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This article comments on:

Binci F, Offer E, Crosino A, Sciascia I, Kleine-Vehn J, Genre 
A, Giovannetti M, Navazio L. 2024. Spatially and temporally 
distinct Ca2+ changes in Lotus japonicus roots orient fungal-
triggered signalling pathways towards symbiosis or immu-
nity. Journal of Experimental Botany 75, 605–619.

Ca2+, as a key secondary messenger, is known to be im-
portant in plant–microbe interactions, and recent work 
has elucidated details of the role it plays in modulat-
ing symbiotic outcome. Using an aequorin-based cal-
cium indicator, Binci et al. (2024) successfully quantified 
Ca2+ signaling in the cytoplasm and nucleus when Lotus 
japonicus plants were treated with different chitin-
derived fungal elicitors. Their study shows that fungal 
elicitors trigger biphasic Ca2+ signaling, which has previ-
ously been overlooked.

Plant roots are constantly exposed to a variety of signals from soil 
microorganisms, including pathogenic and symbiotic microbes. 
Plants must discern these signals and integrate them into their de-
velopmental programs in order to cope with different microbes. 
Ca2+ is a key second messenger that is essential in a wide range 
of plant–microbe interactions (e.g. Zipfel and Oldroyd, 2017; 
Tian et al., 2020). Spatially and temporally distinct calcium sig-
nals (Ca2+ signature) not only reflect different input stimuli, 
but also lead to specific outputs (Jiang and Ding, 2023). The 
Ca2+ signature involved in the immune response in the cyto-
plasm has been quantitatively and qualitatively studied at both 
the whole-tissue and single-cell level (Keinath et al., 2015; Köster 
et al., 2022). A well-known Ca2+ signature displayed during the 
establishment of arbuscular mycorrhizal (AM) symbiosis and 

rhizobial symbiosis is nuclear calcium spiking (oscillations), the 
study of which is mainly based on imaging observations at the 
cellular level (Oldroyd and Downie, 2006). In addition to nu-
clear calcium spiking, a rapid change in the cytoplasmic calcium 
concentration in response to symbiotic factor (Nod factor) treat-
ment was also observed using GECO-based dual color sensors 
(Kelner et al., 2018). In contrast to our deep understanding of the 
immune response, temporal and spatial quantification of Ca2+ 
signals in the cytoplasm and nucleus at the tissue level during 
symbiosis has been missing. Recently, Binci et al. (2024) pro-
vided a set of detailed quantitative analyses of Ca2+ signaling in 
response to treatment with chitin-associated oligomers (CO4, 
CO8, and mycLCO) via an aequorin-based Ca2+ sensor, which 
brought new insights into understanding how the plant root 
system distinguishes between different fungal molecules in order 
to engage in symbiotic or immune responses.

Characterizing the subcellular temporal 
extent of Ca2+ elevation

AM fungi can release chitin-associated oligomers, such as CO4, 
CO8, and mycLCO. CO4 and mycLCOs are required for AM 
fungi to establish symbiosis with host plants, while CO8, one 
of the key components of fungal cell walls, acts as an effective 
pathogen-associated molecular pattern (PAMP) to elicit im-
mune responses in plants (Liu et al., 2012; Zhang et al., 2021). 
Binci et al. (2024) used an aequorin-based calcium reporter 
and revealed that all three tested chitin-derived oligomers can 
trigger the calcium changes in both the cytoplasm and nucleus 
in L. japonicus roots. Surprisingly, the calcium changes induced 
by CO4, mycLCOs, or CO8 exhibit comparable patterns in 
both the cytoplasm and nucleus. The calcium changes could 
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be further dissected into two temporal phases, namely phase I, 
characterized by a steep concentration peak in the first 8 min, 
and phase II with a broader shoulder between 8 min and 30 min. 
To dissect the calcium pools for the cytoplasm and nucleus Ca2+ 
changes after the stimulation, the authors conducted a series of 
pharmacological experiments (Fig. 1). EGTA, an extracellular 
Ca2+ chelator, strongly reduced cytosolic and nuclear calcium 
elevations, and the inhibitor of endoplasmic reticulum-type 
Ca2+ ATPases (CPA) specifically abolished nuclear elevations. 
Of note, a significant elevation of Ca2+ concentration in the 
cytoplasm was observed after VAC1 (an inhibitor of SNARE-
dependent vesicle fusions) treatment, suggesting that vacuoles 
play a crucial role in Ca2+ homeostasis in the cytoplasm.

