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A B S T R A C T   

Similar to all living organisms since their appearance on Earth, microalgae have continuously been exposed to 
natural selection and consequently evolved by adapting to different or changing ecological niches and occupying 
ecosystems worldwide, with concomitant genetic mutations. This has to be distinguished from acclimation, a 
response to environmental stressors which can occur over several generations without genetic changes, and for 
which phenotypic plasticity can be critical. Pertaining to both mechanisms, microalgae can sense, cooperate and 
propagate a timely warning message upon changes in the environment. This is key to maintain communities 
thriving and sustain primary production and mineralization in most ecosystems, but also for sustainability in 
large scale production of microalgae such as for biofuels production. Nevertheless, the nature of ubiquitous 
cell–cell interactions and communications, mostly prompted by stress-induced alterations, remains poorly un-
derstood, especially due to the lack of technologies suited to decipher cohort signalling and communication. 
Here, we have critically reviewed microalgae literature, unravelling important cues in microalgae populations 
that co-ordinate responses to changes in light, temperature, reproduction, grazers and osmotic stress, most likely 
through a mass diffusion process over a “handover distance”. We concluded that bioelectricity mediated through 
paracrine signalling, mostly involving Ca2+, plays a key role in microalgae cell sensing and communication, 
being the mediator for timely perception and concomitant collective stress acclimation. This critical analysis and 
the hypothesis proposed pave the way for quantitative electrogenic assessments of Ca2+ signalling and also of the 
acclimation potential and exquisite evolutionary perseverance of numerous microalgal lineages.   

1. Introduction 

Photosynthetic microorganisms appeared on Earth before O2 began 
to accumulate in the atmosphere 2.4 billion years ago [1]. Their 
evolutionary radiation changed the structure of the ecosystems and 

biogeochemical cycles in the oceans [2] and they are presently 
responsible for up to half of the planetary net primary production [3]. 
They contribute largely to species diversity globally, covering both 
prokaryotic and eukaryotic branches of the tree of life. 

Microalgae are unicellular eukaryotic algae which thrive in 
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freshwater and marine ecosystems as well as soil. Some species tolerate 
inhospitable habitats such as glaciers, thermal fountains, and saline 
ponds, as well as some unusual sites such as polar bear and sloth’s fur. 
Their distribution is ubiquitous in the biosphere [4]. 

A major concern for a population of unicellular microorganisms 
including microalgae is how to communicate events to their peers and 
coordinate community responses, especially in large aquatic bodies. 
Mainly documented in animals, the existence of communication systems 
has also been demonstrated in fungi, in plants and more recently in 
microalgae, for the latter mostly related with sexual reproduction and 
partner attraction (for recent reviews, see [5,6] and references herein). 
Communication in microalgae seems to occur between individuals of 
different species as well as individuals of the same species. Communi-
cation mechanisms mainly rely on the production and the release in the 
medium of chemicals that convey information (infochemicals) from an 
emitter to a receiver, which responds to the chemical cues. Furthermore, 
many communication mechanisms depend on calcium, a key element of 
cell signalling in all forms of life [7], in particular microalgae [5]. 

For an applied prospect, the communication efficiency between a 
population of conspecifics (same-species cells) is important for the 
design of successful photobioreactors [6]. For instance, acclimation of 
microalgae due to changing environmental conditions, here themed as 
stress, such as nutrients, light (see section 3.3), or temperature (section 
3.4) can thus trigger accumulation of high value products lipids and 
carotenoids, which has been explored for commercial use [8]. Stress- 
induced strategies utilized by biotechnological laboratories for 
improving lipid production and concomitant biomass concentration, 
such as the use of phytohormone, change of cultivation strategies, 
combined chemical additives and abiotic stresses including nutrient 
stress and metal ions are therefore becoming critical for microalgal- 
aided energy production [9,10]. The fundamental problem, however, 
is that stressful conditions often adversely affect microalgal growth and 
cause oxidative damage to the cells, lowering the yield of the desired 
products. The limitation to comprehend stress and communication in 
microalgae communities is therefore a critical aspect for biotechnolog-
ical industries that remains unsolved. 

The communication strategies mostly triggered by stress among 
same-species and inter-species neighbouring cells are intrinsic to the 
dynamic community actions. It starts with sensing the condition 
threatening the survival of the cells followed by signalling to the rest of 
the community occupying that particular ecosystem. There is compiling 
evidence that microorganisms acclimate to sudden environmental 
changes by activating cell defence mechanisms and their ability to 
timely reorganize as a group, survive and reproduce [11,12]. The pro-
cesses through which microalgae communicate with conspecifics remain 
largely unknown [13], yet taking inspiration from communication in e.g. 
bacterial cells with quorum sensing or eukaryotic cells with paracrine 
and electrical signalling, we have hypothesised that microalgae 
communication is mediated through paracrine signaling in which ions 
act as primary messengers. 

Most microalgae express a range of ion channels that serve important 
physiological purposes, including intracellular signalling which refers to 
signalling within a single cell and intercellular communication, or 
simply communication, which mainly refers to signalling between 
conspecific neighbouring cells. Ion channels are the main players of 
intracellular signalling and intercellular communication. Progressive 
studies on ion channels and their functions revealed their existence in all 
three domains of life e.g., Archea, Bacteria and Eukaria [14]. Most of the 
fundamental biological macromolecules in cells are negatively charged 
at physiological pH, primarily due to the phosphate group in DNA, RNA 
and proteins. The structural stability and function of these macromole-
cules therefore require positively charged counter-ions, to provide 
charge balance of cells [15]. 

Ion channels (IC) are protein forming pores in the cell membrane that 
control ion permeation and fluxes, which are the basis of many cell 
functions. They allow specific inorganic ions, namely Na+, K+, Ca2+ and 

Cl-, to diffuse rapidly down their electrochemical gradients across the 
membrane. Ion channels are gated in order to open and close according 
to the metabolic situation. A stimulus is needed to open the gate, such as 
a change in the voltage across the membrane (voltage-gated channels), a 
mechanical stress (mechanically-gated channels) or the binding of a 
ligand either extracellular or intracellular (ligand-gated channels) [16]. 

There is a larger diversity of channels in unicellular eukaryotes 
compared to plants and animals [14] although the majority of studies 
focus on vertebrates and large invertebrates. Among eukaryotes there is 
evidence of this richness from the number of IC-coding genes present. 
The ciliate Paramecium tetraurelia, the green flagellate Chlamydomonas 
reinhardtii and the diatom Thallassiosira pseudonana, have all been 
known to express multiple K+ channel genes [17] and to exhibit ionic 
currents [14]. The ion channels may assist the generation of electro-
chemical signals which promote communication among cells [18]. 

Diatoms are a large and highly diverse eukaryotic group of micro-
algae, mostly oceanic, which generate as much organic carbon per year 
as all terrestrial rainforests combined. A proportion of carbon generated 
by diatoms is rapidly consumed at the base of marine food webs [19]. 
Due to their silica cell wall, they play a pivotal role in both biogeo-
chemical cycles of carbon and silicates [20]. Phylogenomic analyses 
suggest that diatoms belong to the eukaryotic supergroup of Strame-
nopiles (Chromalveolata), whose common ancestor is thought to derive 
from a secondary endosymbiotic event between a heterotrophic host, a 
red alga and possibly a green alga [21]. This original evolutionary his-
tory conferred diatoms with a unique genetic makeup and metabolism 
which may contribute to their ecological success in the contemporary 
oceans [19]. The presence of intracellular signaling and intercellular 
communication mechanisms in diatoms with roles in the acclimatory 
response to (a)biotic stressors has been attributed to grazing, hypo or 
hyperosmotic stress, light alterations, temperature changes [18,22–27]. 

