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PLANT SYMBIOSIS

Receptor-associated kinases control the lipid
provisioning program in plant-fungal symbiosis

Sergey Ivanov and Maria J. Harrison*

The mutualistic association between plants and arbuscular mycorrhizal (AM) fungi requires
intracellular accommodation of the fungal symbiont and maintenance by means of lipid provisioning.
Symbiosis signaling through lysin motif (LysM) receptor-like kinases and a leucine-rich repeat
receptor-like kinase DOES NOT MAKE INFECTIONS 2 (DMI2) activates transcriptional programs that
underlie fungal passage through the epidermis and accommodation in cortical cells. We show that
two Medicago truncatula cortical cell-specific, membrane-bound proteins of a CYCLIN-DEPENDENT
KINASE-LIKE (CKL) family associate with, and are phosphorylation substrates of, DMI2 and a subset of the
LysM receptor kinases. CKL1 and CKL2 are required for AM symbiosis and control expression of
transcription factors that regulate part of the lipid provisioning program. Onset of lipid provisioning is
coupled with arbuscule branching and with the REDUCED ARBUSCULAR MYCORRHIZA 1 (RAM1) regulon

for complete endosymbiont accommodation.

rbuscular mycorrhizal (AM) symbioses
are widespread in terrestrial environ-
ments; they influence plant mineral nu-
trition and carbon allocation below ground
and, consequently, ecosystem productiv-
ity (7). The endosymbiosis develops in the roots,
where differentiated hyphae called arbuscules

are accommodated in membrane-bound apo-
plastic compartments generated de novo within
the cortical cells (2, 3). These elaborate inter-
faces are the sites of nutrient exchange. The
mutualism requires substantial modifications
to root cell metabolism and transport to en-
able the cell to provision the lipid auxotrophic

L)

endosymbiont and to access the phospha Check for

delivers (4). These modifications are achi¢. .=
through alterations to the root cortical cell tran-
scriptome, but knowledge of the signaling that
underlies these responses is still incomplete.

AM symbiosis arose early in the plant line-
age (5), and AM symbiosis-competent host
plants share several genes conserved in hosts
and missing from nonhosts (6, 7). These so-
called AM symbiosis-conserved genes include
afamily of kinases that cluster within a larger
family referred to as CYCLIN-DEPENDENT
KINASE-LIKE (CKL) (6, 8). The genome of
model plant Medicago truncatula (Medicago)
contains two AM symbiosis-conserved CKL
genes, which we refer to as CKLI and CKL2.
The CKL family is related to but distinct from
the canonical cyclin-dependent kinases (fig. S1,
A and B). To date, functions for CKL family
members have not been reported.

CKL1 and CKL2 are required for expression of
part of the lipid provisioning program

Expression of CKLI and CKL2 is induced during
AM symbiosis (fig. S1C), and the promoters of
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Fig. 1. CKLI and CKL2 are required for AM B YT c e R B = Not 514G
symbiosis. (A) CKL1 and CKL2 promoter activity n 9_; 20 5wpp 80 we hmSiC
in M. truncatula roots colonized by AM fungus @g : 5 ? U ne=12) @ war D.epigaea
Rhizophagus irregularis as assessed through s 4 Sa0 $ 260 N7=6
B-glucuronidase (GUS) activity. Arrows indicate & &f/ S 3

arbuscules. Scale bars, 100 um. (B to F) Effect of S = %20 %I ﬁ % 40

mutations in CKLI and CKL2. (B) The percentage ) N - £ 20 1 e

of root length with intraradical colonization in ‘ S 10 El [Jfl

WT segregant (WT), ckll, ckl2, and ckll/ckl2 mutants \ o KA NA A0 0 L
colomzeq by AM funglis D. epigaea 5 weeks @:\(5 ;\&; ()&Q&'\é\'@‘v\& @'@’\@I@‘L’ \$&'\&3\'\l3 ‘1/'\&'
postplanting (wpp). nr = 12, number of root systems el N (Ol @0 g \O g

