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Significance

 Symbioses have evolved in all 
lineages of the tree of life. Among 
them, the arbuscular mycorrhizal 
symbiosis (AMS) evolved in the 
first plants that colonized land 
450 million years ago. The 
mechanisms that have allowed 
this very ancient symbiosis to 
evolve and to be maintained 
remain poorly described. Here, 
we demonstrate that Marchantia 
paleacea  shares a signaling 
pathway with flowering plants. 
This strongly suggests that all 
extant land plants share this 
pathway for activating a 
dedicated genetic program in the 
presence of the arbuscular 
mycorrhizal symbiont. Like in 
flowering plants, deleting this 
pathway in M. paleacea  is 
sufficient to completely abolish 
symbiosis. We propose that 
plants have maintained a 
signaling pathway to support 
symbiosis for 450 million years.
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Plants have colonized lands 450 million years ago. This terrestrialization was facili-
tated by developmental and functional innovations. Recent evo-devo approaches have 
demonstrated that one of these innovations was the mutualistic arbuscular mycorrhizal 
symbiosis (AMS). The genetic pathways that have been involved in the establishment and 
functioning of AMS since its evolution remain poorly described. Here, we found that 
intracellular colonization by AM fungi induces a transcriptional reporter of the common 
symbiosis pathway, well-described in angiosperms, in the liverwort Marchantia palea-
cea. Mutants of either of the three main genes of this pathway, SYMRK, CCaMK, and 
CYCLOPS, disrupt the ability of M. paleacea to associate with AM fungi. Finally, over-
expressing gain-of-function CCaMK or CYCLOPS leads to convergent transcriptomic 
signatures that partially overlap with AMS. Altogether, our data indicate that plants 
have maintained three genes of the common symbiotic pathway to support symbiotic 
interactions since their most recent common ancestor.

evolution | plant symbiosis | Marchantia | arbuscular mycorrhizal symbiosis

 The colonization of land by plants 450 million years ago revolutionized life on Earth ( 1 ). 
Identifying the key developmental and functional innovations that plants have evolved to 
deal with this new environment has been a long-standing question in evolutionary biology. 
It has been long postulated that terrestrialization was facilitated by the mutualistic inter­
actions with symbiotic arbuscular mycorrhizal fungi, called Arbuscular Mycorrhizal 
Symbiosis [AMS ( 2 ,  3 )]. Mechanisms allowing this symbiosis are well described in angi­
osperms and the development of a new plant model, Marchantia paleacea,  recently allowed 
to investigate the conservation of some of them. It was shown for example that plant–fungus 
carbon fluxes rely on a conserved lipid delivery pathway ( 2 ) and that strigolactones, a 
molecule that has a dual function in plant–fungus communication and as plant hormone 
in angiosperms, functions solely as a trans-kingdom mode of communication in M. paleacea  
( 4 ). Such comparisons of bryophytes and angiosperms allow both to assess the conservation 
of symbiotic mechanisms and to reconstruct the ancestral symbiosis that existed in the last 
common ancestor of land plants, following the evo-devo conceptual framework. This 
framework allows reconstructing trait and pathway evolution through different comple­
mentary steps relying on knowledge in extant species, including phylogenetics, 
trans-complementation assays, and reverse genetics ( 5 ). In particular, it allows i) determin­
ing the conservation of the biological function of genes and pathways, by comparing the 
phenotypes of the respective mutants in diverse species, and ii) testing the conservation of 
the molecular function in a particular context by conducting trans-complementation assays 
and expression in heterologous systems.

 Hallmark of plant intracellular symbioses, the Common Signaling Pathway (CSP) had 
long been studied in angiosperms including dicots such as Medicago truncatula  and mono­
cots such as rice ( 6 ). The central components including the receptor-like kinase SYMRK/
DMI2 ( 7 ,  8 ), the Calcium and Calmodulin-dependent protein kinase CCaMK/DMI3 
( 9 ), and the transcription factor CYCLOPS/IPD3 ( 10   – 12 ) had been shown to be indis­
pensable for the establishment of both AM symbiosis and root nodule symbiosis in angi­
osperms, earning the name CSP ( 13 ). Phylogenomics conducted on the entire land plant 
lineage suggests that the ancestral function of those three genes was associated to AMS, 
and that they were recruited in more recently evolved intracellular symbioses ( 14 ,  15 ). 
However, the role of the CSP outside of angiosperms had never been investigated.

 In this study, we demonstrate that activation of the CSP occurs in the bryophyte   
M. paleacea  like in the angiosperms. We demonstrate that SYMRK/DMI2, CCaMK/
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DMI3, and CYCLOPS/IPD3 are essential for colonization by 
AM fungi in M. paleacea . Together our data indicate that the 
signaling pathway composed by those three genes has been dedi­
cated to supporting symbiotic interactions since the last common 
ancestor of land plants. 

Results

The CYCLOPS-Responsive Element Is a Marker of CSP Induction. 
In angiosperms, activation of the CSP (Fig. 1A) upon symbiont 
perception leads to the phosphorylation of the transcription factor 
CYCLOPS by CCaMK, and the transcriptional activation of its 
direct target genes (12, 16). This direct activation by phosphorylated 
CYCLOPS is mediated by cis-regulatory elements present in the 
promoter region of the target genes (12, 16). The first of the 
four different cis-regulatory elements bound by phosphorylated 
CYCLOPS described so far (12, 16–18) was identified in the 
promoter of NIN from the angiosperm Lotus japonicus. A fusion 
of this element to a GUS reporter (CYC-REpro:GUS) is activated 
during infection by rhizobial symbionts forming the root-nodule 
symbiosis in L. japonicus (12, 19) and M. truncatula (SI Appendix, 
Fig. S1A). We hypothesized that this reporter could be directly 
activated by phosphorylated CYCLOPS irrespective of the 
symbiotic context, and not specifically during the root-nodule 
symbiosis. M. truncatula hairy-roots transformed with the CYC-
REpro:GUS reporter were grown in presence or absence of the 
Arbuscular Mycorrhizal (AM) fungus Rhizophagus irregularis, 
harvested 6 wk after inoculation and stained for GUS activity. 
By contrast with the noninoculated roots that showed only faint 
and rare staining, the plants inoculated with R. irregularis showed 
consistent and intense GUS induction (Fig. 1B and SI Appendix, 
Fig. S1 B–G). The intense staining colocalized with the presence of 
the fungal hyphae and arbuscules (Fig. 1B). The CYC-REpro:GUS 
reporter is thus a marker for the activation of the CSP by rhizobial 
and AM fungi symbionts in M. truncatula.

 To determine whether this activation is specific to the phos­
phorylation of MtCYCLOPS, we coexpressed in M. truncatula  
hairy roots the CYC-REpro﻿:GUS  reporter together with versions of 
CYCLOPS from various species mimicking the phosphorylation 
by CCaMK [CYCLOPS-DD ( 12 )]. Overexpression of 
﻿CYCLOPS-DD  from M. truncatula, Mimosa pudica,  or Discaria 
trinervis  which are all able to form both the root-nodule and AM 
symbioses induced the CYC-REpro﻿:GUS  reporter in M. truncatula  
hairy roots ( Fig. 1C  ). The same activation was observed when 
overexpressing CYCLOPS-DD  from Fragaria vesca  and Nissolia 
schottii  which belong to lineages that lost the ability to form the 
root-nodule symbiosis, but retained the AM symbiosis ( 20 ). 
Finally, CYCLOPS-DD from the AM-hosts dicot Petunia axillaris , 
monocots Zea mays  and Hordeum vulgare , and bryophytes M. 
paleacea  (thalloid liverworts) and Anthoceros agrestis  (hornworts), 
all induced the CYC-REpro﻿:GUS  reporter in the absence of AM 
fungi ( Fig. 1C  ). Activation of the CYC-REpro﻿:GUS  is thus not 
limited to phosphomimetic CYCLOPS from species able to form 
both the root-nodule and the AM symbioses.