Herein, we critically review for the first time the role of 
bioelectricity, governed by ion channels, in the translation of commu-
nication mechanisms in cohorts of microalgae. We discuss communi-
cation cues for microalgae when acclimating to different conditions, 
such as grazing, osmotic stress, light, temperature, and sexual repro-
duction. We propose a novel mechanism used by microalgae to sense, 
communicate, and acclimate to changes in their environments, with 
particular focus on the use of bioelectricity. We will demonstrate the 
importance of using sensitive electrophysiology, photophysiology and 
microscopy analytical tools to translate and ascertain the significance of 
paracrine communication processes in the perception and acclimation 
strategies in microalgal communities. 

2. Fundamentals of communication in microalgae 

2.1. Role of paracrine signalling and definition of “handover distance” 

Marine phytoplankton in general and diatoms in particular are able 
to perceive and respond to chemical changes in their environment [12]. 
In diatoms, the stress-sensing is likely triggered by ion movements 
through channels in a cell membrane, measurable using the patch clamp 
technique, as action potential-like events [12,24]. The transmission of 
the information, from cell to cell, involves more than one receptor cell 
and cannot be measured with conventional single-cell patch clamp re-
cordings. Probing the communication within microorganisms requires 
methods capable of monitoring cell populations. Thus, recent de-
velopments were made with highly sensitive multielectrode arrays 
(MEAs) [18,28,29], which enabled, as opposite to single cell measure-
ments, the recording of whole diatom cohorts [18]. MEAs are used for 
non-invasive electrical recordings in electrogenic cells [30], over a time 
span of days or even months. 

MEAs comprise planar electrodes placed on a substrate in contact 
with the cells cultured in a medium [28]. MEAs monitor the extracel-
lular field potential, which typically comprises the contribution from 
voltage or ligand gated ion channels, and inherent voltage fluctuations 
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across the cell membrane. Critical for decoding communication in mi-
croorganisms are the large electrode MEAs, which exhibit low imped-
ance and optimize the signal-to-noise-ratio for low frequency 
measurements. In large MEAs, the measured signal originates from all 
single cell contributions adherent to the electrode (see Fig. 1A), which 
means that when cells cooperate, the signal emerges as synchronized 
electrical spikes, and when cells do not cooperate, the signal emerges as 
uncorrelated noise. It is therefore suggested that synchronized, or pe-
riodic electrical spikes across an electrode covered by hundreds of cells, 
represent co-ordinated communication events between conspecifics 
among a cell cohort. One example is the quasi-periodic electrical signal 
among a population of diatoms as seen in Fig. 1B. The histogram in 
Fig. 1C shows the interspike intervals distribution, extracted from a 
long-term recording of 20 h and reveals a Gaussian dispersion with a 
mean value of 80 s. 

Reproduced from [18] copyright Springer Nature under CC BY 4.0 
licence (https://creativecommons.org/licenses/by/4.0/) 

Fig. 1A shows a population of diatoms adhered to an Au electrode, 
separated apart, on average, by a “handover distance” of 120 µm, as 
indicated by the blue dashed circle. Here we introduce the term hand-
over distance for the diffusion-limited distance between neighboring 
cells, which allows them to communicate via release and uptake of ions. 
If cells are too far apart, beyond handover distance, they are unable to 
significantly influence the medium around neighbouring cells. In more 
detail, the diffusion of a small particle in its surroundings is driven by 
thermal agitation of the molecules on that particle according to Brow-
nian movement. The particle movement arising from the continual and 
pseudo-random bombardment by the molecules of the surrounding 
liquid has been explained by Einstein in 1905 [31,32]. As described in 
the following sections, the Brownian particle can be Ca2+, K+ or Na+. We 
consider the particle concentration, p and the concentration without 
living cells, p0 - the latter is considered as the ‘thermal equilibrium’ 
concentration in the cell surrounding or extracellular space. The diffu-
sion coefficient, D indicates the efficiency of the random walk. The 
Einstein relation describes the diffusion coefficient to the particle mass 
and its friction coefficient in the medium at a given temperature, and is 
given by: 

D
μ =

kT
q

(1) 

with µ the mobility, k is the Boltzmann constant, T temperature in 
Kelvin and q the elementary charge in coulombs. The mobility is pro-
portional to the average collision time, τc and is inversely proportional 
to the mass of the particle as: 

μ = q
τc

m
(2) 

This work reviews a number of microalgal stress acclimation pro-
cesses which primordially rely on ion efflux to the extracellular space. 

The injection of ions changes the equilibrium concentration and likely 
triggers a cascade of communication events is reviewed in detail in 
section 4. 

To derive the handover distance or diffusion length Lp, we need first 
to introduce the concept of average lifetime, the continuity equation, 
and the steady state condition [33,34]. The average lifetime of a particle 
(ion), τp indicates how long the ion remains in the cell vicinity before it 
recombines or is recruited by a neighboring cell. 

dΔp
dt

= −
Δp
τp

→Δp = Δp0e− t/τp (3) 

The continuity equation can be written considering mainly the 
diffusion transport in one dimension as 

∂Δp
∂t

= −
Δp
τp

+D
∂2Δp
∂x2 (4) 

In steady state in which ∂Δp/∂t = 0, we have 

D
∂2Δp
∂x2 =

Δp
τp

→Δp = Δp0e− x/Lp (5) 

Which means that the diffusion length Lp, can be written as 

Lp =
̅̅̅̅̅̅̅̅
Dτp

√
(6) 

In Fig. 1B, Ca2+ is suggested as the diffusion ion species responsible 
for the electrical signal from a cohort of cells within handover distance. 
The diffusion coefficient of Ca2+ in sea water is 7.5 × 10-6 cm2/s [35]. 
Also seen in Fig. 1B, the majority of inter-spike intervals occur at 80 s. 
Hence, with τp = 80 s as shown in Fig. 1C, this yields a diffusion length of 
~250 μm. This distance is an approximation, and we note that different 
types of ions can have different diffusion recombination lengths, 
because the mass, diffusion coefficient and the recombination time 
differ. The diffusion length is of the same order of magnitude as the 
average distance between the diatoms (Fig. 1A) which further suggests 
that the intercellular waves are due to paracrine cell–cell communica-
tion. In fact, diatoms collectively engage into low frequency quasi- 
periodic oscillation patterns or intercellular waves (Fig. 1B) when 
responding to light and temperature stress [18]. The reported paracrine 
communication in the planktonic pennate HAB-forming diatom Pseudo- 
nitzschia fraudulenta is suggested to be mediated by Ca2+ ions as the 
intracellular messenger [18]. Furthermore, the detected electrical signal 
is interpreted as a communication strategy to acclimate to darkness. This 
electrical signal could thus reflect cohort communication between in-
dividuals, which may explain the exceptionally fast acclimation to 
physiological or chemical changes in the environment of microalgae, 
which is reviewed in section 3. 

Fig. 1. Sensing current pulses from a cohort of Pseudo-nitzschia fraudulenta diatoms. (A) Bright field optical micrograph taken 24 h after depositing cells on the 
transducer. The dotted line separates the Au electrode and the glass substrate. The blue circle is centered at a single diatom and represents an area with a radius of 
120 µm. (B) Quasi-periodic electrical recording in cells under dark stress for 72 h. (C) Histogram showing the inter-spike intervals with Gaussian distribution, the 
mean interval is 80 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.2. Electrogenic microalgae 

Electrophysiological measurements of the plasma membrane po-
tential in the diatom species Coscinodiscus radiatus indicated a resting 
potential of − 40 to − 80 mV and even up to more negative values at ~ 
− 140 mV suggesting the presence of an electrogenic pump [36]. In the 
same study, spontaneous and light/dark transition-induced oscillations 
of plasma membrane potentials were recorded suggesting the presence 
of controlled ion influx/efflux involved in cellular osmoregulation, 
given their ability to regulate their sinking dynamics in response to 
irradiance [36]. 

