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Abstract Abstract 
Background: Background: Climate change affects every region across the globe with heterogeneous effects on local temperatures and preci-
pitation patterns. In plants, sessile organisms, climate change imposes more drastic effects leading to loss of yield or even death. 
However, plants establish mutualistic interactions with microorganisms that boost plant tolerance against abiotic stresses or 
strengthen the plant immune system against pathogens, thus, enhancing their survival and fitness. Moreover, in the wild, mic-
robial endophytes provide important ecosystem services.
Purpose and scope: Purpose and scope: Little we know about the mechanisms of response against the adverse effects of climate change on natural 
populations of wild plants and even less about the potential role played by microbial biostimulants. In this article, we review 
the effects of biostimulants on plant responses against abiotic stresses, with a particular focus on the role of mycorrhizas and 
leaf endophytes.
Results: Results: We have reviewed the effects of the main abiotic stresses in plants, the mechanisms that plants use to face these abiotic 
challenges, and the interaction plant-biostimulant-abiotic stress, highlighting the primary responses and parameters to evalu-
ate different plant responses.
Conclusion: Conclusion: Abiotic stresses can check the phenotypic plasticity of plants and also trigger a complex and heterogeneous ar-
ray of responses to face different abiotic stresses, and beneficial microorganisms do play an essential role in enhancing such 
responses. Our laboratory has initiated a project to characterise microbial populations associated with plants from wild areas 
and analyse their potential role in aiding the plants to cope with abiotic stresses.

Keywords: Keywords: abiotic stress, climate change, phenotypic plasticity, endophyte, mutualism

IntroductionIntroduction    
All organisms are exposed to challenging environmental conditions, whether of abiotic 
or biotic origins. Those challenges represent the driving force that sorts biologically suc-
cessful individuals from the populations; that is, those individuals that will reproduce. 
This process results either in the specialisation of populations to local conditions for par-
ticular ecological niches or in generalist strategies, both with important consequences for 
diversity (1). However, a third evolutionary outcome might occur: when environmental 
factors change faster than the potential of a species to produce phenotypes able to survive 
and reproduce in the new conditions, extinction happens. When the extinction rate is 
hundreds of times quicker than expected, we call the event a mass extinction. The planet 
and its biodiversity have faced several such episodes of drastically changing environmen-
tal conditions (2,3). Moreover, nowadays, there is strong evidence supporting that we are 
facing a new mass extinction event driven by human activities (4) and strongly acceler-
ated by drastic changes in the abiotic conditions (5). Indeed, some physical parameters 
have changed drastically since the industrial revolution. For example, the temperature has 
risen 1.1 ºC and is expected to rise above 1.5 ºC during the next two decades, as the risk 
of flooding and heatwaves (5). The effects of climate change cascade from genes to ecosys-
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of biological organisation (6).

1. Abiotic stresses in plants1. Abiotic stresses in plants
Plants are strongly dependent upon the abiotic factors of the 
environment and prone to suffer the consequences of changing 
conditions. Thus, abiotic stress is any adverse environmental 
factor that negatively affects plant fitness, e.g., by restricting 
growth or productivity. Abiotic factors become stressors de-
pending on their intensity: low and high temperatures, water 
availability (drought and flood), salinity, metal toxicity, UV, 

pH, nutrient availability…Many, if not all, of these stressors can 
happen due to natural processes or triggered by anthropogenic 
activities.

The investigation of the effects of abiotic stress on plants 
has been a research topic for many decades. The oldest and 
more active fields focused on the effects of moisture and salts 
on some morphological parameters [since the 1900s; e.g. (7)]. 
However, as shown in 2022 Clarivate Web of Science©, it was 
in the 1940s when researchers started using the term stress, 
first for water stress, followed by the thermal and saline stress-
es since the 1950s, and a decade later, the nutrient stress, or 

Figure 1.Figure 1. Number of publications per year related to plant stress and microorganisms in Web of Science. A) Publications on dif-
ferent plant abiotic stresses. B) Publications on mycorrhiza, endophytes, or biostimulants, and their role on plant stress. Legends 
show the first year a publication on that subject appeared in WoS and the total publications up to 2021. Data included herein are 
derived from 2022 Clarivate Web of Science©. Keywords to select for publications on plant abiotic stresses: 1) water stress: plant 
water stress OR plant moisture stress OR plant drought stress; 2) Saline stress: plant saline stress OR plant salt stress OR plant 
osmotic stress; 3) Thermal stress: plant thermal stress OR plant freezing stress OR plant ice stress OR plant cold stress OR plant 
heat stress OR plant chilling stress OR plant low temperature stress OR plant high temperature stress; 4) Metals stress: Plant iron 
stress Fe OR plant cadmium stress Cd OR plant aluminium stress Al OR plant mercury stress Hg OR plant heavy metals stress 
OR plant nickel stress Ni OR plant copper stress Cu OR plant lead stress Pb OR plant Cobalt stress Co OR plant zinc stress Zn OR 
plant manganese stress Mn; 5) Air pollutants: plant air pollution stress OR plant carbon dioxide stress CO2 OR plant oxygen stress 
O2 OR plant hydrogen stress H2 OR plant ozone stress; 6) Nutrients stress: plant nutrient stress OR plant nitrogen stress OR plant 
nitrate stress OR plant NO2 stress OR plant phosphorus stress P OR plant potassium stress K; 7) Climatic stress: plant climatic 
stress. Although some related publications shall be lost in the search, we decided to use 'plant' as a keyword followed by the stress 
descriptors to avoid overcounting those papers on organisms other than plants. Moreover, because ‘plant’ and ‘stress’ are terms 
used in engineering and mechanical research, we eliminated from the search those publications with the following keywords in all 
fields: power, equipment, nuclear plant, heating plant, vibrations plant, insulated plant, turbine, welding, pipes, shearing. Finally, 
some research used plant extracts to analyse animal stress responses; thus, we also restricted the search by eliminating those pa-
pers with 'rats', ‘echinoderm’, ‘crustacea’ or ‘Caenorhabditis’ as a keyword.
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other stresses (Fig 1 A). Since the 1981-1990 decade, hetero-
geneous research on the many different abiotic stresses has 
risen exponentially. Nowadays, studying plant responses to 
abiotic stress has become a very active research topic. Initially, 
it was motivated by mitigating crop loss and boosting produc-
tivity (8). However, investigating the mechanisms underlying 
the response of plants to abiotic stress has become a priority 
since then (9). Many of the publications researching the effects 
of water, salt, thermal, and heavy metals stresses have focused 
on diverse molecular or morphologic parameters in the model 
plant Arabidopsis thaliana and a diverse array of crop species, 
including grasses (e.g., Avena sp., Oryza sativa, Triticum sp., or 
Zea mays), legumes (e.g., Cicer arietinum, Lens culinaris, or 
Phaseolus sp.), vegetables (e.g., Brassica sp., Capsicum sp., or 
Solanum sp.), fruits (e.g., Citrus sp., Fragaria sp., or Rubus sp.), 
and commodities such as Coffea sp., Gossypium hirsutum, or 
Theobroma cacao, amongst others. These studies have led to a 
good knowledge of the basic, general molecular mechanisms of 
plant responses to abiotic stress (e.g., 8,10). 