 To determine whether the activation of the CYC-REpro﻿:GUS  
was dependent on the genetic background or the symbiotic abil­
ities of the plant species, we expressed MtCYCLOPS-DD  and the 
﻿CYC-REpro﻿:GUS  reporter in the root of the legume Nissolia bra-
siliensis . The genus Nissolia  has lost the ability to form the 
root-nodule symbiosis but retains the AM symbiosis ( 20 ). As for 
the expression in M. truncatula,  overexpression of MtCYCLOPS-DD  
resulted in the activation of the CYC-REpro﻿:GUS  reporter in   
N. brasiliensis  (SI Appendix, Fig. S1 H–I ). Finally, the same exper­
iment was conducted in the liverworts M. paleacea . Among 

bryophytes, the liverwort M. paleacea  is able to engage in AMS 
( 15 ,  21 ) and has emerged as an appropriate model to study the 
conservation of symbiotic processes in land plants. Overexpression 
of MpaCYCLOPS-DD  leads, similarly, to the activation of the 
﻿CYC-REpro﻿:GUS  reporter ( Fig. 1D  ), while control lines only 
expressing the CYC-REpro﻿:GUS  reporter did not show staining, or 
only faint staining ( Fig. 1D  ).

 Collectively, these data indicate that the CYC-REpro﻿:GUS  is a 
reliable marker for the activation of the CSP, irrespective of the 
plant species and the type of symbiosis.  

The CSP Is Activated During Symbiosis in M. paleacea. The 
bryophyte and vascular-plant lineages diverged ca. 450 million 
years ago (22). Because of this early split during land-plant 
evolution, identifying conserved features between representatives 
of these two lineages allows inferring the biology of their 
most recent common ancestor, a close relative of the first land 
plants (22). To determine whether the activation of the CSP is 
conserved across land plants, we first transformed M. paleacea with 
promoter:GUS fusions for the upstream- and downstream-most 
components of the CSP, namely SYMRK and CYCLOPS. The 
lines were inoculated with R. irregularis or mock-treated, harvested 
six weeks later, and stained. In noninoculated conditions, the 
MpaSYMRKpro:GUS and MpaCYCLOPSpro:GUS lines displayed 
background staining in the upper and lower epidermis. In  
M. paleacea, AM fungi colonize through the rhizoids, reach the 
lower part of the thallus where they develop intracellular hyphea 
and colonize the parenchyma. Arbuscules are formed in a specific 
area of the parenchyma that accumulates a purple pigment upon 
infection (Fig. 1). Upon inoculation, both MpaSYMRKpro:GUS 
and MpaCYCLOPSpro:GUS displayed an additional expression 
domain in the cells hosting arbuscules and in the area just below, 
where intracellular hyphae develop (Fig. 1 F and J).

 To directly test the link between AM symbiosis and the CSP, 
the M. paleacea CYC-REpro﻿:GUS  reporter lines were inoculated 
with R. irregularis , grown for six weeks and the activation of the 
reporter tested by GUS staining. While noninoculated plants 
showed barely any GUS signal, inoculated plants displayed a 
robust signal in the part of the thallus hosting intracellular hyphae 
( Fig. 1N  ). By contrast with M. truncatula  roots, no signal was 
observed in the area hosting mature arbuscules, just above the 
intracellular hypheae ( Fig. 1N  ).

 These results indicate that the CSP is activated during intracel­
lular colonization by AM fungi in M. paleacea .  

The Symbiotic Function of SYMRK Is Conserved Since the Most 
Recent Common Ancestor of Land Plants. The activation of a 
CYCLOPS-inducible reporter during AM symbiosis in M. palacea 
is yet another correlative evidence for the conserved symbiotic role 
of the CSP in land plants. To directly test this role, we generated 
nine symrk mutant alleles in M. paleacea using CRISPR/Cas9 
(SI Appendix, Fig. S2). Four alleles lead to nonsense mutations coding 
for predicted truncated proteins (SI Appendix, Fig. S2). The other 
five alleles displayed missense mutations and small deletions that left 
the downstream original reading frame intact (SI Appendix, Fig. S2). 
The nine mutants were inoculated with R. irregularis in parallel with 
a line transformed with an empty vector (control line). While 96% 
of the control line thalli were colonized and showed arbuscules 
five weeks after inoculation, none of the four nonsense alleles lines 
showed signs of colonization (SI Appendix, Fig. S3). Among the five 
missense mutants two were not colonized (SI Appendix, Fig.  S3) 
and the other three showed infection by R. irregularis but a strong 
quantitative reduction in colonization when assessed using the 
pigment produced by M. paleacea upon colonization by AMS as a D
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proxy (SI Appendix, Fig. S3). Microscopy confirmed the colonization 
defect in the symrk mutant lines, and the presence of fully developed 
infection units harboring arbuscules in the control line (SI Appendix, 
Fig. S3). To further determine the function of SYMRK during AMS 
in M. paleacea, we retransformed one of the loss-of-function alleles 
with a MpEF1apro:MpaSYMRK construct or an empty vector. The 
MpEF1apro was used because it cannot be excluded that an essential 

regulatory element is missing from the 2 kb MpaSYMRK promoter. 
While the lines retransformed with the empty vector did not show 
any sign of colonization, either using the pigment as a proxy, or 
ink/WGA staining, two independent complemented lines had AMS 
restored (Fig. 2). To better characterize when AMS was affected in 
the symrk mutant, we scored the number of rhizoids infected by R. 
irregularis. While the control line and the complemented lines all 