Subsequent electrophysiological studies conducted in the diatom 
species Odontella sinensis provided a step forward in our understanding 
of diatom plasma membrane electrical properties. By using single elec-
trode voltage clamp experiments, this study showed the unanticipated 
presence of an endogenous Ca2+/Na+ based fast action potential with 
biophysical and pharmacological characteristics similar to that found in 
animals (Fig. 2A) [24,37]. Fast Ca2+/Na+ based plasma membrane 

action potential is a well-known property of skeletal/cardiac and 
neuronal cells triggered by the activity of a specific class of voltage 
activated ion channels (VACs) presenting four repeated transmembrane 
domains (4D-VACs). Compiling electrophysiological studies and 
genomic information supported a model in which Ca2+/Na+ based ac-
tion potential and 4D-VACs evolved with the appearance of the first 
neuromuscular system, hence being considered specific to animal cells 
[14,38,39]. Comprehensive phylogenetic analysis of the ion channel 
repertoires of the two main model diatom species, Thalassiosira pseu-
donana and Phaeodactylum tricornutum, with available sequenced ge-
nomes revealed the presence of diverse families of voltage and ligand 
activated ion channels [40–42], (Fig. 2B). While a Ca2+/Na+ 4D-VAC 
homologue was identified in the centric species T. pseudonana, no 
such homologue was found to date in the pennate species P. tricornutum. 
Both diatom species, however, present several homologues of one 
domain VAC, a class of Na+ permeable VAC previously identified in 
bacteria and playing a role in cell motility, chemotaxis and pH homeo-
stasis [43,44]. Due to the small size of T. pseudonana, the electrical 

Fig. 2. Electroactive microalgae (A) Action potentials in squid and in diatom species. (I) Representative example of an action potential recorded from the giant squid. 
Reproduced with permission from [42] and [37], copyright Wiley & Sons; (II) A spontaneous action potential recorded in the diatom Odontella sinensis. Reproduced 
from [20] Copyright PLOS under CC BY 4.0 license (https://creativecommons.org/licenses /by/4.0/); (III) A single cell of O. sinensis with intracellular recording 
electrode in place. Scale bar represents 20 μm. Reproduced from [24] copyright PLOS under CC BY 4.0 licence (https://creativecommons.org/licenses/by/4.0/). (B) 
Distribution of the major classes of Ca2+-permeable channels identified in photosynthetic eukaryote genomes. Cav, voltage-dependent Ca2+ channel; CNGC, cyclic 
nucleotide-gated channel; Cys-loop, cysteine loop; GLR, glutamate receptor; IP3R, inositol-1,4,5-trisphosphate receptor; MscS, mechanosensitive ion channel; NavBac, 
single-domain, bacterial-type channel; P2XR, purinergic P2X receptor; TPC, two-pore Ca2+ channel; TRP, transient receptor potential; VIC, voltage-gated ion channel. 
Reproduced with permission from [42], copyright Wiley & Sons. 
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properties of the plasma membrane could not be investigated using 
microelectrodes, highlighting the need for electrophysiology tools 
capable of investigating electrogenic microalgae, with multiple scales. 
The public release of several diatom transcriptomes, including of 
O. sinensis¸ sequenced within the frame of The Marine Microbial 
Eukaryote Transcriptome Sequencing Project provided the means to 
better characterize the VAC repertoire present in diatoms [45]. Sur-
prisingly, no 4D-VAC homologue was found in O. sinensis transcriptome 
as well as in the vast majority of the other sequenced diatoms [23]. This 
finding raised the intriguing hypothesis that another class of VAC may 
be responsible for the fast Ca2+/Na+ based action potential (AP) found 
in O. sinensis (and other diatom species lacking 4D-VAC including the 
genetically tractable diatom species P. tricornutum). Detailed phyloge-
netic analysis indicated that 1D-VACs were conserved in diatoms. 
Diatom 1D-VACs clustered away from their bacterial counterparts 
forming a novel class of diatom specific VAC named EukCatA, with 
O. sinensis and P. tricornutum both presenting three EukCatA orthologues 
[23]. Similar to T. pseudonana, however, the small cell size of 
P. tricornutum precluded a direct investigation of its plasma membrane 
electrical properties with microelectrodes. Cloning and ectopic expres-
sion of the P. tricornutum and O. sinensis EukCat orthologues PtEUK-
CATA1 and OsEUKCATA1 in HEK293 cells followed by 
electrophysiological analysis demonstrated that these channels could 
trigger rapid community depolarization-induced Ca2+/Na+ based AP 
[23]. In addition, epifluorescence microscopy imaging in live cells of 
P. tricornutum transgenic lines expressing the intracellular Ca2+ sensor 
R-GECO supported the presence of endogenous depolarization-induced 
Ca2+ elevations in this species. By employing CRISPR-Cas9 directed 
gene knock-out method readily available in P. tricornutum, PtEUKCATA1 
is required to trigger community depolarization-induced Ca2+ eleva-
tions and to sustain cell gliding motility or translocation ability. Further 
studies employing P. tricornutum R-GECO expressing lines provided 
mounting evidence for a role of intracellular Ca2+ signaling, with 
propagating speeds of ~ 37 µm/s, in the acclimatory response to hypo- 
osmotic stress [46]. In addition, the authors showed that extracellular 
Ca2+ is necessary for mediating K+ efflux through Ca2+ regulated K+

channels, in response to hypo-osmotic shock, suggesting the existence of 
a warning message through the neighboring community mediated by 
Ca2+. 

3. Evidence of communication in microalgal cohorts - 
Acclimation to sudden changes in the environment 

A stressor can be defined as pressure that provokes a response or 
acclimation from an organism, which in turn can have indirect impacts 
on every related organism. This universal phenomenon applies to 
macro- and microorganisms in all ecosystems. The stress response or 
acclimation to a sudden change in the environment in microorganisms 
remains a poorly understood phenomenon [47]. Single-cell studies on 
microalgae have shown their ability to detect these environmental 
changes and trigger a stressor-specific response [12,40,41]. Yet, the 
stress response seen from the actual microalgae cohort remains un-
known. The intercellular communication occurring after stress sensing is 
less straightforward to measure but it is essential to understand how the 
stress response is timely propagated from its initial stimuli point 
throughout the whole microalgal population. Considering 
communication-acclimation to stressors at a community level, the 
behavioral or physiological response of phytoplankton can contribute to 
explain how these organisms are so resilient and successful in survival, 
acclimation and on a longer-term adaptation in all ecological niches 
worldwide, to the point that they can overtake entire ecosystems. 

Hence, in section 3 we discuss how the community response to the 
presence of grazing organisms, mating partners, changes in water tem-
perature, light variations and osmotic stress, provokes a metabolic 
response from microalgae for acclimation and sometimes survival, as 
illustrated in Fig. 3. 

