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Fungal signals and
calcium-mediated transduction
pathways along the plant
defence—symbiosis continuum

Plant roots reside in a complex subterranean world in contact with
diverse soil microorganisms that trigger intricate transcriptional
and developmental responses. Focusing on fungal interactions,
plants use the perception of specific chitin-based molecules to
discriminate between symbiotic partners, such as arbuscular
mycorrhizal (AM) fungi, which plants host in their root tissues,
and fungal pathogens, which they actively oppose. Calcium is
central to the transduction, acting as a common mediator of
downstream signalling (Zipfel & Oldroyd, 2017).

Over 20 years of research has led to a model in which
chitin-derived signals and their respective induced Ca*" signatures
are part of either symbiotic- or immunity-related intracellular
signalling cascades. Short chitin oligomers (COs) based on a
tetrameric/pentameric backbone (CO4/CO5) as well as their
derivatives harbouring a lipid tail (mycLCOs) have been character-
ized as powerful symbiotic signals and have been shown to trigger
repeated transient elevations in nuclear and perinuclear Ca** levels.
This Ca”" spiking is a commonly accepted hallmark of plant
symbioticsignalling, shared by other beneficial interactions, such as
symbiotic nitrogen fixation in legumes and actinorhizal plants
(Maillet et al., 2011; Genre et al., 2013; Sun et al., 2015; Barker
et al., 2017). Instead, longer COs such as octamers (CO8) are
acknowledged elicitors of plant immunity (Bjornson et al., 2021)
and are known to trigger a transduction pathway based on a rapid
Ca*' influx in the plant cell (Ranf ez 4/, 2011). However, emerging
evidence suggests that this view may be overly simplistic. Indeed,
CO8 was shown to activate nuclear Ca®" spiking in Medicago
truncatula roots (Feng ez al., 2019; Zhang ez al., 2021), and CO4 is
known to trigger mild plant immunity-related responses, such as
reactive oxygen species burst and activation of the MAPK cascade
(Bozsoki ez al., 2017).

Similarly, a recent study investigating compartment-specific
Ca®" signatures activated by different fungal signals demonstrated
that CO8, CO4, and mycLCOs induce a rapid cytosolic Ca®"
influx, followed by a longer-lasting nuclear Ca®" spiking in Lozus
Jjaponicus roots (Fig. 1). Combining pharmacological and genetic
approaches, the first Ca®" influx was shown to be related to plant
immunity and functionally uncoupled from symbiotic Ca®"
spiking. Moreover, the amplitude of the Ca®" influx, as well as
the level of induction of immunity marker genes, was critically
dependent on elicitor concentration (Binci ez al., 2024). These data
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Fig. 1 Biphasic nature of plant Ca®" signalling in response to fungal
signals. The nonbinary nature of chitin-based fungal elicitors is mirrored by
the partial overlap in plant defence- and symbiosis-related signalling
(magenta and green triangles). In both cases, this is mediated by Ca®", but
distinct kinetics of evoked Ca?* changes are emerging. Upon fungal signal
perception (black arrow), a rapid and steep Ca?* influx from the apoplast
(magenta) is associated with the activation of defence responses. By
contrast, the triggering of symbiotic signalling is delayed in time (green)
and involves the activation of repetitive nuclear-centred Ca®" oscillations
(Ca?" spiking) generated from the nuclear envelope.

corroborate previous findings (Feng ez al., 2019; Zhang ez al., 2021)
and outline a complex picture in which both immunity- and
symbiosis-related responses are elicited by different fungal
molecules through distinct intracellular Ca*" changes.

In our recent Viewpoint (Giovannetti ez al., 2024), which was
intended to be included in the present special issue, but
was published in an earlier issue of the journal in error, such
intertwined fungus—plant communication circuits are discussed to
spotlight the continuum of both fungal elicitors and
Ca®"-mediated signals in the transduction pathways that mediate
plant defence and symbiosis. Based on the cumulative knowledge
gathered over the last two decades of research and recent advances in
the field, we outline three main challenges for future studies.