Fig. 1.   Conservation of CYC-REpro:GUS activation by the CSP transcription factor CYCLOPS in land plants. (A) Common Symbiosis Pathway (CSP) in angiosperms. 
(B) CYC-REpro:GUS is activated in response to AMS in M. truncatula six weeks post inoculation with R. irregularis. Whole roots images of GUS-stained inoculated 
and noninoculated roots are shown (Scale bar, 1 mm.) Faint blue signals could be observed on noninoculated roots, whereas intense blue patches were 
observed on inoculated roots. The zoomed image corresponds to one of these blue patches with a WGA-Alexa Fluor 488 staining revealing AM fungi (black) 
and an overlay of both images. (Scale bar, 100 µm.) The number of plants showing these responses are indicated out of the number of plants transformed. (C) 
M. truncatula roots were transformed with CYC-REpro:GUS and autoactive forms of CYCLOPS (CYCLOPS-DD) orthologs from Medicago truncatula, Nissolia schottii, 
Mimosa pudica, Discaria trinervis, Fragaria vesca, Petunia axillaris, Zea mays, Hordeum vulgare, Marchantia paleacea, and Anthoceros agrestis and stained for GUS 
activity. Control plants correspond to plants transformed only with CYC-REpro:GUS. Plants showing a strong GUS signal out of the total number of observed plants 
are indicated. For the control, only a faint GUS signal was sometimes observed in the 23 plants observed. (Scale bar, 1 mm.) (D) M. paleacea transformed lines 
expressing CYC-REpro:GUS (three independent lines: CYC-REpro:GUS #5, 8 and 10) or CYC-REpro:GUS + MpEF1apro:MpaCYCLOPS-DD (three independent lines: #2, 5, and 
10) are shown after staining for GUS activity. (Scale bar, 1 mm.) Total number of thalli observed in three independent assays are indicated. (E–H) M. paleacea 
transformed with MpaSYMRKpro:GUS without inoculation (Control) or six weeks post inoculation with R. irregularis. Thalli were GUS stained and R. irregularis is 
visualized with WGA-Alexa Fluor 488. Bright field (E and F), Alexa Fluor 488 (G), and overlay (H) are shown. (Scale bar, 100 µm.) One line out of two is shown. Both 
showed the same expression pattern. Total number of thalli observed in three independent assays are indicated. Arrowheads indicate the lower epidermis 
(epi), the hyphae-containing area (hyp, black-dotted line), and the arbuscule area (arb, red-dotted line). (I–L) M. paleacea transformed with MpaCYCLOPSpro:GUS 
without inoculation (Control) or six weeks post inoculation with R. irregularis. Thalli were GUS stained and R. irregularis is visualized with WGA-Alexa Fluor 488. 
Bright field (I and J), Alexa Fluor 488 (K), and overlay (L) are shown. (Scale bar 100 µm.) One line out of three is shown. They all showed the same expression 
pattern. Total number of thalli observed in three independent assays are indicated. Arrowheads indicate the lower epidermis (epi), the hyphae-containing area 
(hyp, black-dotted line), and the arbuscule area (arb, red-dotted line). (M–P) M. paleacea transformed with CYC-REpro:GUS (CYC-REpro:GUS #10) without inoculation 
(Control) or six weeks post inoculation with R. irregularis. Thalli were GUS stained and R. irregularis is visualized with WGA-Alexa Fluor 488. Bright field (M and N), 
Alexa Fluor 488 (O), and overlay (P) are shown. (Scale bar, 100 µm.) One line out of three is shown. They all showed the same expression pattern. Total number 
of thalli observed in three independent assays are indicated. Arrowheads indicate the lower epidermis (epi), the hyphae-containing area (hyp, black-dotted line), 
and the arbuscule area (arb, red-dotted line).
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harbored infected rhizoids, not a single infected rhizoid was observed 
in the symrk mutant (Fig. 2). The consistent AM symbiosis defect 
in the M. paleacea symrk mutant lines is similar to the phenotypes 
observed in diverse symrk mutant of dicots (7, 8) and monocots (23, 
24) in which colonization by AM fungi ranges from a low level of 
colonization to being completely abolished.

 Altogether, these data indicate that the biological role of 
SYMRK for the establishment of the AM symbiosis is conserved 
across land plants.  

The Symbiotic Function of the CCaMK/CYCLOPS Module Is 
Conserved Since the Most Recent Common Ancestor of Land 
Plants. Downstream of SYMRK, CCaMK and CYCLOPS act as 
a module triggering the initial steps of the symbiotic response. In 
legumes and the monocots rice and barley, CCaMK is essential 
for AM symbiosis, while cyclops mutants display phenotypes 
ranging from strong reduction in colonization rate to the absence 
of AM fungi (10, 23, 25). Here, we added to the range of tested 

angiosperms ccamk and cyclops mutants from a dicot that do not 
form the root-nodule symbiosis, the Solanaceous species P. hybrida. 
Intracellular colonization was neither observed in the ccamk mutant 
nor in the cyclops mutant, while the wild-type siblings were well 
colonized (SI Appendix, Table S1) confirming the important role 
of CCaMK and CYCLOPS for AM symbiosis in angiosperms. 
Next, we generated thirteen ccamk and seven cyclops mutants in  
M. paleacea by CRISPR/Cas9 (SI Appendix, Figs. S4 and S5).

 Following inoculation with R. irregularis , twelve of the ccamk  
mutants, showed no signs of colonization after five weeks, while the 
control line (44/54 thalli) and a ccamk  mutant with only a small 
﻿in-frame  deletion in the sequence preceding the kinase domain (32/40 
thalli) were normally colonized (SI Appendix, Fig. S6 ). Microscopy 
confirmed the absence of colonization in the ccamk  mutant lines,  
and the presence of fully-developed infection units harboring  
arbuscules in the control line (SI Appendix, Fig. S6 ). Retransform­
ation of one of the loss-of-function mutants with MpEF1apro﻿:Mpa 
CCaMK  restored colonization in two independent lines, while 

Fig. 2.   SYMRK is essential fo Arbuscular Mycorrhizal Symbiosis (AMS) in M. paleacea. (A) Exons/introns structure of the MpaSYMRK genomic sequence. The number of 
amino acids and predicted domains are indicated. CRISPR/Cas9 was conducted on exon 1 (arrowhead indicates position of sgRNAs). (B) Protein sequence predictions 
for the 2 first exons of MpaSYMRK in Wild type and symrk #3.17 line. Red asterisks indicate the presence of a premature stop codon in the mutant line. (C) Colonization 
rates of M. paleacea symrk mutant lines at six weeks post inoculation with R. irregularis. Colonization rates are estimated by quantifying the presence of AMS-induced 
pigment in M. paleacea apexes of a wild type line transformed with an empty vector and symrk #3.17 line transformed with an empty vector (control #1 & 2) or 
MpEF1apro:MpaSYMRK (#1 & 2). Numbers of observed plant apexes quantified in two independent assays are indicated (n). (D) Number of infected rhizoids and presence 
of arbuscules scored at six weeks post inoculation with R. irregularis in wild type line transformed with an empty vector and symrk #3.17 line transformed with an empty 
vector (control #1 & 2) or MpEF1apro:MpaSYMRK (#1 & 2). Pie charts indicate the percentage of thalli with arbuscules and box plots the number of infected rhizoids in 
these thalli. Twelve thalli were observed for each line on two independent assays. (E–V) Transversal sections of wild-type line transformed with an empty vector (E, F, 
K, L, Q, and R) and symrk #3.17 line transformed with an empty vector (#1, G, H, M, N, S, and T) or MpEF1apro:MpaSYMRK (#1, I, J, O, P, U, and V) six weeks post inoculation 
with R. irregularis. R. irregularis is visualized with WGA-Alexa Fluor 488. Close-up view of cells in the colonized area by confocal microscopy (F, H, J, L, N, P, R, T, and V). 
Bright field (E–J), Alexa Fluor 488 (K–P), and overlay (Q–V) are shown for each line. [Scale bar, 100 µm (Nikon microscopy) and 10 µm (confocal microscopy).]

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 I
N

R
A

E
 o

n 
Ja

nu
ar

y 
7,

 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
14

7.
10

0.
17

9.
23

3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408539121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408539121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408539121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408539121#supplementary-materials


PNAS  2025  Vol. 122  No. 1 e2408539121� https://doi.org/10.1073/pnas.2408539121 5 of 11

retransformation with an empty vector did not ( Fig. 3 ). While the 
control line and the complemented ccamk  lines showed infected rhiz­
oids, all of the observed ccamk  mutant thallus had only noninfected 
rhizoids ( Fig. 3 ). This demonstrates the essential symbiotic role of 
﻿CCaMK  in M. paleacea .        