3.1. Grazing pressure 

Microalgae are valuable food resources for zooplankton grazers. 
Upon zooplankton grazers proximity, microalgal cells are often observed 
to respond collectively to the grazing pressure. An experiment where 
cenobia-forming Scenedesmus acutus and Desmodesmus subspicatus cells 
were cultivated with filtered culture medium where Daphnia has been 
previously cultivated, aimed at finding the defence response in S. acuta 
unicells. When not stressed by grazers, Scenedesmus/Desmodesmus may 
either be in 4-celled cenobia or they may be unicells, as a result of 
cenobium disintegration or as a preferred planktonic morphotype at the 
euphotic zone (Fig. 4A). However, the results showed that when 

Fig. 3. Triggers of stress-induced communication. 
Environmental stressors activating sensing mecha-
nisms in marine microorganisms, here represented by 
diatom cells separated by a handover distance. 
Stressors here represented are the grazing pressure, 
light intensity variations, temperature changes, sud-
den osmotic alterations, and sexual reproduction 
which involves chemical signalling via pheromone 
release from a cell (MT-) to its mating counterpart 
(MT+), resulting in gliding to a closer distance. The 
stress is sensed by each cell, causing metabolic 
response such as the synthesis of molecules and peer 
communication by cation-based influx/efflux. These 
cell reactions originate an initial signal which is then 
propagated at a community level.   
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Scenedesmus cells were exposed to filtered Daphnia medium, the other-
wise abundant unicellular morphotype was replaced by 4 or 8 celled 
cenobia [48]. (Fig. 4B and 4C). Lürling [48] suggested that the response 
was triggered by grazing-associated chemicals, released in handover 
distance. The molecules released by the grazers may have a role in 
mediating protective actions in the cellular cohort by producing 8- 
celled cenobia, which hamper ingestion due to their large size. An 
additional anti-grazing defense in species of Desmodesmus are bristles 
and spines throughout the cenobium, which may discourage even larger 
grazers [48]. Furthermore, Daphnia needed to feed first to induce colony 
formation, suggesting the first few degraded cells as the triggering 
agents for infochemicals release by Daphnia. In contrast, the presence of 
starved grazers did not induce colony formation. Eight-celled cenobia is 
therefore considered as an indicator of grazing pressure [49] and it is 
very likely that communication between unicell conspecifics happens 
prior to cenobia formation. Lürling hypothesized that the phenotypic 
plasticity exhibited by Scenedesmus may be a result of herbivorous 
zooplankton grazing-associated infochemicals and it also may 
contribute to a morphology cycle in which the heavier cenobia sink and 
disintegrate into single cells which then resuspend and inoculate 
another blooming site, therefore having a role in the phenotypic plas-
ticity displayed by Scenedesmus and Desmodesmus. 

These studies support the hypothesis that phytoplankton species can 
detect grazers in handover distance through a chemical cue. Although 
there is no direct evidence for Ca2+ mediated signaling, it is likely that 
this cue triggers a communication event on a community level of 
phytoplankton, causing the adaptation response to occur collectively 
and rapidly, due to the imminent danger of ingestion. 

The Daphnia animals are stimulated by nearby dead algal remains 
and release kairomones to the water. These infochemicals seem to 
diffuse and reach the nearest algal cells which initiate the perception of 
danger in the neighbouring microalgal cohort. The perception is 
possibly followed by the emission of a message from the stressed cells to 
inform the cells positioned away from the grazer perimeter that danger 
is imminent. One may hypothesize that an electrical signal caused by 
ionic currents is started by the grazing-affected cells and acts as a 
warning signal to the unicells which are close enough, or within hand-
over distance (Fig. 4B). These cells perceive the ions released by a 
neighboring cell, then the membrane potential is altered and cascades 
(Fig. 4C). 

3.2. Osmotic regulation 

Pennate diatoms have bilateral symmetry, and some are able to 

migrate on a substrate, a process called gliding, using actin-myosin 
cytoskeletal structures [50]. Since the cell is surrounded by a rigid sil-
ica frustule, the movement is possible by the existence of openings in the 
cell wall, a system of grooves called a raphe which allow the secretion of 
adhesive mucilage molecules, on which the cell pulls using the actin- 
myosin system [51]. The raphid pennate diatom Phaeodactylum tri-
cornutum glides in the challenging environment of agar plates and the 
movement is dependent on EukCats activity and Ca2+ availability in 
culture. Ca2+ entering in the cell during action potential-like events is 
critical for intracellular signalling and gliding motility [23,25]. 

The mechanisms by which diatoms sense their environment may 
depend on the concentration and type of salt they live in. In seawater 
(where the Na+ concentration is ~ 600 mM) diatoms, during an action 
potential the Na+ channels open and Na+ enters through EukCats 
channels and depolarizes the membrane. In freshwater (Na+ ~1 mM), 
diatoms, Ca2+ selectively enters through the EukCats and activates Ca2+

-dependent anion channels and Cl- is released from the cell thus depo-
larizing it. In both cases, repolarization occurs after closure of EukCats 
followed by K+ outflow [25]. 

Diatoms exist not only in marine and freshwater habitats but also in 
coastal and estuarine regions where they may need to respond to rapid 
changes in osmolarity. Changes in osmolarity are often assisted by ion 
channels. Recent studies using single-cell imaging show that the cells of 
P. tricornutum display intracellular Ca2+ elevations in sensing hypo- 
osmotic stress [46]. The authors observed that nearly all fusiform cells 
exposed to 30 s treatments with diluted culture medium in the absence 
of Ca2+ (medium prepared without CaCl2 and with Ca2+ chelator EGTA) 
would burst due to hypo-osmotic stress. On the contrary, when extra-
cellular Ca2+ was available, the exposure to the hypo-osmotic treat-
ments did not trigger cell bursting in most cells. This evidences that the 
removal of extracellular Ca2+ inhibited its elevation in the cytoplasm 
and hampered the ability of the cells to survive hypo-osmotic stress 
through osmotic regulation. The authors determined that the two large 
vacuoles positioned in the tips of the fusiform cells have a role on 
regulation processes by rearranging their structure and fragmenting into 
smaller vacuoles as a response to hypo-osmotic stress. Also, this species 
displays morphological plasticity, where the cells may be triradiate, 
fusiform or oval morphology and may change morphology in response to 
stress. Upon mild osmotic stress, the apical tips of fusiform cells were 
shown to have a sensing role, with Ca2+ elevations detected by fluo-
rescence microscopy first in the apical tips and then spread to the central 
part of the cell within 2–3 s. The sensing and regulating response may 
differ according to the time required for the acclimation. The cells may 
activate these Ca2+ dependent processes for a short-term response, in the 

Fig. 4. Adaptive response of Scenedesmus acutus to grazing pressure of Daphnia magna (based on [48]) suggesting a diffusion-limited ion flow process. (A) Scene-
desmus unicells or 4-celled cenobia in absence of the grazer Daphnia magna (B) Daphnia start to feed on Scenedesmus unicells which very likely triggers communication 
events of Scenedesmus unicells in handover distance to other unicells. (C) Scenedesmus cells systematically aggregate to form large cenobia as a defence response 
to grazing. 
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order of seconds to prevent cell swelling or by extruding K+ outside the 
cell membrane in order to regulate cell volume. Medium to long-term 
responses, within minutes to days involve efflux of organic osmolytes 
and changes in gene expression, and ultimately originate a change from 
the triradiate or fusiform into the benthic oval morphotype, which is 
more stress resilient [46]. 

3.3. Light 

Light is an important environmental factor for photosynthetic or-
ganisms because they use light to produce energy through the photo-
synthetic electron transport chain. Briefly, there are two light reactions 
occurring in photosystems I and II (PSI and PSII) of the chloroplast 
membranes. These operate in series, whereby electrons are extracted 
from water molecules by PSII then transferred through a transport chain 
of transporters and redox-active proteins to PSI and ultimately produc-
ing the reducing agent nicotinamide adenine dinucleotide phosphate 
(NADPH). This complex process is accompanied by proton pumping to 
the thylakoid lumen, creating a proton gradient used to synthesise ATP 
using the proton-pump ion channel ATPase. Both ATP and NADPH are 
the reducing agents required for carbon fixation and many other meta-
bolic processes [52]. 

Optimal light conditions for photosynthesis are not always possible. 
Therefore, sensing for preventing damage in the case of high light in-
tensity is vital. Microalgae have developed various ways to sense and 
acclimate to changing light conditions. Considering a wider perspective 
of change, global warming events indirectly impact the amount of light 
reaching aquatic ecosystems, with higher sunlight intensity and/or dose 
reaching the ocean surface which, together with higher temperatures, 
can lead to increased rates of chemical and biological processes, causing 
increased algal proliferation and Harmful Algal Bloom (HAB) formation, 
lower dissolved oxygen, among other pernicious impacts [53]. 