evaluated for each mutant allele (***P < 0.00L G&\ G‘S\ G‘S\ G‘X\

ns, not significant; t test). (C) Proportion of senescing E

and collapsed arbuscules (S+C) and not senescent cki1/ckl2 —~

or collapsed arbuscules (Not S+C) in WT segregants, §’ 0.0

ckll, ckl2, and ckll/ckl2 (*P < 0.01; ***P < 0.00L; E_ 05

t test). (D) Arbuscules in WT, ckil, ckl2, and ckll/ckl2. ®

Confocal microscopy images of WT and mutant roots B_50

stained with wheat germ agglutinin (WGA)-Alexa488 to g

visualize fungal structures (z-stack projection, n = 10 § -75

optical slices, 1-um intervals). Arrows indicate mature = Q< FatM—:

arbuscules; solid arrowheads indicate senescing and vs WT ckl1 ckl2 ckl1/
ckl2

collapsed arbuscules; open arrowhead indicates fungal F,_\

septa. Scale bars, 100 um. (E) Box plot shows transcript 8%' e S e i N 0 XY RIS -"'-'-'—'-'/"-;.—."—,'-,-".'4'~"'~.-*"-'-..-'-"- S
ratios (logo) in colonized roots ckIWT, cki2WT, and < 0= 1 o e |AADT PUBT : —— =
cklL/ckl2:WT. Box plot shows median, upper, and lower '(% 2| paCERSTR P ! 7 ‘ f CHI iz
quartiles, and whiskers show 1.5 interquartile range. *E_ Lrgj_m ) EXE70/ ke BCP1 KIN3

(F) Transcript ratios, cklI:WT and ckl2:WT, from 5 -4 %DVRIS%‘BFZ ® ckl1vs WT
colonized roots in rank order based on cki2WT data. % _gl"WRIsa 50 100 150 g'fgigaeazoo ® cki2vs Vggo
Blue shading shows the 15th percentile. Lipid = P genes A=

provisioning-related genes and AM marker genes are
indicated. Data in (E) and (F) are the top 250 genes
induced in D. epigaea—colonized WT relative to mock-inoculated control (fig. S5A). Experiments were replicated as shown in table S8.
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both genes are active in the cortex of roots col-
onized by AM fungi (Fig. 1A and fig. S1D). CKL2
promoter activity is restricted to colonized cells
containing arbuscules, whereas the CKLI pro-
moter is active in colonized and adjacent non-
colonized cells (Fig. 1A and fig. S1D). Constitutive
expression of gain-of-function variants of the
major regulators DOES NOT MAKE INFECTIONS
3(DM13) (9) and DELLA (10), but not REDUCED
ARBUSCULAR MYCORRHIZA 1 (RAMTI) (11),
drives 10- to 100-fold increases in CKLI and
CKL2 transcripts in uninoculated roots (fig. S1,
E to G). These data indicate differences in the
control of CKL expression relative to genes of
the accommodation program (72). Public tran-
scriptome data indicate almost AM symbiosis-
specific expression of CKL2, whereas CKLI ex-
pression is detected in non-AM symbiotic con-
ditions (fig. S2).

To assess CKLI and CKL2 functions during
AM symbiosis, we generated Medicago mu-
tants using CRISPR-Cas9 genome editing and
obtained two independent alleles for each
gene and two corresponding double mutants.
The mutations resulted in premature stop
codons (fig. S3A and table S1). The ckl mutants
did not exhibit visible differences in general
root or shoot growth relative to the wild-type
(WT) segregants (fig. S3B). After inoculation
with AM fungus Diversispora epigaea, initial
hyphal penetration of the epidermis was equiv-
alent in mutants and WT (fig. S3, C and D), but
intraradical colonization was impaired in the
mutants (Fig. 1B). Relative to WT, ckl1 alleles
showed, on average, a 24% reduction in fungal
colonized root length, whereas ckl2 and the
ckll/ckl2 alleles showed, on average, a 49 and
77% reduction in fungal colonized root length,
respectively (Fig. 1B). In addition, ckl2 and ckl1/
ckl2 showed more than 60 and 80% senescing
and collapsed arbuscules, respectively (Fig. 1, C
and D, and fig. S3E). Periarbuscular mem-
brane (PAM)-resident proteins PHOSPHATE
TRANSPORTER 4 (PT4) (18) and BLUE
COPPER BINDING PROTEIN 1 (BCP1) (14),
as well as members of symbiotic exocytotic
membrane fusion machinery, could be de-
tected in ckl2 and ckll/ckl2 mutants, indicating
that PAM development and trafficking of pro-
teins occur in the mutants before arbuscule
collapse (fig. S3, F and G). Endoreduplication
occur in AM roots and results in measurable
increases in nuclei size in colonized cortical
cells (15). The size of nuclei in WT and ckl1/ckl2
colonized cells did not differ, thus falsifying an
initial hypothesis that CKL1 and CKL2 are
required for cortical cell endoreduplication
during symbiosis (fig. S4).