 Five weeks after inoculation with R. irregularis , the phenotypes of 
the cyclops  frameshift mutants ranged from moderately to strongly 
reduced colonization, or to a total lack of colonization (SI Appendix, 
Fig. S7 ). One allele, only affected by a 12nt in-frame deletion, was 
colonized to a similar level than the control line when using the 
occurrence of the AMS-induced pigment as a proxy for colonization 
(SI Appendix, Fig. S7 ). Similar phenotypes were still observed eight 
weeks after inoculation (SI Appendix, Fig. S7 ). The observed differ­
ence in the strength of the phenotypes between cyclops  mutants cor­
relates with the position of the CRISPR/Cas9-induced mutations 
(SI Appendix, Fig. S7 ). While the alleles showing lack of, or strongly 
reduced, colonization were mutated in a domain conserved across all 
embryophytes (SI Appendix, Figs. S7 and S8 ) alleles with reduced 

colonization were mutated closer to the N-terminal part of the pro­
tein, in a domain conserved across bryophytes, ferns, and gymno­
sperms, but missing from the angiosperms (SI Appendix, Fig. S8 ). 
This additional domain may thus have a nonessential function. 
Presence of alternative start codons downstream the mutation present 
in the weak alleles (SI Appendix, Figs. S5 and S7 ) supports this 
hypothesis, although further experiments are required to test it. 
Strongly reduced colonization was also observed in two additional 
frameshift mutant lines generated in M. paleacea ssp. diptera  
(SI Appendix, Fig. S9 ). To consolidate the quantification of the phe­
notypes, RNA was extracted from the seven M. paleacea cyclops  
mutants and the empty vector control line five weeks after inoculation 
with R. irregularis , and the expression of the AM-responsive ( 2 ) phos­
phate (MpaSymPT ) and lipid (MpaSTR ) transporters was monitored 
by qRT-PCR. Expression of the R. irregularis  housekeeping gene 
﻿RiTEF  was quantified as a proxy for fungal abundance. The expression 
level of SymPT , STR,  and RiTEF  mirrored the observed colonization 
rates defined based on the AMS-induced pigment (SI Appendix, 

Fig. 3.   CCaMK is essential for AMS in M. paleacea. (A) Exons/introns structure of the MpaCCaMK genomic sequence. The number of amino acids and predicted domains 
are indicated. CRISPR/Cas9 was conducted on exon 1 (arrowhead indicates position of sgRNAs). (B) Protein sequence predictions for the first exon of MpaCCaMK 
in Wild type and ccamk #9.19 line. Red asterisks indicate the presence of a premature stop codon in the mutant line. (C) Colonization rates of M. paleacea ccamk 
mutant lines at six weeks post inoculation with R. irregularis. Colonization rates are estimated by quantifying the presence of AMS-induced pigment in M. paleacea 
apexes of a wild-type line transformed with an empty vector and ccamk #9.19 line transformed with an empty vector (control #1 & 2) or MpEF1apro:MpaCCaMK (#1 & 
2). Numbers of observed plant apexes quantified in two independent assays are indicated (n). (D) Number of infected rhizoids and presence of arbuscules scored 
at six weeks post inoculation with R. irregularis in wild type line transformed with an empty vector and ccamk #9.19 line transformed with an empty vector (control 
#1 & 2) or MpEF1apro:MpaCCaMK (#1 & 2). Pie charts indicate the percentage of thalli with arbuscules and box plots the number of infected rhizoids in these thalli. 
Twelve thalli were observed for each line on two independent assays. (E–V) Transversal sections of wild-type line transformed with an empty vector (E, F, K, L, Q, and 
R) and ccamk #9.19 line transformed with an empty vector (#1, G, H, M, N, S, and T) or MpEF1apro:MpaCCaMK (#2, I, J, O, P, U, and V) six weeks post inoculation with R. 
irregularis. R. irregularis is visualized with WGA-Alexa Fluor 488. Close-up view of cells in the colonized area by confocal microscopy (F, H, J, L, N, P, R, T, and V). Bright 
field (E–J), Alexa Fluor 488 (K–P), and overlay (Q–V) are shown for each line. [Scale bar, 100 µm (Nikon microscopy) and 10 µm (confocal microscopy).]
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Fig. S7 ). To further test the role of CYCLOPS, we retransformed the 
strong loss-of-function mutant with MpEF1apro﻿:MpaCYCLOPS  or 
an empty vector. Two independent lines transformed with 
﻿MpEF1apro﻿:MpaCYCLOPS  showed recovery of AMS while the line 
transformed with the empty vector was not colonized ( Fig. 4 ). Similar 
to the symrk  and ccamk  loss-of-function lines, rhizoids were not 
infected in the cyclops  mutant, a phenotype complemented by the 
﻿MpEF1apro﻿:MpaCYCLOPS  construct ( Fig. 4 ).        

 The early symbiotic defects observed in M. paleacea ccamk  and 
﻿cyclops  mutants, reminiscent of the ones observed in angiosperms, 
indicate that the biological function of these two genes as regula­
tors of the AM symbiosis is conserved across land plants.  

The Molecular Function of the CYCLOPS-CCaMK Module Is 
Conserved Since the Most Recent Common Ancestor of Land 
Plants. Complementation of the symbiotic defects of angiosperms 
ccamk and cyclops mutants by their bryophyte orthologs supports 
the conservation of the molecular function of this module for 
AMS across plant lineages (14, 15, 26). In angiosperms, CCaMK 

phosphorylates CYCLOPS following symbiont-induced nuclear 
calcium spiking (12). In both M. paleacea and angiosperms 
expression of a gain of function version of M. paleacea CYCLOPS 
mimicking this phosphorylation (MpEF1apro:MpaCYCLOPS-DD) 
leads to the activation of the CYC-REpro:GUS reporter (Fig. 1 C and 
D). If the CYCLOPS/CCaMK module is indeed conserved across 
plant lineages, we reasoned that overexpression of MpaCYCLOPS-
DD, MtCYCLOPS-DD, and the kinase domain of MtCCaMK—
MtCCaMK-Kin, corresponding to MtCCaMK1-311, an autoactive 
version of CCaMK (27)—should result in similar transcriptomic 
signatures relative to control lines. To test this, M. paleacea lines 
overexpressing either of these three constructs were generated, 
their transcriptome determined by RNA-seq, and compared to 
lines transformed with an empty vector to identify differentially 
expressed genes (Fig. 5 and Dataset S1). All three constructs lead to 
very significant transcriptomic changes, ranging from 1,162 to 1,438 
up-regulated genes, and 1,350 to 1,608 down-regulated genes (Fig. 5 
and Dataset S1). The first component of a Principal Component 
Analysis separated the transcriptome of the empty vector lines from 

Fig. 4.   CYCLOPS is important for AMS in M. paleacea. (A) Exons/intron structure of the MpaCYCLOPS genomic sequence. Number of amino acids and predicted 
domains are indicated. CRISPR/Cas9 was conducted on exon 1 (arrowhead indicates position of sgRNAs). (B) Protein sequence predictions for the first exon 
of MpaCYCLOPS in Wild type and cyclops #3.9 line. (C) Colonization rates of M. paleacea cyclops mutant lines at six weeks post inoculation with R. irregularis. 
Colonization rates are estimated by quantifying the presence of AMS-induced pigment in M. paleacea apexes of a wild-type line transformed with an empty vector 
and cyclops #3.9 line transformed with an empty vector (control #1 & 2) or MpEF1apro:MpaCYCLOPS (#1 & 2). Numbers of observed plant apexes quantified in 
two independent assays are indicated (n). (D) Number of infected rhizoids and presence of arbuscules scored at six weeks post inoculation with R. irregularis in 
wild-type line transformed with an empty vector and cyclops #3.9 line transformed with an empty vector (control #1 & 2) or MpEF1apro:MpaCYCLOPS (#1 & 2). Pie 
charts indicate the percentage of thalli with arbuscules and box plots the number of infected rhizoids in these thalli. Twelve thalli were observed for each line on 
two independent assays. (E–V) Transversal sections of wild-type line transformed with an empty vector (E, F, K, L, Q, and R) and cyclops #3.9 line transformed with 
an empty vector (#2, G, H, M, N, S, and T) or MpEF1apro:MpaCYCLOPS (#2, I, J, O, P, U, and V) six weeks post inoculation with R. irregularis. R. irregularis is visualized 
with WGA-Alexa Fluor 488. Close-up view of cells in the colonized area by confocal microscopy (F, H, J, L, N, P, R, T, and V). Bright field (E–J), Alexa Fluor 488 (K–P), 
and overlay (Q–V) are shown for each line. [Scale bar, 100 µm (Nikon microscopy) and 10 µm (confocal microscopy).]D
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those of the MpEF1apro:CYCLOPS-DD and MpEF1apro:CCaMK-
Kin lines (Fig.  5A). In this analysis, the expression of the most 
variable genes gathered the MpEF1apro:MtCYCLOPS-DD and 
MpEF1apro:MpaCYCLOPS-DD lines together, indicating that their 

transcriptomes are most similar. The similarity among the three 
CSP Gain-of-Function lines was further observed in the Principal 
Component Analysis when focusing on the top 500 DEGs (Fig. 5A). 
Among the genes up-regulated in response to the overexpression 