In corals, elevated light dose and temperature interact in a negative 
manner to result in stress-induced breakdown of the electron transport 
chain and reactive oxygen production in endosymbiotic algae, zooxan-
thellae. If this occurs over prolonged periods in scleractinian corals, the 
corals respond to the oxygen radicals by expelling the algae (which may 
provide the colour to coral) resulting in the commonly known process of 
coral-bleaching [54]). 

At a shorter timescale, daily, hourly or even shorter (e.g., sunlight 
flecking) fluctuations of light intensity can have detrimental impact to 
photosynthesis. The photosynthesis impact affects microalgal relative 
pigment composition such as the protective de-epoxidation of xantho-
phyll pigments (violaxanthin, zeaxanthin and diadinoxanthin) and 
nutrient uptake to a point that the cells start high light mitigation 

processes including non-photochemical quenching (NPQ). NPQ is the 
process by which algae and plants exhibit down regulation through 
xanthophyll cycling, induced by a trans-thylakoid proton gradient 
resulting from light induced electron transport. Excess excitation energy 
is then dissipated as heat resulting in photo-protection ([55] and refer-
ences therein). 

Fluorescence studies of microalgae have elucidated different forms of 
photoprotection which can broadly be defined as either physiological or 
behavioural [56]. Physiological photoprotection is largely in the form of 
a cohort of cells responding to changes in light level, principally pho-
todose, by either increasing or decreasing NPQ. NPQ in turn can be 
regulated or unregulated [57] and can be observed as photoacclimation. 
With increasing light dose, photoacclimation occurs such that apparent 
upregulation of photochemistry is observed (Fig. 5A) [58] e.g. with an 
increase in electron transport rate in response to the increasing photo-
dose. In this scenario it is the physiological down regulation of excitation 
energy that is responsible for the form of the xanthophyll cycle (Fig. 5B). 
However, cell movement can also result in photoprotection, with cells 
actively moving away from unfavourably high light given the organ-
ism’s limited assimilation capacity, which can result in oxidative stress 
and ultimately cell death. Critically, cells may actively move to be 
shaded by other cells or in the case of benthic diatoms, actively move 
down into a muddy sediment where light is attenuated to a lower level 
(Fig. 5C, D) [59], suggesting the existence of an underlying communi-
cation at the cohort level, leading to a concerted reorganization and 
acclimation. In the case of the latter, this has been referred to as 
microcycling [60], a turnover of cells at the light exposed surface of a 
sediment, as well as bulk movements of the community down into the 
sediment, likely due to combined stimuli involving light and tidal/diel 
stimuli. This results in a community response to move upwards towards 
light when intensity is lower than optimum for photochemistry, and to 
move away from photo-inhibitory or photodamaging light levels that 
exceed the optimum. It would seem highly likely that, when considering 
the response to other stressors discussed above, communication between 
conspecifics is an active component of these community responses. 

Other microalgae are known to possess sophisticated sensing 
mechanisms, such as in the case of Chlamydomonas, a large genus of 
unicellular bi-flagellates occurring in widespread environments 
including seawater, freshwater, soil and even snow. The swimming cells 
of Chlamydomonas are phototactic and can re-orient their movement in 
relation to the light source [61]. The cell has a red eyespot, which is an 
organelle containing a photoreceptor chemically similar to retinal. A 
retinal-binding protein called chlamyopsin, very similar to animal op-
sins, is present and interacts with signal transduction proteins [62]. The 
absorption of light by chlamyopsin triggers the opening of Ca2+ channels 

Fig. 5. Photoacclimation states in microalgae in response to light exposure. (A) photoacclimation increasing relative electron transport rate in response to increased 
photodose during light curve measurements, reproduced with permission from [58], copyright Springer Nature BV; (B) physiological down regulation utilising the 
xanthophyll cycle in diatoms; (C) and (D) behavioural down regulation using cell movement as cells microcycle through the surface of a benthic microalgal com-
munity, with diatom cells moving downward to protect from excessive light (C) and euglenoids moving up to biofilm surface to expose to light (D), C and D scale bar 
100 µm, reproduced with permission from [59], copyright Inter-Research 2002. 
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which originates a fast inward cation current [63]. The first evidence 
that photoinduction of electric potentials dependent on Ca2+ (and in 
response to phototaxis) was in the flagellated cells of the microalga 
Haematococcus pluvialis in a non-invasive approach where a single cell 
was immobilized inside the tip of a pipette and the extracellular po-
tential difference was measured. The authors also determined that the 
photoinduced polarization of the cell is due to the asymmetrical location 
of the photoreceptor in the cell membrane. Its location is at the anterior 
end of the cell, and it generates the positive potential inside the cell with 
respect to the outer space with incident light. Also, the resting potentials 
of the anterior and posterior membranes compensate for one another in 
the dark. When illuminated, the photoreceptor in the anterior part of the 
cell membrane generates an electrical potential. The blue-green region 
of the spectrum is responsible for the generation of the described po-
tentials [63]. 

3.4. Temperature 

Microorganisms have developed mechanisms for surviving temper-
ature changes. Recent studies concerning microorganisms’ acclimation 
to temperature are linked with industrial biomass production and the 
low productivity caused by temperature rise inside the culture ponds 
due to high levels of sunlight in bioreactors [64]. These studies are 
useful for predicting the impact of temperature shock on microorgan-
isms living in ponds and tidal environments. Cold stress is known to 
reduce growth in many taxa, by decreasing enzyme activity and mem-
brane fluidity which is compensated by unsaturation of membrane 
lipids. Heat stress conversely causes high fluidization of the membranes, 
which is compensated by the synthesis of membrane-stabilizing proteins 
and the replacement of unsaturated fatty acids by de novo synthetized 
saturated fatty acids [65]. 

The effects of temperature increase, or decrease are known to affect 
the metabolism in many species of microalgae. The underlying process 
that controls these responses as well as other physiological responses to 
temperature stress is slowly being elucidated. A study by Kobayashi and 
colleagues (2014) [66] showed that Cyanidioschyzon merolae, which is a 
primitive red alga inhabiting acidic hotsprings, is a species with heat- 
tolerant evolutive traits, including a simpler cell architecture and the 
expression of unique small heat shock proteins (HSPs). Similar HSPs 
were found in the freshwater C. reinhardtii, which inhabits non-thermal 
water bodies. The authors found that despite the fact that both organ-
isms express these heat tolerant molecules when exposed to heat shock, 
the temperature threshold differs and more interestingly, C. merolae 
senses exact temperature rather than a temperature change, prior to HSP 
(heat shock protein) encoding gene expression response. These results 
indicate the possible existence of an absolute temperature sensing 
mechanism which leads to heat shock protection response [66]. Nearly a 
decade later, it has been shown using transcriptome analysis that ion 
channels, particularly those transporting Ca2+, play an important role in 
timely perceiving heat stress, in Auxenochlorella protothecoides [67]. The 
authors showed increasing levels of extracellular Ca2+ entering in the 
cell and an increasing Ca2+ influx from chloroplasts into the cytoplasm, 
under heat stress suggesting a direct link. 

An ion-driven temperature sensing mechanism has been also found 
in ensembles of Pseudonitzschia fraudulenta diatoms. Under a thermal 
gradient from 19 ◦C to 35 ◦C, a cohort of P. fraudulenta diatoms exhibited 
a quasi-periodic electrical signal. The measured electrical current os-
cillations changed as a function of temperature by nearly 2 orders of 
magnitude and enable the extraction of an activation energy of at least 1 
eV [18] a number considerably higher than the activation energy for the 
diffusion coefficient of ions in water, 0.2 eV [68]. The thermal analysis 
revealed an increasing ion flux dependent with temperature, high-
lighting again that intercellular communication is a feedback strategy 
that informs variations in the physicochemical environment, which is 
critical for diatom acclimation and survival. 