We examined the transcript profiles of ckl
mutant roots with and without colonization by
D. epigaea (Fig. 1, E and F; fig. S5; and data S1).
Transcript profiles of ckl1 and WT colonized
roots were similar to each other and showed
the expected marker gene expression (16). More
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Fig. 2. CKL1 and CKL2
functions require
membrane location
and kinase activity.
(A) CKL1 and CKL2
fusion proteins
expressed from their
native promoters.
CKL1-GFP detected on
the PAM in the region
around the tips of
arbuscule branches
(arrow). CKL2-GFP
detected on the PAM
(arrow) and PM
(arrowhead). Myristoy-
lation mutants CKLIgoa-
GFP and CKL2ga-GFP
lost their membrane

. B  CKL2pro: o & S04 CKLIpro: g & o 950 &
association and located S O N NI FAINF T IRY O O /N AN AN N AN AN
in the cytoplasm and PPXFRTLFFE PPt erereheret
nucleoplasm. Proteins g 80 R.irregularis R.irregularis
were coexpressed < o 5\1’?8 60 5V_VF132
with a PM and PAM 2 60 = A=
marker (mQherry-BCP). 5 ns ns NS ns - 40 - .
Qonfocal microscopy o 40 ns ns ns
images (z-stack 3 g 20 ns
projection, n = 10 2 %I I%l$ $

. . o620
optical slices, 0.5-um S
(&) WT| ckli2| OWT| kl1/ckl2

intervals). n, nucleus.
Scale bars, 10 um.

(B) Complementation of colonization in ckl2 or ckll/ckl2 with different CKL1 and CKL?2 variants, including
myristoylation mutant (CKL1g,a and CKL2¢04), kinase active site mutant (CKL1kos and CKL2ko67.; fig. S1B),
phosphoablative (CKL112844 and CKL2t2994) and phosphomimetic (CKL1tpg4p and CKL2t,99p) mutants of
the conserved threonine in kinase domain activation segment (fig. S1B), and phosphoablative (CKL1s31,4 and
CKL2s3,74) and phosphomimetic (CKL1s3104 and CKL2s3574) mutants of a conserved serine. Percentage

of root length with intraradical colonization by R. irregularis at 5 wpp, ng = 12, number of evaluated root
systems for each mutant. WT included for colonization reference. Asterisks indicate the level of statistical
significance (**P < 0.01; ***P < 0.001; t test) in comparison to mutants expressing a GUS gene from the
CKL1 or CKL2 promoters. The ckll/ckl2 mutant provided a sensitized background against which to assess the
CKLI variants. Experiments were replicated as shown in table S8.