Identifying the dynamic dependency of 
Ca2+ elevation on the common symbiotic 
signaling pathway

Among the new findings, Binci et al. (2024) proposed that Ca2+ 
influx in phase I is an immune-like response. To analyze the 

regulatory control of Ca2+ elevation in phase I and phase II, 
the authors resolved the Ca2+ quantification profiles in dif-
ferent mutant backgrounds, including the common symbi-
otic signaling pathway (CSSP) component mutants Ljsymrk 
(Stracke et al., 2002) and Ljcastor (Charpentier et al., 2008), and 
the immune-responsive mutant Ljcerk6 (Bozsoki et al., 2017). 
The results showed that in the two CSSP mutants, the three 
tested fungal molecules still triggered wild-type-like rapid 
Ca2+ elevation corresponding to phase I, whereas CO4- and 
mycLCO-induced Ca2+ changes in nuclear phase II were abol-
ished, suggesting that Ca2+ changes in nuclear phase II but not 
in phase I are dependent on the CSSP. This phenomenon is 
also consistent with the previous observation of the lack of 
nuclear and perinuclear Ca2+ spikes in CSSP gene mutants 
(Genre et al., 2013; Feng et al., 2019). Furthermore, the authors 
demonstrated that aequorin-based profiles of Ca2+ elevation 
in whole organs was comparable with the sum of chameleon-
based Ca2+ spike signals from individual cells, offering a novel 
methodological key to correlate the results from two of the 
most common methods for live Ca2+ tracking. In contrast, in 
the Ljcerk6 mutant, the changes in phase I Ca2+ concentra-
tion were blocked, but phase II Ca2+ changes were not signif-
icantly affected. Moreover, the combination of treatment with 
different concentrations of fungal molecules and evaluation 
of several marker genes associated with the immune response 
using quantitative reverse transcruiption–PCR (RT–qPCR) 
showed that the rapid Ca2+ influx in the cytoplasm (phase I) 
was identical to that in plant immunization (Binci et al., 2024).

In addition, Binci et al. (2024) observed Ca2+ increases in the 
cytoplasm within 8 min after CO4, CO8, and mycLCO treat-
ments. They suggest that this is an immune-related Ca2+ influx, 
consistent with the Ca2+ influx triggered by PAMPs during 
immune responses. This claim can be supported by the finding 
that some immunity-related genes are indeed induced during 
the early stages of symbiotic establishment (Lohar et al., 2006). 
Notably, during the establishment of rhizobial symbiosis, the 
influx of Ca2+ into the cytoplasm is reduced in Sinorhizobium 
meliloti nodL mutants, which did not affect Ca2+ oscillations 
in the nucleus, but significantly affected rhizobial infection 
(Morieri et al., 2013), suggesting that Ca2+ influx (phase I) 
plays other important roles rather than merely being a sign of 
an immune response during establishment of symbiosis. The 
different amplitudes may determine different outputs, as the 
expression of immune response marker genes was correlated 
with the amplitude of the phase I Ca2+ changes. However, the 
specific function of the phase I Ca2+ increases during symbiosis 
still needs to be investigated.

What remains to be achieved in the future?

Extracellular Ca2+ is the pool for phase I Ca2+ (Binci et al., 
2024). Several cyclic nucleotide gated channel (CNGC) family 
proteins (CNGC2/4 in Arabidopsis and CNGC9 in rice) have 

Fig. 1. Dissecting the Ca2+ pool for cytosolic and nuclear Ca2+ increases 
by applying pharmacological experiments. Treatment with CO4, CO8, 
and mycLCO induces Ca2+ increases in both the cytoplasm and nucleus. 
The Ca2+ channel inhibitor LaCl3 inhibits the activity of all Ca2+ channels, 
resulting in no Ca2+ increases in either the cytoplasm or the nucleus. 
The extracellular chelator EGTA specifically prevents Ca2+ influx from the 
outside of the cell into the cytoplasm; CPA (cyclopiazonic acid), an inhibitor 
of endoplasmic reticulum (ER)-type Ca2+ ATPase, leads to depletion of 
Ca2+ in the ER lumen, and, as a consequence, the Ca2+ increase in the 
nucleus is lost; VAC1, an inhibitor of SNARE-dependent vesicle fusion, 
disrupts Ca2+ homeostasis in the cytoplasm by interfering with Ca2+ 
storage capacity, which significantly influences the cytoplasmic Ca2+ 
increase (illustration by Qianqian Li).
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been shown to be involved in regulating Ca2+ influx (phase I) 
in response to immunity (Dietrich et al., 2020; Tian et al., 2020). 
Hence, it remains to be explored which Ca2+ transporters are 
involved in CO8- and mycLCOs/SmLCOs-mediated Ca2+ in-
flux. Although CO8 could induce nuclear calcium oscillations, 
the frequency of calcium oscillations was different from that 
induced by mycLCO, which could determine specific outputs 
(Feng et al., 2019; Binci et al., 2024). This idea can be supported 
by a study of the Lotus nfre mutant, which has altered fre-
quency of calcium oscillations in the nucleus, with consequent 
severe effects on the establishment of symbiosis (Murakami et 
al., 2018). In addition, to distinguish the Ca2+ signals triggered 
by different stimuli, specific proteins must be activated to de-
code the different input signals, such as CCaMK/CYCLOPS, 
as a decoding protein complex for symbiotic signals (Tirichine 
et al., 2006; Yano et al., 2008; Charpentier, 2018). Therefore, 
understanding which proteins can decode CO8-triggered sig-
nals and how these proteins are recruited by different input 
Ca2+ signals remains a pressing challenge. Pursuing these lines 
of investigation will greatly improve our understanding of the 
establishment of symbiotic relationships between plants and 
microbes.