Fig. 5.   The CYCLOPS-CCaMK module is conserved in land plants. (A) Multidimensional scaling (MDS) analysis of the RNA-seq samples. Analysis run were 
performed on the 500 most variable genes across all samples, on the 4280 DEGs identified in Dataset S1 and on the 500 most variable from the DEGs identified 
in Dataset S1. Colors represent the different samples. (B) Venn diagrams of up-regulated genes in M. paleacea overexpressing MpaCYCLOPS-DD, MtCYCLOPS-
DD, or MtCCaMK-Kin compared to control plants (FDR ≤ 0.05). (C) Venn diagrams of down regulated genes in M. paleacea overexpressing MpaCYCLOPS-DD, 
MtCYCLOPS-DD, or MtCCaMK-Kin compared to control plants (FDR ≤ 0.05). (D) Heatmap of log2 fold change of common M. paleacea genes in a time-course of 
AMF-inoculated compared with mock-treated plants, and in the MpEF1apro:MpaCYCLOPS-DD and MpEF1apro:MtCYCLOPS-DD overexpressing lines. (FDR ≤ 0.05). 
Boxes in gray correspond to an FDR>0.05.
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of MpaCYCLOPS-DD, 916 and 671 were also found up-regulated 
in response to MtCYCLOPS-DD and MtCCaMK-Kin respectively 
(Fig.  5B). A similar trend was observed for the down-regulated 
genes (1,042 and 1,024 respectively, Fig.  5C). These overlaps 
were significantly higher than expected by chance (SI  Appendix, 
Table S2C) and corroborate the Principal Component Analysis. This 
result strongly supports the hypothesis that the molecular function of 
CYCLOPS and CCaMK in the context of AMS is conserved across 
land plants, although specificities probably evolved in each clade as 
illustrated by the not perfectly overlapping transcriptomic patterns.

 To define the contribution of the CSP to AMS in M. paleacea , 
we cross-referenced the CYCLOPS-DD and/or CCaMK-Kin- 
regulated genes with previously obtained RNA-seq data in response 
to AM fungi2  (Dataset S1 ). Due to a lower sequencing depth,  
some of the genes lowly expressed in the AMS condition did not 
reach the threshold for DEG estimation in the overexpression 
experi ment (Dataset S1 ). Nevertheless, 46 genes upregulated in the 
﻿MpEF1apro﻿:MtCYCLOPS-DD  and MpEF1apro﻿:MpaCYCLOPS-DD  
lines were found upregulated during AMS too ( Fig. 5D  ), including 
20 that were also up-regulated in the MpEF1apro﻿:MtCCaMK-Kin  
line. Among the genes shared between the MpEF1apro﻿:Mpa 
CYCLOPS-DD  and MpEF1apro﻿:MtCYCLOPS-DD  lines were several 
transporters, LRR-RLK, and one transcription factor of the GRAS 
family (GRAS14, Marpal_utg000068g0113261). Interestingly, 
among the few validated CYCLOPS targets in angiosperms is 
RAM1 ( 16 ), a GRAS transcription factor regulating arbuscule for­
mation which has been lost in M. paleacea  ( 15 ). Two additional 
GRAS transcription factors induced during AMS were specifically 
up-regulated in the MpEF1apro﻿:MpaCYCLOPS-DD  lines (GRAS 10  
and GRAS5 , SI Appendix, Table S2B ). Furthermore, another GRAS 
transcription factor well known for its function as regulator of arbus­
cule formation in angiosperms, RAD1  ( 28 ), and activated during 
AMS in the arbuscule-contained area in M. paleacea  ( 2 ) was 
up-regulated in the MpEF1apro﻿:MpaCCaMK-Kin  lines (Dataset S1 ). 
Altogether, this indicates that a network of GRAS transcription 
factors may act downstream of the CSP in M. paleacea  like in 
angiosperms.

 Mirroring the trans-complementation of angiosperm mutants 
with liverwort sequences ( 14 ,  15 ,  26 ), these results indicate that, 
similar to the conservation of the biological role of the 
CYCLOPS-CCaMK module, the molecular function of these two 
components of the CSP is conserved across land plants although 
the gene network they regulate likely diversified.   

Discussion

 This work demonstrates that the three main CSP components 
SYMRK/DMI2, CCaMK/DMI3, and CYCLOPS/IPD3 are 
essential for AM symbiosis in the liverwort M. paleacea  ( Figs. 2 – 4 ), 
as described over the last two decades for angiosperms. To explain 
this conserved role, the most parsimonious hypothesis suggests 
that the most recent common ancestor of the angiosperms and 
the bryophytes already used the CSP to engage and associate with 
AM fungi. In other words, together with the recent description 
of the role played by the fourth CSP gene, DMI1 , in AMS in M. 
paleacea  ( 29 ) our data indicate that land plants have relied on a 
conserved symbiotic signaling pathway since their most recent 
common ancestor. From a symbiotic perspective to an evo-devo 
one, this finding opens up a number of questions.

 Overexpression of CYCLOPS and CCaMK gain-of-function ver­
sions (CYCLOPS-DD and CCaMK-Kin) led to significant, and 
overlapping, gene induction in M. paleacea  ( Fig. 5 ). When comparing 
the list of DEGs in response to the overexpression of CYCLOPS-DD 
or CCaMK-Kin with the DEGs during AMS in M. paleacea  the 

overlap differs. Such a difference might come from the more upstream 
position of CCaMK in the CSP which goes through CYCLOPS but 
also alternative side pathways to be described. Illustrating these bifur­
cations in the CSP, two Cyclin-dependent Kinase-Like (CKL1 and 
CKL2) acting downstream of DMI2/SYMRK and LysM-RLKs, but 
independently of CCaMK or CYCLOPS, have been described in the 
angiosperm M. truncatula  ( 30 ). In addition to these bifurcations in 
the CSP, the gain-of-function approach did not lead to the induction 
of the entire AMS transcriptomic response. It is likely that numerous 
genes under direct or indirect control of the CSP were not captured 
by the gain-of-function approach because of missing coregulators, 
such as the GRAS transcription factors NSP1, NSP2, or DELLA 
( 31 ,  32 ). In addition, the CSP is under control of feedback loops that 
likely modulate the expression of the AMS-related genes, such as the 
phosphate starvation response via  PHR1/2 ( 33 ,  34 ).