than 250 genes showed a log,-fold increase of
>2, and 165 genes showed a log,-fold increase
of >5 in transcript level in colonized roots rela-
tive to mock-inoculated controls. Transcriptional
increases in marker genes in colonized ckl2
and ckll/ckl2 roots were lower than those of
WT and cklI, which is consistent with lower
levels of fungal colonization (fig. S5B). Exam-
ination of ckl2:WT transcript ratios from col-
onized roots revealed a small group of genes
expressed at very low levels in ckl2 (Fig. 1, E and
F, and data S1). This group included genes
with essential roles in AM symbiosis including
WRINKLED transcription factors WRI5a and
WRI5c (17, 18), as well as FATTY ACYL-ACP
THIOESTERASE M (FatM) and STUNTED
ARBUSCULE (STR) (19, 20), which are regulated
by WRI5a and WRI5c¢ (18). The ckll/ckli2:WT
transcript ratios showed a similar pattern to
that observed for ckl2:WT, with a slightly dif-
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ferent rank order (fig. S5C). FatM is required
for fatty acid biosynthesis, and STR, a half-size
ABC transporter (20), is involved in lipid export
to the fungus (17, 19-22); their loss-of-function
phenotypes are similar to those of ckl2 and
ckll/ckl2 mutants. At least two other genes in
the ckl2 low-expression group have predicted
lipid-related roles, including a lipid transfer
protein (L7P) and a ceramidase (CER) (Fig. 1F
and data S1); however, RAM2, a glyceraldehyde-
3-phosphate acyltransferase, also essential in
the lipid biosynthesis program but directly reg-
ulated by RAM1 (11, 17), was not in this group.
Although any of the genes in the low-expression
cluster could contribute to the ck/2 mycorrhizal
phenotype, reduced expression of WRI5a, WRI5c,
FatM, and STR alone is sufficient to explain the
ckl2 and ckll/ckl2 mutant phenotypes. Thus,
we conclude that CKLI and CKL2 functions
are necessary for expression of several genes
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Fig. 3. DMI2 and a subset of the LysM-RLKs interact with, and phosphorylate,
CKL1 and CKL2. (A and B) P radiographs showing in vitro transphosphorylation
of kinase-dead CKL1xpsp and CKL2yoe7. by RLKs (endodomains) (A); phosphoryl-
ation is abolished when kinase-dead DMI2y7,4, is used (B). Myelin basic protein
(MyBP) was used as generic phosphorylation substrate. The kinases were purified
as maltose hinding protein (6xHis-MBP) fusions, so free maltose binding protein
with recombination linker (MBP;i,) was included as a negative control. RLKato,
autophosphorylation of RLKs; CBB, Coomassie brilliant blue stained gel corresponds
to radiograph in (B). (C) Coimmunoprecipitation assay of CKL13xya or CKL23x44 With
DMI2-GFP. GFP-SYP132 was used as a membrane protein control for immuno-

involved in the production and provisioning
of lipids to the fungus.

Membrane association and kinase activity are
required for CKL1 and CKL2 functions

The subcellular location of each CKL protein
was assessed through visualization of transla-
tional fusions with fluorescent proteins expressed
from the native CKL1 or CKL2 promoters. CKLI-
GFP (green fluorescent protein) was visible at
the PAM in the region around the tips of ar-
buscule branches and in the cytoplasm and
nucleoplasm, whereas CKL2-GFP showed an
even distribution exclusively across the entire
plasma membrane (PM) and PAM (Fig. 2A
and fig. S6, A to C). Both proteins were de-
tected throughout the arbuscule lifetime (fig.
S7). The CKL proteins lack transmembrane
domains, but both proteins are predicted to be
myristoylated. Mutation of the myristoylation
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motif (G2A) abolished membrane association
of each CKL protein and resulted in their ac-
cumulation in the cytoplasm and nucleoplasm
(Fig. 2A and fig. S6D).

Using in vitro phosphorylation assays, we
found that CKL1 and CKL2 were capable of
autophosphorylation and transphosphoryla-
tion of a generic substrate, myelin basic pro-
tein. Phosphorylation activity was abolished
by mutation of the predicted kinase active site,
CKL1K252L and CKLQK267L (I{, Lys; L, Leu; ﬁgS.
S1B and S8A). CKL genes encoding kinase-
dead mutant proteins expressed from their
native promoters failed to complement ck/2 or
ckll/ckl2 mutants (Fig. 2B). Likewise, CKLI and
CKL2 myristoylation motif mutants were also
unable to restore colonization in ckll/ckl2
(Fig. 2B and fig. S9). Thus, CKL1 and CKL.2 kinase
activities and membrane location are essential

for their functions.

26 January 2024

precipitation. Western blots were probed with antibodies a-GFP and a-HA. IN,
input; IP, immunoprecipitation. (D) BiFC assays of CKL1-cYFP or CKL2-cYFP

and RLKs-nYFP in N. benthamiana leaves. YFP complementation is visualized

in transformed cells that exhibit fluorescence from transformation marker
GUS-mCherry. nYFP-LTI6b serves as a membrane protein negative control.
CKLI1-cYFP or CKL2-cYFP (fusions to C-terminal fragment of YFP) and DMI2-nYFP
or kinase-dead variants LYK7x4g1-nYFP, LYK8k430:-nYFP, or nYFP-LTI6b (fused to
N-terminal fragment of YFP) were expressed from a single transfer DNA with
GUS-mCherry. Confocal microscopy images. Scale bars, 10 um. Experiments
were replicated as shown in table S8.