First, the classical binary separation of chitin-derived fungal
molecules into symbiotic and pathogenic signals according to their
length and decorations does not reflect the complexity of plant—
fungus chemical communication in light of recent findings. It is
noteworthy that short-chain COs promote AM formation (Volpe
et al., 2020, 2023), whereas long-chain oligomers decrease it
(Zhang et al., 2021) when administered exogenously. However,
when applied as purified molecules to axenic seedlings, COs of
cither size can trigger both symbiosis- and immunity-related
responses (Genre ez al., 2013; Sun ez al., 2015; Bozsoki ez al., 2017;
Feng et al., 2019; Zhang et al., 2021; Binci ez al., 2024), suggesting
that chitin-based signals are only one part of a broader
communication system (Fig. 2), where the concentration, relative
abundance, and solubility of each class of COs within fungal
exudates, along with more subtle chemical features (such as lateral
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Fig. 2 Chitin-based fungal signals and Ca®>*-mediated plant signalling in defence and symbiosis. Plant-interacting fungi release a mix of short- and
long-chain chitin oligomers (COs) that elicit symbiosis or defence in their host plants. Although a clear distinction between defence-associated long-chain
COs and symbiosis-related short-chain molecules has been proposed, recent research has indicated that this distinction may not be as obvious as previously
thought. Additional factors such as CO concentration, relative abundance, solubility, and degree of acetylation may be major determinants of downstream
responses. An increasing number of studies on plant CO receptors is revealing a second level of complexity: distinct plant species use distinct receptors, and
the same receptors may participate in different complexes based on the availability of individual COs, functional redundancy, and competition between
receptors for complex formation. Finally, both pathogenic and symbiotic fungi cause changes in intracellular Ca®* concentration, which is a key node in
several plant signal transduction pathways. A transient cytosolic Ca®" elevation is associated with the perception of both fungal elicitors. By contrast,
nuclear-centred Ca* spiking is an acknowledged feature of symbiotic signalling. Nevertheless, when applied as purified molecules, long-chain COs have
also been shown to induce nuclear Ca" spiking (dashed magenta arrow). Disentangling this complicated signalling scenario, which underpins the effective
and clear regulation of gene expression for defence or symbiotic responses, is now a major challenge in the biology of plant-microbe interactions. In this
context, the simultaneous perception of additional (nonchitinous) signals that are more specific to symbionts or pathogens and the physiological conditions

of the plant, such as its nutritional status, are starting to emerge as important contributing factors (dashed grey arrows). Modified from Giovannetti

etal. (2024).

substitutions or acetylation degree), or the simultaneous perception
of additional fungal signals, corroborate the activation of one
pathway or the other.

Second, other factors, such as the nutritional status of the plant
(Li et al., 2022) and the complexity of the root microbiota, have
been suggested to play a relevant role in directing plant decisions
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towards welcoming or opposing an approaching fungus. Such
physiology-based processes may overlap and dominate direct signal
exchanges between fungi and plants.

Finally, Ca®* dynamics in beneficial and detrimental plant—
microbe interactions have often been investigated using distinct tools,
largely because of historical circumstances. Indeed, the field of plant
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immunity has mainly relied on aequorin-based Ca®" assays in entire
seedlings, plant organs, and suspension-cultured cells, providing
accurate and sensitive Ca®" measurements (Knight ez al, 1991;
Chandra ez al,, 1997; Mithofer ez al,, 1999; Lecourieux et al., 2002;
Zuppini er al, 2004; Ranf er al, 2011). In additdon to an
aequorin-based approach in plant cell populations that first
demonstrated the involvement of Ca®" in AM signalling (Navazio
et al, 2007), the endosymbiotic field has primarily adopted
fluorescent Ca”'-dependent dyes and genetically encoded Ca®"
indicators (GECls) for imaging Ca?* dynamics at the single-cell level
(Ehrhardt ez al, 1996; Shaw & Long, 2003; Kosuta ez al., 2008;
Chabaud ez al,, 2011; Sieberer ez al., 2012; Genre ez al., 2013; Sun
et al., 2015). More recently, the use of fluorescent GEClIs to
investigate immunity Ca** signalling (Thor & Peiter, 2014; Keinath
et al., 2015; Kelner et al, 2018) and bioluminescent GECIs in
symbiotic interactions (Binci er al, 2024; Teyssier et al, 2024)
clarified that the use of complementary tools may provide more robust
findings. Furthermore, extending investigations into plant organellar
Ca** signalling (Stael ez al, 2012; Costa et al, 2018; Resentini
etal.,2021) may be essential to fully understand the complexity of the
whole cellular Ca®" network in beneficial plant—fungus interactions.
Indeed, Ca®" released from intracellular stores seems to play a crucial
role not only in symbiosis (Charpentier et al, 2016; Del Cerro
et al., 2022) but also in immunity signalling (Wang ez al, 2024). In
short, an integrative approach combining different GECls, merging
distinct advantages, that is, qualitative and quantitative analyses of
Ca®" signals, appears to be critical for fully dissecting and
reconstructing Ca”" signalling in plant—microbe interactions.