Recently, cytoplasmic Ca2+ elevations were observed in diatoms in 

response to fast cooling [27]. The authors found those elevations in 
P. tricornutum upon fast cooling but not as a response to rapid warming. 
The cells expressing R-GECO1 showed that the Ca2+ elevations initiate 
at the tips of the cell and then spread toward the central region. Also, a 
concomitant Ca2+-dependent K+ efflux occurs. Furthermore, the authors 
found a correlation between the kinetics of the rising concentration of 
Ca2+ in the cytoplasm and the decreasing rate of temperature employed. 
These ionic flux responses are related to cell survival to hypo-osmotic 
shocks. The authors propose that the Ca2+ and K+ ionic currents pro-
vide cold-acclimation communication which helps the cell withstand 
simultaneous hypo-osmotic shock. These findings provide insight on the 
ion fluxes-based communication processes in sensing multiple stresses. 

The thermal acclimation process must account for sensing and 
communication strategies occurring in the cell cohort. A behavioural 
response to temperature changes and consequent acclimation response 
on a community level can contribute to explaining how phytoplankton 
species are so successful in acclimating and surviving to environmental 
variation. 

3.5. Sexual reproduction 

Sexual reproduction has long been known in different groups of 
microalgae. In diatoms, it is a crucial mechanism known to restore the 
size of the cells, after progressive cell size reduction occurring over time 
due to mitotic cell division. A diatom frustule is made of two valves that 
are held together by silicified bands (the girdle), the epivalve and the 
hypovalve that is slightly smaller. After mitosis, each daughter cell in-
herits one valve of the mother cell and synthesizes a new hypovalve. As a 
consequence, one daughter cell is the same size as the mother cell, the 
other is smaller, which contributes to the decrease with time of the mean 
cell size of a population. The pennate diatom Haslea genus has first been 
shown to reproduce homothallically (self-fertility) when in clonal cul-
tures [69], but it has been proved in vitro to also have heterothallic 
sexual reproduction (requiring two compatible individuals for sexual 
reproduction) [70]. This process is well described, and it starts with a 
girdle-to-girdle pairing of compatible mating cells and then immediately 
the chloroplasts start to reposition from the girdle to beneath the valves 
in premeiotic configuration (Fig. 6A), after which a series of reproduc-
tive events follow, gametogenesis, fecundation, formation of zygote and 
auxospore. This auxospore will expand and generate an initial cell that 
will restore the maximum cell length in a new linage of somatic cells. 
Contrary to other pennate diatoms, H. ostrearia does not have any visible 
mucilage surrounding the cells or at the contact area. The same is 
apparent in the case of Haslea karadagensis [71], Haslea provincialis [72] 
and Haslea silbo [73], the other blue Haslea species in which hetero-
thallic reproduction has been observed. The process is quite similar, and 
the authors refer that no mucilage was visible. This evidences that other 
factors than mucilage contribute to the positioning and maintaining of 
the mating cells in heterothallic diatoms. 

Recently, independent transcriptomic datasets have been analysed in 
the pennate diatom Seminavis robusta to prioritize genes responding to 
sex inducing pheromones (SIPs), suggesting a significant role of Gua-
nosine 3′,5′-cyclic monophosphate (cGMP) signalling during the early 
stages of sexual reproduction, more specifically the production of the 
attraction pheromone diproline in mating type – and mate-searching 
behavior in mating type + [74]. It is worthwhile noting that cGMP is 
a well-known secondary messenger molecule that modulates bacterial 
cell growth and behaviour including motility, virulence, biofilm for-
mation and cell cycle progression via activation and alteration of spe-
cific ion channels, including Ca2+ [75]. In fact, the existence of a 
handover distance in which the identification and attraction of a 
compatible mating cell can occur is likely to facilitate intercellular co-
ordination between partners. This coordination could be mediated by 
ion gradients prompted by pheromones, which triggers heterothallic 
reproduction and possibly homothallic reproduction as well. 

Another example is sexual reproduction in Volvox (Fig. 6B, 6C and 
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6D). Volvox species are the most recent in the volvocine lineage of 
evolution, which starts with Chlamydomonas unicell and evolved 
through the line of succession into more complex and grazing-resistant 
species consisting of more Chlamydomonas-like cells organized in col-
onies such as Volvox [76]. Volvox is thus a well-studied algal genus 
because it is considered as an evolutionary transition to multicellularity 
[77]. The reason is that unlike other colonial organisms consisting of 
organized homogenous cell aggregates, the colonies of Volvox exhibit a 
degree of specialization. Vegetative spheroids possess a fixed number of 
somatic cells, in the order of ~ 2000, which resemble Chlamydomonas 
unicells. They are precisely positioned and oriented in a monolayer 
bound by a glycoprotein-rich extracellular matrix at the surface of the 
colony, forming a hollow sphere. These cells possess two flagella posi-
tioned outwards of the spheroid, which are responsible for the move-
ments of the colony, and their eyespot guides the colony according to 
light requirements. The other specialized cells form the asexual germline 
of Volvox and are called gonidia which are larger, aflagellar cells posi-
tioned in tiers in the inner face of the spheroid. They undergo a program 
of embryonic differentiation to produce miniature juvenile spheroids 
residing inside the mother colony. Eventually these grow up to a point 
that they break out and start a new round of vegetative colonies [77]. 

Regarding sexual reproduction, studies with male and female 
spheroids of Volvox africanus (Fig. 6B, 6C) shed some light on the 
complex sexual systems of this species and the signalling involved in 
mating colonies. Around 10 eggs form in the female spheroid and sperm 
packets form and are distributed through the surface of the male 
spheroid, each discharge 100–200 male gametes. It is still unknown how 
exactly the sperm reaches and is accepted by the female spheroid. We 

speculate that synchronized steps which involve handover distance of 
reproductive cells, possibly has an ionic flux intervenient for the iden-
tification of a compatible mating cell [78]. Interestingly, in V. carteri, 
sexual reproduction is triggered as a response to drought, since only 
dormant zygotes survive in dry ponds during the summer. Species- 
specific sexual hormones (glycoproteins) are released by somatic cells 
after heat shock and induce gametogenesis in the gonidia of male and 
female individuals. Then, the initial sperm cells also produce these 
proteins, which now act as pheromones which induce male conversion 
throughout the spheroid and also cause molecular remodelling of the 
extracellular matrix to become sticky and to be able to facilitate trans-
port of the positively charged SIP. The release of the sperm packets is 
followed by the necessary finding of a female spheroid, entering the 
colony and then each sperm must find an egg to fertilize. The formed 
zygote initially grows inside the mother colony (Fig. 6D) [78]. This 
complex process involves two moments when flagellated sperm cells 
must find their female counterparts and besides the contribution of 
pheromones in the process, there is also a possibility that ion fluxes may 
intervein in the sensing and detection of a mate, within handover 
distance. 

Another evidence for cohort communication is the extreme case of 
the volvocine species Chlamydomonas reinhardtii which lacks phero-
mones but is able to obtain synchronization of sexual reproduction 
events from the start. In summary, the identification and pairing of 
mating cells seems to involve more than pheromone attraction, and it 
can be hypothesized they are co-mediated by ion-driven channels [80]. 