CKL proteins are phosphorylated by two
classes of receptor-like kinases that function
during AM symbiosis

Given their locations at the PM and PAM and
their downstream impact on transcription, we
hypothesized that CKL1 and CKL2 might be
involved in signal transduction from mem-
brane receptor kinases. Members of two classes
of receptor-like kinases (RLKSs) are central to
AM symbiosis signaling: the lysin motif (LysM)
receptor-like kinases (23-25) and a malectin-
like domain and leucine-rich repeat (MLD-
LRR) receptor-like kinase, DMI2 (Lotus
Jjaponicus SYMRK) (26, 27). During AM sym-
biosis, chitooligosaccharides are perceived
by LysM-RLKs, and, in the presence of DMI2,
symbiosis signaling is initiated. This leads to
nuclear calcium oscillations and expression
of genes for intracellular accommodation of
the AM fungus (23, 28, 29). The mechanisms
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underlying signal transduction from membrane-
located RLKs to the nucleus are unclear but
may involve a metabolite, mevalonate (30).
Chitooligosaccharide signaling has been studied
mostly in epidermal cells but is proposed to
occur also in cortical cells coincident with
fungal colonization of the root cortex (37). Con-
sistent with this proposal, we detected pro-
moter activity of DMI2 and several LysM-RLKs
in cortical cells, although DMI2-GFP and LysM-
RLK-GFP protein fusions were below our limits
of detection (fig. S10). To determine whether
DMI2 or LysM-RLKs could phosphorylate CKL1
or CKL2, the endodomains of DMI2 and 10
Medicago LysM-RLKs (LYK2 to LYKI1) (table
S1) were purified, and their kinase activity was
evaluated using in vitro phosphorylation as-
says (fig. S8, C and D). CKLIgos01, and CKL2K267L
protein variants, which lack kinase activity,
were provided as substrates to enable an asses-
sment of transphosphorylation by the RLKs.
DMI2 and five LysM-RLKs (LYK6 to LYKI10)
phosphorylated CKL1 and CKIL.2, whereas phos-
phorylation was not detected for three LysM-
RLKs (LYK2, LYK3, and LYK11) (Fig. 3, A and
B, and fig. S11, A and B). LYK3, an RLK gen-
erally considered specific for Nod factor sig-
naling (32), shows autophosphorylation activity
comparable to, if not higher than, that of LYK7
but no phosphorylation of CKLIxgsp;, 0r CKI 2ko671,
Thus, these data suggest some selectivity among
these RLKSs for CKL substrates. The CKLs each
contain many potential phosphorylation sites; in
an initial assay with fragments of the CKL pro-
teins, DMI2 preferentially phosphorylated the
C-terminal regions of CKLlgosor, and CKIL.2xo671,
(fig. S11C). CKL1 and CKIL2 were evaluated for
their ability to phosphorylate kinase-dead var-
iants of DMI2, LYK2 to LYK11, and LYK-related
(LYR) co-receptors, LYR1, LYR4, LYRS8, and
NOD FACTOR PERCEPTION (NFP) (fig. S8B).
Neither CKLI1 nor CKL2 phosphorylated these
RLK endodomains (fig. S12). Thus, data from
in vitro Kinase assays support the hypothesis that
CKL1 and CKL2 are phosphorylation sub-
strates of DMI2 and a subset of the LysM-RLKs.

To assess association of CKL1 and CKIL.2 with
the RLKSs, genes encoding full-length CKLI or
CKL2 epitope-tagged fusions were transiently
coexpressed with full-length DMI2-GFP, LYK3-
GFP, LYK9-GFP, LYKI0-GFP, NFP-GFP, or LYRI-
GFP in Nicotiana benthamiana leaves (fig.
S13A) and interactions assessed using coim-
munoprecipitation assays from cell extracts.
CKLI13, 114 and CKL23, 54 coimmunoprecipi-
tated with DMI2-GFP, indicating their associa-
tions in planta (HA, hemagglutinin; Fig. 3C and
fig. S13B). In addition, CKL1;, 14 and CKL23, 415
coimmunoprecipitated with LYR1-GFP, an in-
active LysM-RLK (fig. S13C), and to a lesser ex-
tent with LYK3, LYK9, and LYK10 (fig. S13C).
Expression of LYK9-GFP in N. benthamiana
leaves induces cell death (23), which compro-
mises the coimmunoprecipitation assays. A

