OcKAI2d4
with smaller cavities (404-419 As), and the remaining receptors
with larger pockets (704-1162 A3). These different cavity volumes
suggest diversification of ligand recognition.

We determined the crystal structures of OcKAI2d2 and OcKAI2d6
at resolutions of 2.19 and 1.85 A, respectively (Figure 1A;
Supplemental Table 1). Both proteins adopt the canonical
a/B-hydrolase fold with a conserved Ser-His—-Asp catalytic triad
and open lid domain. Both are structurally similar to each other

(root-mean-square deviation = 0.62 /o-\) and to AtD14, AtKAI2,
and ShHTL7 (root-mean-square deviations from 0.6 to 1.0 A;
Supplemental Figure 4). Their ligand pockets (OcKAI2d2:
863 A% OcKAI2d6: 704 A% suggest a capacity for SL binding
and contain key residues involved in ligand recognition
(Supplemental Figures 3 and 4). YLG competition assays
confirmed SL sensitivity, with the SL analogs GR24 and
MP3 (Jamil et al., 2018) yielding low micromolar IC5, values
for both receptors (Figure 1B; Supplemental Table 2). SL
hydrolysis assays showed broad substrate specificity for
OcKAI2d2 (Figure 1C; Supplemental Figure 5). Differential
scanning fluorimetry revealed SL-induced receptor destabiliza-
tion, consistent with conformational changes required
for binding to SCFMA*2 (Yao et al., 2016; Vancea et al., 2025)
(Supplemental Figure 6A). These findings establish OcKAI2d2
and OcKAI2d6 as catalytically active SL receptors. Eeven
OcKAI2d1 and OcKAI2d3 were able to hydrolyze GR24, despite
their smaller ligand cavities (Supplemental Figure 6B). This
observation is consistent with the GR24-hydrolyzing activity re-
ported for AtD14 (Seto et al., 2019), whose cavity volume is
447 A3 (Supplemental Figure 3), and demonstrates that OcKAI2
paralogs with a range of pocket sizes can catalyze SL hydrolysis.

Previous studies identified DCL as a germination stimulant in Or-
obanche species (Takei et al., 2023). Accordingly, YLG
competition assays revealed that OcKAI2d2 binds DCL with an
ICs0 comparable to those of the SLs GR24 and MP3 (Figure 1B;
Supplemental Figure 6C). However, DCL binding stabilized
OcKAI2d2 (Supplemental Figure 6A), and OcKAI2d2 did not hy-
drolyze DCL in vitro (Supplemental Figure 7). Both properties
are characteristic of inhibitors of MAX2-mediated signaling
(Shahul Hameed et al., 2022; Vancea et al., 2025) and appear
incompatible with a mechanism in which SL hydrolysis induces
receptor destabilization (Yao et al., 2016; Vancea et al., 2025).
Nonetheless, DCL promoted the association of OcKAI2d2 with
rice MAX2 (also named DS3) in yeast two-hybrid assays
(Supplemental Figure 8). These observations indicate that DCL
can engage the SCFM"2 pathway via OcKAI2d2 but may use a
mechanism different from that of SLs.

Given the high similarity between the ligand-binding pockets of
OcKAI2d2 and OcKAI2d6 (Figure 1A; Supplemental Figure 4),
we hypothesized that OcKAI2d6 might also interact with DCL.
However, DCL failed to compete with YLG for OcKAI2d6
(Supplemental Figure 6C), indicating that DCL has low affinity
for OcKAI2d6.

To investigate DCL binding, we co-crystallized OcKAI2d2 with
DCL, yielding a 2.45-A structure (Figure 1D). Electron density
maps revealed that DCL bound adjacent to the catalytic
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Figure 1. Structural basis of OcKAI2d2-
ligand interactions and inhibition by triazole
urea compounds.

(A) Superimposed crystal structures of OcKAl2d2
(brownish orange) and OcKAI2d6 (cyan), high-
lighting their canonical a/f-hydrolase folds.

(B) YLG competition assays with the synthetic SL
analogs GR24 and MP3 (methyl phenlactonoate
3) for OcKAI2d2 and OcKAI2d6. All experiments
were independently repeated three times, and the
data are presented as the mean + SEM.

(C) Enzymatic hydrolysis of strigolactones (SLs)
by OcKAI2d2. 4DO, 4-deoxyorobanchol; 5DS, 5-
deoxystrigol; 40xoMeCLA, 4-oxo-methyl carlac-
tonoate; Oro, orobanchol. All experiments were
independently repeated three times, and the data
are presented as the mean + SEM.

(D) OcKAI2d2 structure (brownish orange) bound
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(F) YLG competition assays with various con-
centrations (Conc) of KK007 and KKO094 for
OcKAI2d2. All experiments were independently
repeated three times, and the data are presented
as the mean + SEM.

(G) Germination responses of O. cumana seeds to
DCL and GR24 in the presence or absence of
KK007 and KK094.

(H) Effects of KKO07 and KK094 treatments (25 pM
each) on the number of emerged O. cumana plants
per pot in the presence of host sunflower plants,
compared with the blank control. The bar graph
shows means + SE (n = 6), with individual data
points overlaid. Statistical significance was as-
sessed by one-way ANOVA (p < 0.05). Different bar
heights and non-overlapping error bars show dif-
ferences between treatments. KK007 and KK094
reduced O. cumana emergence by 46% and 82%,
respectively, relative to the blank control.