Notably, most of our understanding of plant—fungus beneficial
interactions has relied on a small number of plant species, mainly
belonging to angiosperms. Nevertheless, recent advancements have
been facilitated by comparative phylogenomics and the use of
diverse model plant species that represent different evolutionary
trajectories. These approaches have elucidated the conservation of a
set of plant genes implicated in symbiosis across a spectrum of
terrestrial plants (Vernié et al., 2024). For example, studies on the
AM host liverwort Marchantia paleacea, whose compact genome
provides a simpler system for investigating membrane receptors,
have shown that short and long COs induce fast and intense
cytosolic Ca®" elevations under the control of LysM receptor-like
kinases (Teyssier er al, 2024), tracing the nonbinary nature of
symbiosis- and immunity-related signalling back to the most
ancient common ancestors of land plants.

Acknowledgements

We are grateful to the Editors of New Phytologist and the Editorial
Office staff for the opportunity to contribute to this special issue.
Research in the authors’ laboratories was supported by the European
Union—NextGenerationEU (PRIN prot. 2022NW97]X to AG and
LN; PRIN PNRR prot. P2022WL8TS and 2021 STARS
Grants@Unipd programme P-NICHE to MG); the University of
Padova, Italy (Progetti di Ricerca Dipartimentali — PRID) grant no.
BIRD180317 to LN, and grant no. BIRD214519 to MG;
Fondazione CRC (2023.0856 — ID 73737 MILAGRO) and
Fondazione CSP (Bando Trapezio Linea 1 —ID 118527) to AG.

New Phytologist (2024) 242: 1404-1407
www.newphytologist.com

New
Phytologist

Author contributions

MG and FB contributed equally to this work.

ORCID

Andrea Genre () https://orcid.org/0000-0001-5029-6194
hteps://orcid.org/0000-0003-4637-9880

hteps://orcid.org/0000-0001-5640-108X

Marco Giovannetti
Lorella Navazio

Marco Giovannetti"*" (*) , Filippo Binci*’, Lorella

. 2 1
Navazio™* and Andrea Genre *

"Department of Life Sciences and Systems Biology, University of
Torino, 10125, Torino, ltaly;

*Department of Biology, University of Padova,

35131, Padova, ltaly

(*Authors for correspondence: email: andrea.genre@unito.it (AG);
lorella.navazio@unipd.it (LN))

"These authors contributed equally to this work.

References

Barker DG, Chabaud M, Russo G, Genre A. 2017. Nuclear Ca®" signalling in
arbuscular mycorrhizal and actinorhizal endosymbioses: on the trail of novel
underground signals. New Phytologist 214: 533-538.

Binci F, Offer E, Crosino A, Sciascia I, Kleine-Vehn J, Genre A, Giovannetti M,
Navazio L. 2024. Spatially and temporally distinct Ca®" changes in Lotus
Jjaponicus roots orient fungal-triggered signalling pathways towards symbiosis or
immunity. Journal of Experimental Botany75: 605-619.

Bjornson M, Pimprikar P, Niirnberger T, Zipfel C. 2021. The transcriptional
landscape of Arabidopsis thaliana pattern-triggered immunity. Nature Plants7:
579-586.

Bozsoki Z, Cheng ], Feng F, Gysel K, Vinther M, Andersen KR, Oldroyd GED,
Blaise M, Radutoiu S, Stougaard J. 2017. Receptor-mediated chitin perception
in legume roots is functionally separable from Nod factor perception. Proceedings
of the National Academy of Sciences, USA 114: 8118-8127.