Ivanov et al., Science 383, 443-448 (2024)

Fig. 4. DMI2 and A
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penetrate the epidermis (as indicated by the arrowhead). A few successful penetrations lead to
intraradical colonization with arbuscules (arrow) in dmi2-7. Confocal microscopy images of roots stained
with WGA-Alexa488 to visualize fungal structures (z-stack projection, n = 10 of optical slices, 1-um

interval). Scale bars, 100 um. (E) A subset of the L.
infection units in dmi2-7. Effect of an RNAI construct (

ysM-RLKs are required for expansion of intraradical
LYKE-10rnp:) targeting LYK6, LYK7, LYKS, LYKO,

and LYKI10 expressed from constitutive CaMV35S promoter (35Spro) or symbiosis-induced, cortical cell-
specific BCP1 promoter (BCPIpro) on the percentage of root length with intraradical colonization,
number of hyphopodia, and length of infection units in dmi2-7 at 5 wpp. Comparison made to dmi2-7
expressing a GUS-RNAI vector control (*P < 0.05; ***P < 0.001; t test). Experiments were replicated as

shown in table S8.

similar response, even stronger than that eli-
cited by LYK9, was observed for LYK7-GFP and
LYKS-GFP (fig. S13D). Cell death was not in-
duced by the kinase-dead variants LYK7g4e11,
LYK8K439L, or LYK9K443L (flg S13D) Both
LYK7x4611-GFP and LYK8y 4391 -GFP accumu-
lated in the PM (fig. S13E); however, LYKOgy431 -
GFP lost its membrane location and accumulated
in the cytosol (fig. S1I3E). Kinase-dead LYK?7
and LYKS variants offer an opportunity to as-
sess interactions with CKL proteins. In coimmu-
noprecipitation assays, CKL13,574 and CKL.23, 14
coimmunoprecipitated with LYK7x46:1 -GFP and
LYKS8k4301-GFP (fig. S13F). Trace amounts of
CKL were visible in some of the MtLTI6b and
MtSYP132 coimmunoprecipitation negative
controls, albeit at levels lower than the RLK
coimmunoprecipitations (Fig. 3C and fig. S13,
B and F). Therefore, to further evaluate CKL-
RLK interactions, we implemented bimolecu-
lar fluorescence complementation (BiFC) assays
using proteins tagged with N-terminal (nYFP)
or C-terminal (cYFP) fragments of yellow fluo-
rescent protein. DMI2-nYFP interacted with
CKL1-cYFP and CKL2-cYFP in BiFC assays and

protein control (Fig. 3D). Interactions of CKL
proteins with LYK7x46:1 -nYFP and LYK8g 4301 -
nYFP were also detected (Fig. 3D), whereas
interactions with the cytosol-located LYKO9x4431,
were not detected (fig. S14A). Interactions be-
tween CKL proteins and LYK10 or LYR1 were
not visible; however, a weak fluorescence com-
plementation signal for LYK10 with CKL2 was
detected when coexpressed with LYR1 (fig. S14B),
suggesting that the predicted co-receptor may
stabilize this interaction. As anticipated, given
the cell death responses, interactions between
active LYK?7, LYKS8, or LYK9 and CKLs were
not detected by BiFC assays (fig. S14C). On the
basis of these data, we conclude that CKL1
and CKL2 each interact with DMI2 and at least
two LysM-RLKs, LYK7 and LYKS8. Together, the
interaction data and the finding that DMI2 and
LYK6 to LYK10 phosphorylate CKL1 and CKL2
support the hypothesis that CKL1 and CKL2 are
substrates for RLK signal transduction.