Acknowledgements

We would like to thank Qianqian Li (Huazhong Agricultural University) 
for creating the illustration in Fig. 1. We apologize to those research-
ers whose work related to this topic could not be cited owing to space 
limitations.

Conflict of interest

The authors declare no conflict of interest.

Funding

This work was supported in part by the Hubei Hongshan Laboratory 
(105-11020117 to CS), the National Key Laboratory of Crop Genetic 
Improvement (Huazhong Agricultural University, 404/52011910135 to 
CS) and BBSRC (BB/T015357/1 to MG). 

Keywords:  Calcium indicator, Ca2+ signal, root–microbe interactions, 
symbiosis.

References
Binci F, Offer E, Crosino A, Sciascia I, Kleine-Vehn J, Genre A, 
Giovannetti M, Navazio L. 2024. Spatially and temporally distinct Ca2+ 
changes in Lotus japonicus roots orient fungal-triggered signalling path-
ways towards symbiosis or immunity. Journal of Experimental Botany 75, 
605–619.

Bozsoki Z, Cheng J, 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.

Charpentier M. 2018. Calcium signals in the plant nucleus: origin and 
function. Journal of Experimental Botany 69, 4165–4173.

Charpentier M, Bredemeier R, Wanner G, Takeda N, Schleiff E, 
Parniske M. 2008. Lotus japonicus CASTOR and POLLUX are ion chan-
nels essential for perinuclear calcium spiking in legume root endosymbiosis. 
The Plant Cell 20, 3467–3479.

Dietrich P, Moeder W, Yoshioka K. 2020. Plant cyclic nucleotide-gated 
channels: new insights on their functions and regulation. Plant Physiology 
184, 27–38.

Feng F, Sun J, Radhakrishnan GV, et al. 2019. A combination of chitooli-
gosaccharide and lipochitooligosaccharide recognition promotes arbuscular 
mycorrhizal associations in Medicago truncatula. Nature Communications 
10, 5047.

Genre A, Chabaud M, Balzergue C, et al. 2013. Short-chain chitin 
oligomers from arbuscular mycorrhizal fungi trigger nuclear Ca2+ spiking in 
Medicago truncatula roots and their production is enhanced by strigolac-
tone. New Phytologist 198, 190–202.

Jiang Y, Ding P. 2023. Calcium signaling in plant immunity: a spatiotempo-
rally controlled symphony. Trends in Plant Science 28, 74–89.

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 [Ca2+]cyt patterns in Arabidopsis. 
Molecular Plant 8, 1188–1200.

Kelner A, Leitão 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 Science 9, 245.

Köster P, DeFalco TA, Zipfel C. 2022. Ca2+ signals in plant immunity. The 
EMBO Journal 41, e110741.

Liu T, Liu Z, Song C, et al. 2012. Chitin-induced dimerization activates a 
plant immune receptor. Science 336, 1160–1164.

Lohar DP, Sharopova N, Endre G, Peñuela S, Samac D, Town C, 
Silverstein KA, VandenBosch KA. 2006. Transcript analysis of early nod-
ulation events in Medicago truncatula. Plant Physiology 140, 221–234.

Morieri G, Martinez EA, Jarynowski A, Driguez H, Morris R, Oldroyd 
GED, Downie JA. 2013. Host-specific Nod-factors associated with 
Medicago truncatula nodule infection differentially induce calcium influx and 
calcium spiking in root hairs. New Phytologist 200, 656–662.

Murakami E, Cheng J, Gysel K, et al. 2018. Epidermal LysM receptor 
ensures robust symbiotic signalling in Lotus japonicus. eLife 7, e33506.

Oldroyd GE, Downie JA. 2006. Nuclear calcium changes at the core of 
symbiosis signalling. Current Opinion in Plant Biology 9, 351–357.

Stracke S, Kistner C, Yoshida S, et al. 2002. A plant receptor-like kinase 
required for both bacterial and fungal symbiosis. Nature 417, 959–962.

Tian W, Wang C, Gao Q, Li L, Luan S. 2020. Calcium spikes, waves and 
oscillations in plant development and biotic interactions. Nature Plants 6, 
750–759.

Tirichine L, Imaizumi-Anraku H, Yoshida S, et al. 2006. Deregulation of 
a Ca2+/calmodulin-dependent kinase leads to spontaneous nodule devel-
opment. Nature 441, 1153–1156.

Yano K, Yoshida S, Müller J, et al. 2008. CYCLOPS, a mediator of sym-
biotic intracellular accommodation. Proceedings of the National Academy of 
Sciences, USA 105, 20540–20545.

Zhang C, He J, Dai H, Wang G, Zhang X, Wang C, Shi J, 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, e2023738118.

Zipfel C, Oldroyd GE. 2017. Plant signalling in symbiosis and immunity. 
Nature 543, 328–336.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/2/508/7513066 by U

niversity of W
arw

ick (inactive) user on 24 January 2024