 Phylogenomic analyses pointed out two directions that remain 
poorly explored. First, CCaMK, CYCLOPS, and a pro-ortholog of 
SYMRK are all present in streptophyte algae, thus predating the ori­
gin of AMS ( 35 ). Recent coexpression network analyses in the strep­
tophyte alga Zygnema circumcarinatum  indicate that the three genes 
may belong to separate pathways in algae ( 36 ). In that case, they 
would have assembled in a unified pathway after the divergence 
between Zygnematophyceae and land plants. Alternatively, the path­
way was already formed, although each component was transcrip­
tionally regulated in different ways as seen in extant Zygnematophyceae, 
and was directly recruited, exapted, as a whole during the evolution 
of AMS. Besides its origin and the recruitment for AMS, comparative 
phylogenomics indicated that, subsequently, the CSP may have been 
co-opted for other intracellular symbioses with diverse fungi and 
nitrogen-fixing bacteria ( 15 ). Genetics in legumes support this 
hypothesis for the root-nodule symbiosis ( 6 ). Here, we show that the 
CYCLOPS response element, CYC-REpro  , previously identified in the 
promoter of the root-nodule symbiosis-specific gene NIN  ( 12 ,  19 ) 
is a reporter of CYCLOPS activation and of intracellular symbiosis 
outside of the root-nodule symbiosis context. Trait evolution is often 
mediated by the rewiring of existing gene regulatory networks, rewir­
ing resulting from gene losses/gains, protein neofunctionalization, or 
gains and losses of cis﻿-regulatory elements ( 37 ). Exploring further the 
rewiring of cis- regulatory elements downstream CCaMK-CYCLOPS 
that allowed plant lineages to transition from one symbiotic type to 
another represents the next challenge to be addressed.

 Recent evo-devo studies conducted using Marchantia polymorpha  
by comparison with knowledge in angiosperms demonstrated that 
plant immunity mechanisms used by extant land plants were likely 
present in their most recent common ancestor. Indeed, reverse 
genetic approaches demonstrated that LysM-RLKs confer in both 
﻿M. polymorpha  and angiosperms the ability to perceive fungal chitin, 
and other microbe-derived polysaccharides, leading to the activation 
of plant defense responses ( 38 ). Downstream chitin perception, the 
PBL-RBOH cascade, described in angiosperms, is also essential to 
trigger defense responses such as ROS bursts in M. polymorpha  ( 39 ). 
With the lack of very ancient fossils, reconstructing the morphology 
and biology of the first land plants is currently impossible. Despite 
this gap in our knowledge, the recent discoveries on plant immunity 
and the work presented here collectively indicate that 450 million 
years ago the first land plants were already able to regulate the inter­
actions with their microbiota using specific signaling pathways.  

Material and Methods

Phylogeny. To reconstruct the phylogeny of CYCLOPS, we recovered protein 
sequences from a variety of land plants using hmmscan from HMMER v3.4 (40) 
with the HMM profile of the CYCLOPS domain (IPR040036). A set of 37 protein 
sequences was aligned using MAFFT v7.520 with the E-INS-i method (41). The D
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phylogeny was reconstructed using IQ-TREE v2.2.2.3 with the model LG + C20 + 
F + G and support was provided with 1,000 ultrafast bootstrap replicates (42–44). 
The tree was rooted between bryophytes and vascular plants, and the tree and 
alignment were visualized using ETE3 v3.1.2 (45).

Cloning. The Golden Gate modular cloning system (46, 47) was used to pre-
pare the plasmids as described by Rich et  al. (2) for all constructs, except for 
MpaSYMRKpro:GUS. Levels 0, 1, and 2 used in this study are listed in Dataset S2 
and held for distribution in the ENSA project core collection (https://www.ensa.
ac.uk/). Sequences were domesticated (listed in Dataset S2), synthesized, and 
cloned into pMS (GeneArt, Thermo Fisher Scientific, Waltham).

Gateway system was used to construct MpaSYMRKpro:GUS. MpaSYMRKpro (2.4 
kb) was amplified with 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCTTCTCAG
AAACAACTCTA and 5’-GGGGAGCCACTTTGTACAAGAAAGCTGGGTCGTTCTGCTTCAAA
CCGAGAC and cloned by BP in pDOn207 and then into pMDC164 by LR (48).
Generation of CRISPR mutants in M. paleacea ssp. paleacea. Constructs con-
taining the Arabidopsis thaliana codon optimized Cas9 (49) under the MpEF1apro 
promoter and two guide RNA under the M. paleacea or M. polymorpha U6pro pro-
moter were transformed in M. paleacea. A total of nine alleles of symrk (Marpal_
utg000051g0090241), thirteen of ccamk (Marpal_utg000137g0173321), and 
seven of cyclops (Marpal_utg000051g0091871) were genotyped and selected 
for phenotyping (SI Appendix, Table S2 and Dataset S2).
Generation of CRISPR mutants in M. paleacea ssp. diptera. To generate mutants 
of CYCLOPS in M. paleacea ssp. diptera (cyclops_4.1, cyclops_4.2), plants were 
transformed with the construct containing Arabidopsis-codon-optimized Cas9 
fused with MpEF1apro promoter and one guide RNA (5’-GCTCGAACCATATTCATG) 
fused to the MpU6-1propromoter. Two edited lines were selected for phenotyping.

Medicago Assays. Constructs were transformed in Agrobacterium rhizogenes 
A4TC24 by electroporation. Transformed strains were grown at 28 °C in Luria-
Bertani medium supplemented with rifampicin and kanamycin (25 µg/mL). M. 
truncatula Jemalong A17 roots, were transformed with the different CYCLOPS-DD 
orthologs and the CYC-REpro::GUS (Dataset S2) as described by Boisson-Dernier 
et al. (50), and grown on Fahraeus medium for 2 mo, selected with the DsRed 
marker present in all the constructs and GUS stained as in ref. 51. All transforma-
tion assays were performed independently on two batches of plants. Total number 
of plants observed are indicated in figures.

For nodulation and mycorrhization assays, M. truncatula plants with DsRed-
positive roots were transferred to pots containing Zeolite substrate (50% fraction 
1.0 to 2.5 mm, 50% fraction 0.5 to 1.0-mm, Symbiom). For nodulation assays, 
plants were watered with liquid Fahraeus medium (52). Wild-type S. meliloti 
RCR2011 pXLGD4 (GMI6526) was grown at 28 °C in tryptone yeast medium 
supplemented with 6 mM calcium chloride and 10 µg/mL tetracycline, rinsed with 
water, and diluted at OD600=0.02. Each pot was inoculated with 10 ml of bacte-
rial suspension. For mycorrhization assays, each pot was inoculated with ca. 500 
sterile spores of Rhizophagus irregularis DAOM 197198 provided by Agronutrition 
(Labège, France, https://www.agronutrition.com/en/contact-us/) and grown with 
a 16 h/8 h photoperiod at 22 °C/20 °C. Pots were watered once per week with 
Long Ashton medium containing 15 μM phosphate (53) (KNO3 3.75 µM, Ca(NO3) 
4H2O 4.75 µM, NaH2PO4 2H2O 0.0117µM, MgSO4 7H2O 2.5 µM)

Nissolia Assays. N. brasiliensis seeds provided by CIAT (Programade Recursos 
Geneticos, Valle, Colombia) were scarified with sulfuric acid for 5 min and surface-
sterilized with bleach for 1 min. Seeds were washed 5 times with H2O at each 
step. Seeds were placed onto 0.8% (w/v) agar plates in a growth chamber (25 °C) 
under dark conditions for 3 d. Germinated seedlings were pierced with a needle 
that had been previously dipped in the A. rhizogenes inoculum at OD = 0.03, 
and placed on Fahraeus medium plates in a 25 °C growth chamber (16 h light/8 
h dark). After 10 d, the untransformed roots (DSred-negative) were removed with 
a scalpel blade. After one month, transformed roots were screened for DsRed, and 
GUS-stained as indicated for M. truncatula.