DMI2 and LysM-RLKs are required to support
fungal colonization in the cortex

The Medicago LysM-RLK gene family is large,

did not interact with the LTI6b membrane
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and it is likely that its members show some
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Fig. 5. CKL1 and CKL2 are components of a signaling pathway regulating the lipid provisioning
program. (A) Simultaneous overexpression (double CaMV35S promoter, 2xCaMV35Spro) of WRI5a and
WRI5c, but not gain-of-function DMI37,71p, RAMI, WRI5a, or WRI5¢c, increases intraradical colonization in ckl2
but not in ckll/ckl2. 2xCaMV35Spro:CKL2 serves as a positive complementation control and 2xCaMV35Spro:GUS
as a vector control. ng = 12, number of evaluated transgenic root systems for each transformation

(**P < 0.01; ***P < 0.001; t test). (B) Proposed model of CKL1 and CKL2 action. In cortical cells, initial
signaling by LysM-RLKs (LYK-LYR complex) in concert with DMI2 leads to the activation of a nuclear-
located DMI3-IPD3 complex, which along with DELLA induces expression of CKLI and CKL2 and the
transcriptional regulators RAMI and RADI. The RAMI regulon includes RAMZ and, either directly or
indirectly, genes involved in intracellular accommodation functions including generation of the PAM. Upon
location at the PM and PAM, CKL1 and CKL2 proteins are phosphorylated by DMI2 and a subset of LysM-RLKs
and transduce signaling, which ultimately leads to the transcriptional activation of several transcriptional
regulators, including WRI5a and WRI5c and downstream target genes FatM and STR. The CKL1/2 signaling
pathway controls the onset of the lipid provisioning program. Feedback regulation of RAMI by WRI5s (16)
may further amplify the cellular accommodation pathway, including expression of RAM2. PHOSPHATE
STARVATION RESPONSE 1 and 2 (PHR1/2) promote expression of most symbiosis-associated genes (43, 44).
Black solid arrows and red solid arrows indicate transcriptional regulation and refer to data published
previously (black) (9, 12, 27, 40-44) or presented here (red). Red double-headed arrow indicates
phosphorylation. Red dashed arrow indicates unknown intermediate components.

level of functional redundancy (33). Medicago
lyk9 displays a modest quantitative reduction
in AM fungal colonization relative to WT, and
a further reduction is observed in a lyk9/nfp
double mutant (23, 34). By contrast, dmi2 shows
a strong AM symbiosis phenotype. DMI2 and
Lotus japonicus ortholog, SYMRK, are required
for efficient hyphal entry through the epider-
mis (27, 35), and most studies have focused
on this epidermal function. However, occa-
sional colonization of the root cortex has been
reported in symrk alleles (36, 37). In Medicago,
DMI2 is also required to support intraradical
colonization of the cortex; colonized root lengths
of dmi2-7 and WT are similar at 3 weeks after
planting, but by 7 weeks after planting, col-
onization levels in dmi2-7 are <25% those of
WT (Fig. 4, A and B). At 3 weeks after plant-
ing, individual infection units in dmzi2-7 are
37.5% shorter than those in WT, indicating
that loss of DMI2 slows fungal growth in the
cortex (Fig. 4C). Arbuscules show a WT appear-
ance, and PT4 is present on PAM, indicating
normal trafficking and PAM development in
dmi2-7 (Fig. 4D and fig. S15A), which suggest
that the slower intraradical fungal growth is not
the result of an impaired symbiotic interface.

Ivanov et al., Science 383, 443-448 (2024)

Slower growth could, however, result from a
partial reduction in lipid provisioning. Expres-
sion of DMI2 from an AM symbiosis-induced,
cortical cell-specific promoter (BCPI) promotes
fungal colonization in dmi2-7 roots, further
supporting a role for DMI2 in the cortex (fig.
S15B). DMI2 is also required for symbiosis with
nitrogen-fixing bacteria, where, similar to our
current observations, the protein functions in
both epidermal and cortical cells (38).