KK007

KK094

() Representative images of sunflower plants grown in pots under three treatments: blank control, KK0O07 (25 pM), and KK094 (25 uM). Top row: close-up
views of pots showing the emergence of O. cumana around sunflower stems, corresponding to the data shown in (H). Bottom row: overall sunflower growth
under the same treatment conditions, showing minimal impact of the treatments on the host plant. Scale bar: 20 cm.

residues S96 and H247 within a hydrophobic pocket formed
primarily by lid-domain helices (Supplemental Figure 9). Key
interactions included hydrogen bonds with Ser96, His247, and
Tyr175, which stabilized the intact DCL molecule noncovalently.
Structural comparison showed minimal conformational changes
upon binding, which were limited to rotamer shifts and a minor
inward displacement (0.28 A) of the o2 lid helix (Supplemental
Figure 9C). Unlike SLs, which undergo hydrolysis, DCL
remained intact in its complex with OcKAI2d2, confirming the
ability of the receptor to accommodate non-hydrolyzable ligands
and supporting its role in DCL-induced germination. Compared
with that of OcKAI2d2, the lid helix position of apo-OcKAI2d6 is
slightly more closed (Figure 1A) and would produce minor side-
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chain clashes with DCL, potentially limiting DCL interaction
(Supplemental Figures 6C and 10).

Triazole urea compounds have been shown to irreversibly inhibit
SL receptors by covalently modifying the catalytic serine. To test
their effects on O. cumana, we co-crystallized OcKAI2d2 with two
triazole urea inhibitors, KK0O07 and KK094, and resolved struc-
tures at 1.39 and 2.35 A (Figure 1E; Supplemental Figure 8;
Supplemental Table 1). Electron density confirmed a covalent
linkage to Ser96, with both inhibitors occupying the active site
and sterically blocking SL and DCL binding (Figure 1E;
Supplemental Figures 11A-11D). YLG hydrolysis assays
showed potent inhibition, with ICsq values of 2.5 + 0.4 (KK0Q7)
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and 1.2 + 0.2 (KK094) pM, outperforming SLs and DCL (Figure 1F;
Supplemental Table 2). Differential scanning fluorimetry revealed
increased thermal stability, consistent with covalent binding
(Supplemental Figure 11E). These results establish KK0O07 and
KK094 as potent covalent OcKAI2d2 inhibitors that target the cat-
alytic serine, thereby preventing ligand binding and SL hydrolysis.

We next investigated the inhibitory activity of triazole urea com-
pounds for O. cumana seed germination. In the absence of inhib-
itors, germination was unexpectedly ~five-fold higher with
100 nM DCL than with an equivalent concentration of GR24.
This enhanced response may reflect either greater intrinsic sensi-
tivity of O. cumana seeds to DCL or greater stability of DCL during
the 1-week incubation period. KKO0O7 and KK094 showed dose-
dependent inhibition of DCL-induced germination, with KK094
achieving complete suppression at 100 pM and KK007 reducing
germination by 41% at the same concentration (Figure 1G;
Supplemental Figure 12). When GR24 was used as the
stimulant, KK094 fully inhibited germination at 25 uM, whereas
KKO007 required 50 uM (Figure 1G; Supplemental Figure 13).
Both compounds also significantly reduced radicle elongation
(Supplemental Figure 11). In greenhouse trials, KK094 (25 puM)
reduced O. cumana emergence by 83%, compared with 43%
for KKOO7 (Supplemental Figure 14). These findings confirm
that OcKAI2d-mediated germination and emergence were effec-
tively blocked by the triazole urea inhibitors KKO07 and KK094,
consistent with their relative in vitro affinities and thermal stabili-
zation profiles, supporting their potential as chemical control
agents.

To evaluate potential host toxicity, sunflower seeds were treated
with KKO07 and KK094 at various concentrations. Neither
compound affected germination or seedling development
(Supplemental Figure 15). Treated seedlings showed normal
shoot growth and morphology, and sunflower plants grown in
pots maintained typical growth at all developmental stages.
These observations indicate that, under the conditions tested,
the inhibitors did not adversely affect sunflower viability
(Figure 11; Supplemental Figure 16).

In conclusion, we identified nine KAI2d homologs in the
O. cumana genome and resolved the crystal structures of two
representative receptors, OckKAI2d2 and OcKAI2d6. Both recep-
tors exhibit the canonical o/p-hydrolase fold with intact catalytic
triads and large ligand-binding pockets. Their SL-induced desta-
bilization and broad SL hydrolysis activity support their role in
perceiving a wide range of SLs via the canonical SCFM**?-depen-
dent signaling pathway, as established for D14 and ShHTL?.

Importantly, our structural data show that OcKAI2d2 also binds
DCL, a non-hydrolyzable STL, within its SL-binding pocket.
Although DCL is positioned near the catalytic Ser96 and
His247, it is not cleaved, and its binding stabilizes the receptor
rather than destabilizing it, in contrast to the response triggered
by SLs. Structural modeling indicated that uncleaved DCL cannot
be accommodated in the closed MAX2-bound conformation of
OcKAI2d2. Nevertheless, DCL still promoted the association of
OcKAI2d2 with a MAX2 protein in yeast two-hybrid assays. These
findings establish OcKAI2d2 as a bifunctional receptor capable of
activating SCFM**2_mediated germination through both canoni-
cal SL hydrolysis and a distinct mode of engagement by non-hy-
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drolyzable STLs, whose mechanistic basis remains to be
characterized.

We also demonstrate that the triazole urea inhibitors KK0O07 and
KK094 effectively block both signaling routes by covalently modi-
fying the catalytic serine of OcKAI2d proteins. These inhibitors
suppress O. cumana germination and emergence in vitro and un-
der greenhouse conditions. Importantly, they do not impair sun-
flower growth, underscoring their potential as selective agents
for broomrape control. Further studies are needed to evaluate
their environmental impacts, particularly on non-target organ-
isms such as arbuscular mycorrhizal fungi, to ensure safe, sus-
tainable application.
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