Fig. 6. Sexual reproduction of microalgae as a cue to communication. (A) Girdle-girdle pairing of two gametangia cells in heterothallic formation of Haslea ostrearia. 
Reproduced with permissions from [70], copyright Taylor & Francis, scale bar 10 µm. (B, C, D) Volvox sexual reproduction; (B) Adult male Volvox africanus with 
sperm packets (sp), scale bar 200 µm; (C) Adult female colony with eggs (e), scale bar 200 µm; (D) Vegetative Volvox colonies are hollow spheres of cells and display a 
degree of specialization, the somatic Chlamydomonas-like cells form a network bound by extracellular matrix, positioned with the flagella outward. Inside the colony 
there are specialized reproductive gonidia cells. (D) Sexual reproduction in Volvox triggered by heat stress. The somatic cells start producing sex-inducing phero-
mones which induce alterations of the extracellular matrix and cause sperm and egg production in male and female colonies, respectively. After release from male 
colony, the sperm pack finds a female colony and then the sperm enters and finds an egg, the resulting zygote is drought resistant. We speculate that in parallel with 
the pheromones and chemical alterations of the process, the sperm cells sense and communicate the location of the mating counterparts through ion fluxes within 
handover distance (B) and (C) Reproduced from [79], copyright Springer Nature under CCA4 licence (https://creativecommons.org/licenses/by/4.0/); (D) 
Reproduced from [78], copyright John Wiley & Sons. 
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4. Mechanisms of communication in microalgae 

The evidence cited above indicates that ion channels are important 
for sensing and transmitting acclimation responses and signals 
throughout microalgal communities. Ca2+ ions are also necessary in the 
transduction of spatial and temporal signals due to their rapid reversible 
binding ability to molecules. The generation of Ca2+ signals in micro-
algae has similar features to animal cells [42]. Algal cells show cytosolic 
Ca2+ elevations in response to environmental stress, such as those 
observed in the marine diatom P. tricornutum upon mechanical stimuli 
[26] or hypo-osmotic stress [46] and in the marine diatom P. fraudulenta 
after light stress [18]. The rise of cytosolic Ca2+ was also observed in the 
freshwater C. reinhardtii after osmotic shock exposure [81]. The obser-
vation of Ca2+ elevations in the cytosol after environmental stress in 
microalgae supports the view that Ca2+ ion fluxes participate in spatial 
and temporal communication in algal cells as a response to stress. A key 
question therefore is how do microalgae increase Ca2+ ions in the 
cytoplasm? 

Cells actively maintain low Ca2+ levels in the cytosol ca. less than 1 
mmol/m3 [82], in order to prevent the toxic effects of excessive Ca2+

cytosolic concentration. Much of the cell’s Ca2+ is in storage organelles, 
therefore enabling the cells to finely regulate its cytosolic concentration. 
In animal cells the largest Ca2+ storage compartment is the endoplasmic 
reticulum (ER), where it reaches 1 mM, comparing to the cytosolic 
concentration of about 100 nM. Mitochondria and lysosomes are also 
known Ca2+ storage organelles in animal cells. Upon physiological 
stimuli, Ca2+ is released from the ER to the cytoplasm which in turn 
stimulates Ca2+ influx through the plasma membrane, therefore creating 
a transient cytosolic Ca2+ concentration rise which is used by the cell for 
Ca2+ dependent functions [83]. The Ca2+ flux from the storage organelle 
to the cytoplasm is through ligand-gated Ca2+ channels in the organelle 
membrane, called inositol 1,4,5-trisphosphate receptors (IP3R) [84]. 
There are a few studies indicating the presence of IP3-mediated signal-
ling in few non-animal eukaryotes such as the macroalga Ulva compressa 
[85], but they are mostly absent [42]. Recent studies in the cellular 
membrane of U. compressa show that intracellular calcium release is due 
to the initial extracellular calcium entry through activated transient 
receptor potential (TRP) channels which provokes depolarization and 
activation of voltage-gated calcium channels allowing additional cal-
cium entry. In U. compressa, this increase of intracellular calcium trig-
gers the release of IP3 from the cell membrane and this leads to the 
release of calcium stored in the endoplasmic reticulum to the cytoplasm 
[85]. TRP genes are absent in plant genomes but present in macroalgae 
[85] and recent studies revealed the structure of TRP channels in 
Chlamydomonas reinhardtii involved in temperature stress response [83] 
but more studies are needed to understand the importance and distri-
bution of these channels in ion-driven response to stress in microalgae. 

Regarding the storage of Ca2+ in microalgal cells, there is evidence 
that chloroplasts are storage organelles in diatoms [18], but other or-
ganelles may also be such reservoirs, such as the nucleus [46]. The role 
of the vacuole as storage organelle in Ca2+ communication is still un-
clear, but very likely that it serves the role of osmotic regulation in the 
cytoplasm. The fusiform morphotypes of P. tricornutum exhibit two large 
vacuoles in each side of the cell. Upon hypo-osmotic stress, vacuole 
integrity and osmotic regulation functions rely on the Ca2+ signalling 
because Ca2+ independent efflux of organic osmolytes is not sufficient to 
overcome osmotic stress to the cell [46]. Further research is therefore 
necessary to dissect the cellular mechanisms involved in increased cal-
cium in the cytoplasm. 

There is some evidence of the involvement of the vacuole in algal 
communication from early studies on freshwater microalgae. The first 
studies of action potential in plant cells were conducted in the fresh-
water microalgal family Characeae, due to the realization that their large 
internodal cells were excitable and generated a signal, which was 
considered as an action potential [86]. These early studies focused 
mostly in species of Chara [87,88], Nitella [89,90] and Nitellopsis [91]. 

Since the vacuole occupies most of the cell volume in these internodal 
cells, Findlay and Hope [87] used Chara australis to demonstrate that 
Ca2+ mediates an “action potential” across the tonoplast (the vacuole 
membrane). The role of Cl- in the intracellular signalling was evidenced, 
with these early studies showing that Ca2+ mediate an increase in the 
permeability of the plasmalemma to anions including chloride, 
following a stimulus [88]. 

The Ca2+ diffusion into and out of the cell is possible through 
membrane channels and pumps. When open, the gated channels let 
selected ions diffuse rapidly down electrical and osmotic gradients, 
whereas ion pumps are constantly active by consuming energy to slowly 
move ions against the ion gradients [92]. In animal cells the increases in 
intracellular Ca2+ concentration may be propagated to directly con-
tacting neighboring cells, thus originating intercellular Ca2+ waves as a 
mechanism for coordinating multicellular responses. The onset of such 
waves is triggered by a variety of stimuli and involves the release of Ca2+

from internal stores [93]. In animal cells the gap junction pannexins play 
a significant role in paracrine signalling by releasing ATP and they 
modulate the range of intercellular Ca2+ waves transmitted between 
astrocytes [94]. In contrast, their existence in microalgae is unknown. 
The recurrently reported ion efflux to extracellular space is further 
discussed in detail in section 4.1. 

4.1. Model of paracrine communication in diatoms 

To account for the many observation in algae, we propose a model 
which explains how communication through Ca2+ may occur. We hy-
pothesize that a stressor-specific physiological response triggers 
communication at a community level, which starts a collective accli-
mation response. The process happens in two distinctive phases, the 
signal generation (Fig. 7A) and the signal transmission (Fig. 7B). Signal 
generation likely occurs not in a single cell, but in a particular group of 
cells, which are simultaneously exposed to an environmental stress 
event, considered as a trigger. The cues explained in the previous sec-
tions indicate that possible environmental triggers are variations of the 
ideal conditions such as nutrient availability, light intensity, tempera-
ture and grazing pressure. In our model, we consider light stress 
response on a marine diatom. 