Petunia Assays.
Petunia genotyping. P. hybrida LY3784 (cyclops #1) and 86-5 (ccamk #1) mutants 
were identified by searching a sequence-indexed dTph1 transposon database (53). 
Exact insert positions (expressed in base pairs downstream of the ATG start codon 
with the coding sequence as a reference) were determined by aligning the dTph1 
flanking sequences with the genomic and cDNA sequences. All in silico identified 

candidate insertions were confirmed by PCR-based genotyping of the progeny from 
the selected insertion lines, using primers flanking the dTph1 transposon inser-
tions (5’-ATGCAGCATAATATACCAGGAAATG and 5’-TGGGCTGGTTAGTAGTTTCAC for 
CYCLOPS, 5’-AAATTTTCCACACTCTTGATCAAACTC and 5’-AGCCACCTCTTCCAAGTATGTC 
for CCaMK). The following thermal profile was used for segregation analysis PCR: 
10 cycles (94 °C for 15 s, 68 °C for 20 s minus 1 °C/cycle, 72 °C for 30 s), followed 
by 40 cycles (94 °C for 15 s, 58 °C for 20 s, and 72 °C for 30 s). The different inser-
tion mutants were further systematically genotyped in subsequent crosses and 
segregation analyses. PCR products were analyzed by agarose gel electrophoresis. 
Cyclops-1 has an insertion at 609 bp, ccamk-1 at 262 bp.
Mycorrhization tests in P. hybrida. Seeds were germinated by sowing in pots 
with wet soil, at the surface (without covering). Then, a minigreenhouse was placed 
over the pots to keep a high humidity and seeds were left to germinate in a growth 
chamber (25 °C day/22 °C night, 60% humidity, 16 h/8 h day/night). Germinated 
seedlings were transferred to zeolite (50% fraction 1.0 to 2.5 mm, 50% fraction 0.5 
to 1.0-mm, Symbiom) soaked in Long-Ashton solution containing 15 μM of phos-
phate and inoculated with ca. 500 sterile spores/pot of R. irregularis DAOM 197198 
provided by Agronutrition (Labège, France, https://www.agronutrition.com/en/
contact-us/). Plants were grown in a growth chamber (25 °C day/22 °C night, 60% 
humidity, 16 h/8 h day/night) and watered regularly with the Long-Ashton solution. 
Root systems were harvested after 5 wk and stained with ink. Mycorrhization was 
quantified using the grid intersection method (54) in three independent assays.

Marchantia Assays.
M. paleacea ssp. paleacea transformation. Gemmae collected from axenic M. 
paleacea were grown in ½ strength Gamborg B5 media (G5768, Sigma, France) 
pH 5.7, 1.4% bacteriological agar (1330, Euromedex, France) for 4 to 5 wk.

For each construct, 15 to 25 gemmalings were blended for 15 s in a sterile, 
250 ml stainless steel, bowl (Waring, USA) in 10 ml of 0M51C medium (KNO3 2 
g/L, NH4NO3 0.4 g/L, MgSO4 7H2O 0.37 g/L, CaCl2 2H2O 0.3 g/L, KH2PO4 0.275 
g/L, L-glutamine 0.3 g/L, casamino-acids 1 g/L, Na2MoO4 2H2O 0.25 mg/L, CuSO4 
5H2O 0.025 mg/L, CoCl2 6H2O 0.025 mg/L, ZnSO4 7H2O 2 mg/L, MnSO4 H2O 10 
mg/L, H3BO3 3 mg/L, KI 0.75 mg/L, EDTA ferric sodium 36.7 mg/L, myo-inositol 
100 mg/L, nicotinic acid 1 mg/L, pyridoxine HCL 1 mg/L, thiamine HCL 10 mg/L). 
The blended plant tissues were transferred to 250 ml erlenmeyers containing 15 
ml of 0M51C and kept at 20 °C, 16 h light/8 h dark, on a shaking table (200 RPM) 
for 3 d. Coculture was initiated by adding 100 µL of saturated Agrobacterium 
tumefaciens GV3101 liquid culture and acetosyringone (100 µM final). After 3 
d, the plant fragments were washed by decantation three times with water, and 
plated on ½ Gamborg containing 200 mg/L amoxycilin (Levmentin, Laboratoires 
Delbert, FR) and 10 mg/L Hygromycin (Duchefa Biochimie, France).

For mutant complementations, gemmaes from selected mutant lines were 
surface sterilized in a bleach solution (~0.27%) for 75 s and washed in water twice 
before plating on ½ strength Gamborg B5 media. Transformation was performed 
as described above and selected on 500 nM chlorsulfuron (34322, Sigma).
M. paleacea ssp. diptera transformation. Transformation was done as in ref. 
4. Male parental line used to generate cyclops mutants was used as control in 
mycorrhization assays.
GUS-staining. Plants, either mock-treated or inoculated with R. irregularis for 
6 wk, were harvested. For staining, the GUS buffer is composed of phosphate 
buffer (0.1 M), EDTA (5 mM), K3Fe(CN)6 (0.5 mM), K4Fe(CN)6 (0.5 mM), X-Gluc 
(0.25 mg/ml, Euromedex, France), and H2O. After covering the plants with the 
GUS buffer, the tissues were incubated under vacuum for 5 min (twice), before 
incubating at 37 °C for 12 to 15 h. Several washes were performed with 70% 
ethanol to remove chlorophyll and clear the tissue. Tissues were stored in an 
aqueous solution containing EDTA (0.5 M).
Mycorrhization tests in M. paleacea. Thalli of M. paleacea ssp. paleacea and 
ssp. diptera were grown on a zeolite substrate (50% fraction 1.0 to 2.5 mm, 50% 
fraction 0.5 to 1.0-mm, Symbiom) in 7 × 7 × 8 cm pots (five thalli per pot). Each 
pot was inoculated with ca. 1,000 sterile spores of Rhizophagus irregularis DAOM 
197198 provided by Agronutrition (Labège, France, https://www.agronutrition.
com/en/contact-us/) and grown with a 16 h/8 h photoperiod at 22 °C/20 °C. Pots 
were watered once a week with Long-Ashton medium containing 15 μM of phos-
phate. Five, six, or eight weeks postinoculation, thalli were cleared of chlorophyll 
using ethanol 100% for 24 h, then stored in an aqueous solution containing EDTA 
(0.5 mM). Cleared thalli were scanned, and the presence of the black/purple pig-
ment indicative of colonization, scored as described in ref. 4. Colonization or lack D
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of colonization was confirmed by ink staining and WGA-Alexa Fluor 488 staining 
on sections as presented below for the imaging and quantification.
Quantification of colonized M. paleacea rhizoids. For each of the analyzed 
lines, six thalli were randomly picked. For each thallus, 8 to 10 longitudinal hand 
sections were made using a scalpel blade (~1 mm) for each thallus (taking one 
apex when multiple apexes were present), covering the entire area that has the 
potential to be colonized. The sections were cleared in 10% KOH for 14 h, rinsed 
three times with water and stained at room temperature for 30 min in 5% Sheaffer 
ink, 5% acetic acid. After staining, the sections were washed twice with water and 
left in the last wash for 2 h before counting. The number of colonized rhizoids was 
quantified under a stereomicroscope (Leica MZ75) for each section. The colonized 
rhizoids per thallus being the sum of colonized rhizoids for each section coming 
from that thallus. The experiment was repeated twice.
Microscopy on M. paleacea. Thalli were embedded in 6% agarose and 100 
µm transversal and horizontal sections were prepared using a Leica vt1000s 
vibratome. Sections were incubated two days in 10% KOH at 4 °C followed by 
water washes. The sections were then incubated in the staining solution, PBS with  
1 µg/ml WGA-Alexa Fluor 488 (Invitrogen, France) overnight at 4 °C. GUS sections 
and Marchantia ssp. diptera ink staining (Fig. 1 and SI Appendix, Fig. S9) were 
acquired with a Zeiss Axiozoom V16 microscope. Other sections were imaged 
using a Nikon Ti Eclipse inverted microscope equipped with DS Ri2 camera and 
motorized XY stage. Large images of global sections are performed using the NIS 
AR 4.3 scan large image module that allow multifield acquisition and images 
stitching. These images were acquired with 10×/0.3 dry objective (0.73 pixel size) 
in brightfield and in fluorescence for WGA-alexa488 staining using a GFP band 
pass filter set (ex: 472/30 nm, em:520/35 nm). Close-up images were acquired 
using a Leica SP8 TCSPC confocal microscope and LAS X software with a 25× water 
immersion objective (Fluotar VISIR 25×/0.95 WATER) at zoom 5× (0.182 µm 
pixel size). WGA-alexa488 staining of fungi was excited with the 488 nm laser 
line and fluorescence was recovered between 500 nm and 550 nm. Brightfield 
image was also performed and merged. Images were processed with ImageJ.