The mycorrhizal phenotypes of ckl2 and
ckl1/ckl2 are considerably more severe than those
of the RLK mutants; the differences in pheno-
typic severity could be explained if the CKLs
integrate signals from both LysM-RLKs and
DMI2. Expression of an RNA interference
(RNAI) construct targeting LysM-RLKs LYK®6,
LYK7, LYK8, LYK9, and LYKI0 simultaneously
from either the CaMV35S or the BCPI pro-
moters did not affect hyphopodia numbers on
the epidermis but did decrease total coloniza-
tion and infection unit length in dmi2-7, in-
dicating an additive effect of these RLKs on
cortical colonization (Fig. 4E and fig. S15C).
These data are consistent with the hypothesis
of signal integration potentially at the CKLs.
To provide further support that CKLs act down-
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stream of DMI2 and the LysM-RLKs, we at-
tempted to generate constitutively active CKL
kinases. However, for both CKL1 and CKL2,
mutation of the conserved threonine in the
activation segment (CKLI9g4p and CKL2og9p;
T, Thr; D, Asp), which in some cases causes
constitutive activation, resulted in proteins un-
able to complement the respective ck/ mutants
(Fig. 2B). Mutation of a serine that is conserved
in CKL1 and CKL2 proteins from AM symbio-
sis host species (CKL1g31, and CKI.2g307; S, Ser)
resulted in CKL proteins capable of comple-
menting their respective mutants only when
the mutation was phosphoablative (CKL1gz10a
and CKL2g3974; A, Ala). The corresponding
phosphomimetic (CKLlg3;op and CKI.2g357,) mu-
tant proteins did not complement the ckl mu-
tants, suggesting potential negative regulation
of the CKLs through phosphorylation of this
residue (Fig. 2B). Overexpression of both CKL1
and CKL2g34,p proteins did not rescue the dmi2-7
low-colonization phenotype (fig. S15D), consis-
tent with the hypothesis that DMI2 activates
CKL1 and CKL2. However, the absence of gain-
of-function CKLI and CKL2 variants precludes
a final test of this hypothesis.

Simultaneous overexpression of two
WRI5 transcription factors suppresses the
ckl2 phenotype

To determine whether signaling downstream
of CKLs involves proteins of the symbiosis sig-
naling pathway, we focused on central regulators,
a calcium- and calmodulin-dependent protein
kinase DMI3 (CCaMK in L. japonicus) (9),
INTERACTING PROTEIN of DMI3 (IPD3;
CYCLOPS in L. japonicus) (39, 40), and tran-
scriptional regulators RAMI (77, 12) and the
WRI5s (17, 18), which together regulate tran-
scription of many cellular accommodation and
lipid provisioning genes. Simultaneous over-
expression of WRI5a and WRI5c¢ suppressed
ckl2, resulting in colonization comparable to
that obtained by expressing CKL2, whereas
overexpression of a constitutively active ver-
sion of DMI37v,;p (41) or RAMI did not sup-
press the ckl2 phenotype (Fig. 5A). These data,
along with the ckl2 transcript profiles, sup-
port the hypothesis that WRI5a and WRI5¢
act downstream of CKL2. However, simul-
taneous overexpression of WRI5a and WRI5¢
was insufficient to suppress ckll/ckl2, likely
because additional transcriptional regulators
(Fig. 1F) are required to obtain full gene ex-
pression in this double-mutant background.

In summary (Fig. 5B), we propose that ini-
tial symbiosis signaling, involving the LysM-
RLKs and DMI2 proteins, leads to the expression
of arbuscule accommodation genes regulated
through RAM1 as described (42) and to the
expression of the CKL genes via DMI3, IPD3,
and DELLA. CKL proteins locate at the PM and
PAM, where they associate with DMI2 and
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LysM-RLKs and redirect RLK signaling through
a pathway independent of DMI3 and RAMI.
This ultimately leads to the transcriptional ac-
tivation of several regulators, including WRI5a
and WRI5c and their target genes, FatM and
STR (18), for fatty acid biosynthesis and ex-
port. As shown previously, WRI5s also increase
RAMI expression (18), and, consequently, CKL
signaling has the potential to further amplify
the RAMI regulon and therefore to increase
the expression of RAM?2, another central com-
ponent of the lipid provisioning pathway.
Thus, the data identify roles of CKL1 and
CKL2 and uncover two gene modules within
the lipid provisioning program whose expres-
sion is directed by two distinct but interconnected
signaling pathways. As configured, a functional
lipid program, which requires FatM, RAM2, and
STR (17, 19, 21, 22), will be expressed only coin-
cident with arbuscule branching and not during
the cellular accommodation associated with
hyphal passage through cortical cells. Such mech-
anisms may extend to monocots, as shown by
the single AM-conserved CKL in Brachypodium
distachyon, whose loss-of-function phenotype,
protein location at the PAM and PM, and in-
teraction with BADMI2 (fig. S16) mirror that of
the M. truncatula ckll/ckl2 double mutant.
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