Chabaud M, Genre A, Sieberer BJ, Faccio A, Fournier J, Novero M, Barker DG,
Bonfante P. 2011. Arbuscular mycorrhizal hyphopodia and germinated spore
exudates trigger Ca”* spiking in the legume and nonlegume root epidermis. New
Phyrologist 189: 347-355.

Chandra S, Stennis M, Low PS. 1997. Measurement of Ca®" fluxes during
elicitation of the oxidative burst in aequorin-transformed tobacco cells. Journal of
Biological Chemistry 272: 28274-28280.

Charpentier M, Sun ], Vaz Martins T, Radhakrishnan GV, Findlay K,
Soumpourou E, Thouin J, Véry AA, Sanders D, Morris R] ez al. 2016.
Nuclear-localized cyclic nucleotide-gated channels mediate symbiotic calcium
oscillations. Science 352: 1102-1105.

Costa A, Navazio L, Szabo 1. 2018. The contribution of organelles to plant
intracellular calcium signalling. Journal of Experimental Botany 69: 4175—4193.

Del Cerro P, Cook NM, Huisman R, Dangeville P, Grubb LE, Marchal C, Ho
Ching Lam A, Charpentier M. 2022. Engineered CaM2 modulates nuclear
calcium oscillation and enhances legume root nodule symbiosis. Proceedings of the
National Academy of Sciences, USA 119: €2200099119.

Ehrhardt DW, Wais R, Long SR. 1996. Calcium spiking in plant root hairs
responding to Rhizobium nodulation signals. Ce//85: 673—681.

Feng F, Sun ], Radhakrishnan GV, Lee T, Bozsoki Z, Fort S, Gavrin A, Gysel
K, Thygesen MB, Andersen KR ez 2l 2019. A combination of
chitooligosaccharide and lipochitooligosaccharide recognition promotes
arbuscular mycorrhizal associations in Medicago truncatula. Nature
Communications 10: 5047.

Genre A, Chabaud M, Balzergue C, Puech-Pages V, Novero M, Rey T, Fournier J,
Rochange S, Bécard G, Bonfante P ez al. 2013. Short-chain chitin oligomers from

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

85U80|7 SUOWWIOD 3A a1 8|qeo! dde a3 Aq peusenob are ssjolie YO ‘SN JO Se|n. 10y ArIqiT8UIUO A8]IM UO (SUORIPUCO-PUe-SWR/W0d" A3 M Afelq 1 [BU1UO//:SANY) SUORIPUOD pUe SWie 1 8y} 89S *[7202/90/6T] Uo AkeiqiTauliuo A[1M ‘outiol IaeiseAun Aq 6526T Ydu/TTTT 0T/I0p/u0o A8 | Areiqijut|uo yduy/sdny woy papeoumoa ‘v ‘vZ0Z ‘LET869YT


https://orcid.org/0000-0001-5029-6194
https://orcid.org/0000-0001-5029-6194
https://orcid.org/0000-0001-5029-6194
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0003-4637-9880
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0001-5640-108X
https://orcid.org/0000-0001-5029-6194
https://orcid.org/0000-0001-5029-6194
https://orcid.org/0000-0001-5029-6194
mailto:andrea.genre@unito.it
mailto:lorella.navazio@unipd.it

New
Phytologist

arbuscular mycorrhizal fungi trigger nuclear Ca** spiking in Medicago truncasula
roots and their production is enhanced by strigolactone. New Phytologist 198:
190-202.

Giovannetti M, Binci F, Navazio L, Genre A. 2024. Nonbinary fungal signals and
calcium-mediated transduction in plantimmunity and symbiosis. New Phyrologist
241: 1393-1400.

Keinath NF, Waadt R, Brugman R, Schroeder JI, Grossmann G, Schumacher K,
Krebs M. 2015. Live cell imaging with R-GECO1 sheds light on flg22- and
chitin-induced transient [Ca**] o patterns in Arabidopsis. Molecular Plant 8:
1188-1200.