qRT-PCR. RNAs of M. paleacea cyclops mutant lines or empty-vector control 
plants were extracted using a Direct-zol RNA MiniPrep Zymo kit according to the 
supplier’s recommendation on ~100 mg of ground frozen thalli.

Reverse transcription was performed using M-MLV (Promega) on 500 ng of 
RNA and qPCR was performed on 5× diluted cDNA in a BioRad CFX opus 384 
thermocycler with SYBR Green (Sigma, France). Relative expression values were 
calculated using the reference genes MpaEF1 and MpaAPT2. (data correspond 
to 2-ΔCT with ΔCT = CTgene of interest-CTaverageCTEF1 + APT2). (Table 1).

RNA-seq.
Library preparation. Three independent lines expressing MpEF1apro:MtCYCLOPS-DD, 
MpEF1apro:MtCCaMK-Kin, MpEF1apro:MpaCYCLOPS-DD or transformed with an 
empty vector control (Line 132, control line) were harvested five weeks after trans-
fer to zeolite substrate (50% fraction 1.0 to 2.5 mm, 50% fraction 0.5 to 1.0-mm, 
Symbiom, Czech Republik) in 7 × 7 × 8 cm pots (five thalli per pot). Thalli from 
each pot were pooled in a single sample, flash-frozen and stored at −70 °C until 
extraction. TRI-reagent (Sigma, France) extraction was performed according to the 
supplier's recommendation on ~100 mg of ground frozen thalli. Around 2 µg of 
RNA was treated with RQ1 DNase (Promega) and sent for sequencing to Genewiz/

Azenta (Leipzig, Germany). Illumina libraries were prepared with the NEBnext ultra 
II RNA directional kit and sequenced on a NovaSeq platform.
Differential gene expression analysis. All sequenced RNA-seq libraries were 
mapped against the reference genome of M. paleacea (2) using nextflow (55) 
(v21.04.1, build 5556) run nf-core/rnaseq (56, 57) (v3.4) using -profile debug, 
genotoul --remove_ribo_rna --skip_qc --aligner star_salmon options. The 
workflow used bedtools (58) (v2.30.0), bioconductor-summarized experiment 
(v1.20.0), bioconductor-tximeta (v1.8.0), gffread (59) (v0.12.1), picard (v2.25.7), 
salmon (60) (v1.5.2), samtools (61) (v1.13), star (62) (v2.6.1d), stringtie (63) 
(v2.1.7), Trimgalore (v0.6.7, GitHub—FelixKrueger/TrimGalore: A wrapper around 
Cutadapt and FastQC to consistently apply adapter and quality trimming to 
FastQ files, with extra functionality for RRBS data), cutadapt (64) (v3.4) and ucsc 
(v377). Differentially expressed genes (DEGs) for the different lines were esti-
mated using “edgeR” (65) in R (v4.1.2, R Core Team 2021). Briefly, low expressed 
genes with less than 10 reads across each class of samples were removed. Then, 
gene counts were normalized by library size and trimmed mean of M-values (i.e. 
TMM) normalization method (66). We estimated differentially expressed genes 
(DEGs) by comparing each transformed genotype (MpEF1apro:MtCYCLOPS-DD, 
MpEF1apro:MtCCaMK-Kin, and MpEF1apro:MpaCYCLOPS-DD) to empty vector 
plants. Genes were considered differentially expressed when the FDR was below 
0.05 (Benjamini–Hochberg correction).

The code used is available here https://figshare.com/s/eac7dfa06815d7c4f665.
Multidimensional scaling (MDS) plot. In order to define the similarity in the 
transcriptomic signatures between the overexpressing lines we conducted a 
multidimensional scaling (MDS) plot using glMDSPlot function of the glimma 
(65, 67) package v2.12.0. The expression data were normalized by library size 
and the TMM method provided in the edgeR [2] package v4.0.2.
Statistical analyses. To estimate if the observed overlap between genes 
deregulated by the overexpression of the different constructs in M. palea-
cea (MpEF1apro:MtCYCLOPS-DD, MpEF1apro:MtCCaMK-Kin, and MpEF1apro: 
MpaCYCLOPS-DD) differed from random expectations, we randomly sampled 
(10,000 times) the same number of genes than the number of genes deregu-
lated in each treatment, and compared these random datasets to estimate the 
random overlap. Quantile metrics were computed for each comparison. The code 
used is available here https://figshare.com/s/eac7dfa06815d7c4f665.

To estimate the differences between colonization rates quantified by the 
presence of AMS-induced pigment in M. paleacea apexes, we used a pairwise 
comparison of proportions (Chi2) to the control line and a BH p-value adjustment.

qRT-PCR results were compared to the control lines using a Student’s t test.

Data, Materials, and Software Availability. RNA-seq; R scripts developed to 
analyse RNA-seq data have been deposited in NCBI; Figshare (PRJNA1051818 
(68)). Some study data available (Plasmids and transgenic lines generated in this 
study) are available upon request. For the transfer of transgenic material, appro-
priate information on import permits will be required from the receiver. RNA-seq 
reads were deposited on the SRA with the Bioproject number PRJNA1051818. 
R scripts developed to analyze RNA-seq data are available under the FigShare 
project page https://figshare.com/s/eac7dfa06815d7c4f665 (68). Any additional 
information required to reanalyze the data reported in this paper is available from 
the lead contacts (pierre-marc.delaux@cnrs.fr or tatiana.vernie@univ-tlse3.fr)  
upon request.
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Table 1.   List of primers used for qRT-PCR
Primer Sequence

 MpaEF1 qPCR F  5’-AATGTGTTGAGCAGCTTGGC

 MpaEF1 qPCR R  5’-ACGTTCCAAGTACTCTCGAGC

 MpaAPT2 qPCR F  5’-GGGTACACTTGCTGCAGGAA

 MpaAPT2 qPCR R  5’-CTCACGGCCCTTTAGATCCG

 MpaSYMPT qPCR F  5’-ACGGCAAGCAAGATCATGGA

 MpaSYMPT qPCR R  5’-GGACCAGGAACGTGAAGAGG

 MpaSTR qPCR F  5’-TCGTCTCTCATCACCACCAA

 MpaSTR qPCR R  5’-ATCCGCATGTCAAGAAGGAC

 RiTEF qPCR F  5’-GCCATACCGCTCATATTGCT

 RiTEF qPCR R  5’-CTCAACACACATCGGTTTGGD
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