We argue that it is not the amount of high background level of dis-
solved Ca2+ but rather the capacity to disturb the resting membrane 
potential. The resting membrane potential is maintained, with the 
cytoplasm charged negatively, by mechanisms of maintaining positively 
charged ions outside, namely through K+ outward leakage channels and 
also Ca2+ storage in organelles such as the chloroplast. When a stimulus 
occurs e.g., an environmental trigger, Ca2+ is released from the storage 
organelles by Ca2+ channels (element (i) in Fig. 7A), causing elevation of 
Ca2+ concentration in the cytoplasm, followed by intracellular diffusion. 
Although the Ca2+ channels involved in the release of stored Ca2+ from 
the chloroplast is not yet determined, it may function in a similar way to 
animal ER membrane-bound Ca2+ channel IR3R. The identification and 
characterization of the storage sites and storage/release mechanisms 
involved in intracellular Ca2+ in microalgae is still not well understood. 

The immediate consequence of the positively charged ionic loading 
of the cytosol (the aqueous content of the cytoplasm, sometimes 
generalized in the term cytoplasm) is an altered membrane potential, 
which opens membrane voltage-gated Ca2+ channels (EukCats) and 
Ca2+ enters the cell (element (ii) in Fig. 7A). If the environmental trigger 
is a molecule such as allelochemicals or hormones, the Ca2+ intake 
possibly occurs through ligand-gated membrane channels, which po-
tentiates the initial rise in intracellular Ca2+. At this point, the cell is 
loaded with elevated Ca2+ concentration, affecting the cell osmolarity 
and electric balance. The population of cells which are under the direct 
influence of the environmental trigger are represented by cell A in 
Fig. 7A. 

The signal propagation (Fig. 7B) starts after the stress-sensing cell 
cohort activates mechanisms to expel the elevated Ca2+ concentration 
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within the cytoplasm into the surrounding extracellular environment. 
We hypothesize that most Ca2+ ions stored in the cytoplasm are expelled 
outward, to the extracellular vicinity, via Ca2+ pumps (element (iii) in 
Fig. 7A). To ascertain cell osmotic regulation, a small proportion of Ca2+

ions are likely restored in the internal storage sites of the cells, such as 
chloroplasts. 

The Ca2+ concentration elevates in the extracellular environment 
and reaches the neighboring cells, which haven’t been affected by the 
stress-triggering event and are located within the so-called handover 
distance (Fig. 7B). The increase in Ca2+ concentration creates a signifi-
cative rise of positively charged ions, above a certain threshold, causing 
their membrane voltage-gated channels to open and intake Ca2+ ions. 
The communication signal is augmented, which, in turn, starts an 
orchestrated mechanisms of Ca2+ diffusion outward by the ion pumps 
and into the storage organelles. These diffusion waves cause the prop-
agation of the signal to neighboring cells in the form of oscillations 
occurring at spatial locations that reflect Ca2+ outflux. The signal length 
is possibly determined by the ionic diffusion rate in that particular 
habitat and also the cell proximity, which must be within tens of mi-
crometers. This mechanism provides intercellular communication to 
cells outside of stressor range. In this way these peripheral cells receive 
the signal through electrically driven propagation of the Ca2+ wave. The 
cohort communication process falls into the concept of paracrine 
communication, where extracellular Ca2+ may function as a paracrine 
messenger by triggering the opening of plasma membrane-bound Ca2+

channels. It does not exclude the possibility that other ions may be 
involved, such as Na+, widely available in the case of marine diatoms 
(also transported through EukCats) and Cl-, as previously mentioned. 
There is also a possibility that other molecules may act as a paracrine 
messenger, by acting on Ca2+ sensing receptors (not yet described for 
most microalgae) or on ligand-sensing receptors (channels). 

Our model may be expanded to include studies with osmotic stress, 
which triggers Ca2+ communication with specific spatial–temporal 
patterns. Osmotic variations cause several adaptive responses in di-
atoms, such as the morphotype interchange of the pleomorphic 
P. tricornutum, with the oval form considered as the most hypo-osmotic 
stress tolerant [95]. The cells acclimate to repetitive hypo-osmotic 
shock. Hypo-osmotic treatment leads to cell swelling and triggers Ca2+

elevations in the cytosol. Upon mild hypo-osmotic treatment, the Ca2+

diffusion starts at the apical tips of the cell and then diffuses to the rest of 
the cytosol whereas a half-strength hypo-osmotic treatment originated 
rapid and transient Ca2+ elevation along the cell simultaneously [46]. 
The role of the apical tip in P. tricornutum fusiform cells is therefore 

important in sensing subtle osmotic stress. The benthic oval morphotype 
does not display this lateral diffusion and it has been proven to be less 
sensitive to subtle hypo-osmotic stress and more resilient to fluctuating 
osmotic conditions [46]. In the freshwater C. reinhardtii, salt stress in-
duces single Ca2+ elevation in the cells, the rise of Ca2+ concentration 
being modulated by the strength of the stimulus. The rise of Ca2+ orig-
inates in the apex of the cell and then spreads as a fast Ca2+ wave. In 
contrast, hypo-osmotic stress induces a series of repetitive and uniform 
Ca2+ elevations in the cytosol and also independently in the flagella 
[81]. 

5. Conclusions and perspectives 

Intercellular communication in microalgal communities was 
reviewed for short term acclimation to stress in the aquatic ecosystem 
and long-term prevalence and evolution. Ion channels enable the regu-
lated ion flow across membranes and mediate cell-to-cell communica-
tion through a mass diffusion process. Ion channels and their 
electrogenic activity are thus hypothesized to be a key component of the 
acclimation capacity of microalgae against environmental stressors, 
which paves the way for future research in omic methods and phyto-
plankton ecophysiology. 

Marine phytoplankton in general and diatoms in particular are also 
able to communicate between conspecifics and acclimate to sudden 
physiological or chemical changes in their environment. Recent studies 
suggest that diatoms are capable of paracrine communication with the 
intercellular messenger, Ca2+. A chemical signal is released, recognized, 
and transmitted by neighbouring cells within handover distance, here-
with propagating a message throughout the entire community based on 
paracrine signalling of Ca2+. 

A spectrum of cues and evidence highlighted communication as one 
of the most ancient and yet robust acclimation strategies for survival and 
adaptation. Patterns of intercellular interactions are currently over-
looked and need to be addressed with advanced sensing technology, 
including (but not limited to) functional multielectrode arrays coupled 
with electrochemical noise and impedance spectroscopy analytical 
tools, fluorescence microscopy, pulse-amplitude-modulation fluorom-
etry and saturation pulse methods. Future studies aiming at identifying 
and functionally characterizing diatom ion channels are guaranteed to 
help advance the understanding of the role of membrane excitability, 
intercellular Ca2+ communication and ion fluxes in the acclimatory 
collective response and change in diatom population fitness with fluc-
tuating environments. Ion-driven synchronization of microalgal cohorts 

Fig. 7. Model of paracrine communication in diatoms upon stress, based on Ca2+ diffusion fluxes. The algal cell wall is not represented, for simplicity. The 
mechanism of signal transduction has two distinct phases. Signal generation (A), part of the community of algal cells suffers an environmental trigger, which 
originates the signal generation. The Ca2+ ions are recruited from storage organelles causing excessive positive charging of the cytosol (i). Then the voltage-gated 
channels open allowing the intake of Ca2+ to the cytosol, which causes the aggravation of positive charge and osmotic imbalance (ii). The cell activates the Ca2+

pumps to exclude Ca2+ ions (iii) and also some are recruited back to storage. Signal propagation (B), when the neighboring cells out of the stressor range zone are in a 
handover distance, the Ca2+ diffusion causes a positively charged environment in the vicinity, leading to the opening of voltage-gated channels and the Ca2+ diffusion 
into the cell, starting Ca2+ diffusion waves along the population of cells. 

R. Amaral et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 473 (2023) 144985

12

could contribute to obtaining more efficient bioelectricity from 
microalgal-aided systems. 
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N. Kröger, P.G. Kroth, J. La Roche, E. Lindquist, M. Lommer, V. Martin–Jézéquel, P. 
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