Kelner A, Leitao N, Chabaud M, Charpentier M, de Carvalho-Niebel F. 2018.
Dual color sensors for simultaneous analysis of calcium signal dynamics in the
nuclear and cytoplasmic compartments of plant cells. Frontiers in Plant Science9:
245.

Knight MR, Campbell AK, Smith SM, Trewavas AJ. 1991. Transgenic plant
aequorin reports the effects of touch and cold-shock and elicitors on cytoplasmic
calcium. Nature 352: 524-526.

Kosuta S, Hazledine S, Sun J, Miwa H, Morris RJ, Downie JA, Oldroyd GE. 2008.
Differential and chaotic calcium signatures in the symbiosis signalling pathway of
legumes. Proceedings of the National Academy of Sciences, USA 105: 9823-9828.

Lecourieux D, Mazars C, Pauly N, Ranjeva R, Pugin A. 2002. Analysis and effects
of cytosolic free calcium increases in response to elicitors in Nicotiana
plumbaginifolia cells. Plant Cell 14: 2627-2641.

Li XR, Sun ], Albinsky D, Zarrabian D, Hull R, Lee T, Jarratt-Barnham E, Chiu
CH, Jacobsen A, Soumpourou E ez al. 2022. Nutrient regulation of
lipochitooligosaccharide recognition in plants via NSPI and NSP2. Nature
Communications 13: 6421.

Maillet F, Poinsot V, André O, Puech-Pages V, Haouy A, Gueunier M, Cromer L,
Giraudet D, Formey D, Niebel A ez al. 2011. Fungal lipochitooligosaccharide
symbiotic signals in arbuscular mycorrhiza. Nature 469: 58—63.

Mithafer A, Ebel J, Bhagwat AA, Boller T, Neuhaus-Url G. 1999. Transgenic
aequorin monitors cytosolic calcium transients in soybean cells challenged with
B-glucan or chitin elicitors. Planta 207: 566-574.

Navazio L, Moscatiello R, Genre A, Novero M, Baldan B, Bonfante P, Mariani P.
2007. A diffusible signal from arbuscular mycorrhizal fungi elicits a transient
cytosolic calcium elevation in host plant cells. Plant Physiology 144: 673—681.

Ranf S, Eschen-Lippold L, Pecher P, Lee J, Scheel D. 2011. Interplay between
calcium signalling and early signalling elements during defence responses to
microbe- or damage-associated molecular patterns. 7he Plant Journal 68:
100-113.

Resentini F, Ruberti C, Grenzi M, Bonza MC, Costa A. 2021. The signatures of
organellar calcium. Plant Physiology 187: 1985-2004.

This article is a Commentary on Giovannetti ez al., 241: 1393-1400.

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

Commentary

Shaw SL, Long SR. 2003. Nod Factor elicits two separable calcium responses in
Medicago truncatula root hair cells. Plant Physiology 131: 976-984.

Sieberer BJ, Chabaud M, Fournier J, Timmers ACJ, Barker DG. 2012. A switch in
Ca®" spiking signature is concomitant with endosymbiotic microbe entry into
cortical root cells of Medicago truncatula. The Plant Journal 69: 822-830.

Stael S, Wurzinger B, Mair A, Mehlmer N, Vothknecht UC, Teige M. 2012. Plant
organellar calcium signalling: an emerging field. Journal of Experimental Botany
63: 1525-1542.

Sun J, Miller JB, Grangqvist E, Wiley-Kalil A, Gobbato E, Maillet F, Cottaz S,
Samain E, Venkateshwaran M, Fort S et al. 2015. Activation of symbiosis
signalling by arbuscular mycorrhizal fungi in legumes and rice. Plant Cell27:
823-838.

Teyssier E, Grat S, Rich M, Delaux P-M, Mbengue M. 2024. LysM-RLK plays an
ancestral symbiotic function in plants. bioRxiv. doi: 10.1101/2024.01.16.
575821.

ThorK, Peiter E. 2014. Cytosolic calcium signals elicited by the pathogen associated
molecular pattern flg22 in stomatal guard cells are of an oscillatory nature. New
Phytologist 204: 873-881.

Vernié T, Rich M, Pellen T, Teyssier E, Garrigues V, Chauderon L, MedioniL, van
Beveren F, Libourel C, Keller J ez al. 2024. Conservation of symbiotic signalling
across 450 million years of plant evolution. bioRxiv. doi: 10.1101/2024.01.16.
575147.

Volpe V, Carotenuto G, Berzero C, Cagnina L, Puech-Pages V, Genre A. 2020.
Short chain chitooligosaccharides promote arbuscular mycorrhizal colonization
in Medicago truncatula. Carbohydrate Polymers 229: 115505.

VolpeV, Chialva M, Mazzarella T, Crosino A, Capitanio S, Costamagna L, Kohlen
W, Genre A. 2023. Long-lasting impact of chitooligosaccharide application on
strigolactone biosynthesis and fungal accommodation promotes arbuscular
mycorrhiza in Medicago truncatula. New Phytologist 237: 2316-2331.

Wang W, Cheng H-Y, Zhou J-M. 2024. New insight into Ca®"-permeable channel
in plant immunity. Journal of Integrative Plant Biology 66: 623—631.

Zhang C, He ], Dai H, Wang G, Zhang X, Wang C, Shi ], Chen X, Wang D, Wang
E.2021. Discriminating symbiosis and immunity signals by receptor competition
in rice. Proceedings of the National Academy of Sciences, USA 118: €2023738118.

Zipfel C, Oldroyd GED. 2017. Plant signalling in symbiosis and immunity. Nazure
543: 328-336.

Zuppini A, Baldan B, Millioni R, Favaron F, Navazio L, Mariani P. 2004. Chitosan
induces Ca®"-mediated programmed cell death in soybean cells. New Phytologist
2004: 557-568.

Key words: arbuscular mycorrhiza, calcium signalling, fungal signals, plant
immunity, plant symbiosis.

New Phytologist (2024) 242: 1404-1407
www.newphytologist.com

o
‘2 8697T

85U80|7 SUOWWIOD aA a1 8|l dde a3 Aq peusenob afe ssjolie YO ‘SN Jo Se|nl 1oy ArIqIT8UIUO A8]IM UO (SUORIPUOD-PUe-SW.R/W0o" A3 1M Afelq 1 [pul|Uo//:SAny) SUORIPUOD pue SWe 1 8y) 89S " [7202/90/6T] Uo A%iqiauliuo A(1M ‘outio IaeiseAun Aq 6526T Udu/TTTT OT/I0p/woo A8 m Areiqiputjuo yduy/sdny woly pepeojumoq ‘i


https://doi.org/10.1101/2024.01.16.575821
https://doi.org/10.1101/2024.01.16.575821
https://doi.org/10.1101/2024.01.16.575147
https://doi.org/10.1101/2024.01.16.575147
https://doi.org/10.1111/nph.19433
https://doi.org/10.1111/nph.19433
https://doi.org/10.1111/nph.19433
https://doi.org/10.1111/nph.19433

	Outline placeholder
	nph19759-fig-0001
	nph19759-fig-0002

	 Acknowledgements
	 Author contributions
	 References
	nph19759-bib-0001
	nph19759-bib-0002
	nph19759-bib-0003
	nph19759-bib-0004
	nph19759-bib-0005
	nph19759-bib-0006
	nph19759-bib-0007
	nph19759-bib-0008
	nph19759-bib-0009
	nph19759-bib-0010
	nph19759-bib-0011
	nph19759-bib-0012
	nph19759-bib-0013
	nph19759-bib-0014
	nph19759-bib-0015
	nph19759-bib-0016
	nph19759-bib-0017
	nph19759-bib-0018
	nph19759-bib-0019
	nph19759-bib-0020
	nph19759-bib-0021
	nph19759-bib-0022
	nph19759-bib-0023
	nph19759-bib-0024
	nph19759-bib-0025
	nph19759-bib-0026
	nph19759-bib-0027
	nph19759-bib-0028
	nph19759-bib-0029
	nph19759-bib-0030
	nph19759-bib-0031
	nph19759-bib-0032
	nph19759-bib-0033
	nph19759-bib-0034
	nph19759-bib-0035
	nph19759-bib-0036
	nph19759-bib-0037