1.1 Temperature1.1 Temperature
Temperature can stress plants by both extreme heat and cold 
(chilling and freezing) by altering the fluidity and stability of 
the phospholipid membranes. As a general response to differ-
ent stresses, such as mechanical stimulation, pathogen infec-
tion, osmotic stress, salt, hydrogen peroxide and too low or too 
high temperatures, free Ca2+ concentration increases in the cy-
tosol after modification of the Ca2+- permeable channels; thus, 
acting as a stimulus-specific second messenger (11). Under 
cold conditions, the Ca2+- permeable transporter ANNEXIN1 
(AtANN1) mediates plant tolerance to freezing by regulating 
COR (cold-regulated) gene expression (12). Moreover, the 
temperature can also modify the stability of proteins by trig-
gering different responses to cold and heat (13). For example, 
the phytochrome B (phyB) photoreceptor, which participates 
in temperature perception, can reverse its activity from the ac-
tive to the inactive state, thus acting as a temperature sensor 
(14,15). High temperatures also trigger the transcriptional re-
pressor ELF3. Low temperatures can be sensed by membrane 
Ca2+ regulator channels and the accumulation of CBF tran-
scription factors to protect the photoreceptor phyB (13,16). 
Both cold and heat affect the membrane's fluidity, protein fold-
ing, and RNA secondary structures, but only high tempera-
tures can damage proteins by denaturation. The latter triggers 
the overexpression of a different protective mechanism, the 
synthesis of heat shock proteins (HSPs). There exist five ma-
jor families of HSPs: HSP100 (Clp proteins), HSP90 (linked to 
denaturing stress), HSP70 (its expression can be cold and heat 
stress-induced), small hsps (ATP-independent activity), and 
chaperonins type I and type II (16). It is noteworthy to men-
tion that the subset of overexpressed heat-induced proteins un-
der high temperatures mirrors the aminoacidic composition of 
thermophilic organisms, suggesting adaptation to temperature 
(17). Under temperature stress, plants also produce regulatory 
factors: heat shock factors (HSFs), dehydration response ele-

ment binding (DREB) proteins, and both transcription (with 
WRKY domains) and multiprotein binding factors (8,16,18). A 
process unique to plants consists of the accumulation of com-
plexes made of shsps aggregates, known as heat stress granules 
(HSGs), which might play a protective and storage role for 
housekeeping mRNPs (16). Reducing trienoic fatty acids (TA) 
in chloroplast membranes promotes thermotolerance, possi-
bly because its peroxidation produces cytotoxic compounds, 
such as ACR and MVK (18). Moreover, high temperatures 
can, depending on the plant species, suppress seed germina-
tion, induce severe necrotic symptoms, accelerate anthesis and 
maturation but with reduced yield, boost the production of 
potentially toxic electrophilic compounds, and severely affect 
fertility and grain quality by downregulating sucrose metab-
olism and upregulating starch degradation (18). More protec-
tive mechanisms against heat are the presence of antioxidants 
scavenging ROS, the production of protectants such as glycine 
betaine (GB), or trehaloses; all of the latter can induce thermo-
tolerance (18). In addition, it has been shown the protective 
role of phytohormones such as abscisic acid (ABA) in cold, salt, 
and drought stresses, and the brassinosteroid action in increas-
ing thermotolerance in plants (16).

1.2 Salinity1.2 Salinity
Soil salinisation drastically alters soil physicochemical prop-
erties, soil respiration activity, and microbial diversity; that 
is, natural cycles (biological, biochemical, hydrological, and 
erosional), affecting ecosystem services and food security by 
decreasing natural resources, goods, and agricultural produc-
tion (19). Thus, soil salinisation is the most detrimental abi-
otic stress (20). Salinity can occur in two ways: 1) naturally or 
primarily salinity, as a result of weathering or as deposition of 
sea salts in natural soil deposits and coastal areas; and 2) as 
a by-product of human activity or secondary salinity due to 
agricultural and irrigation activities (21). Soil salinity can be 
classified depending on the electrical conductivity of a soil sat-
uration extract: non-saline (0-2 dS m-1), with negligible effects 
on plants; slightly saline (2-4 dS m-1), which restricts the more 
sensitive plants; moderately saline (4-8 dS m-1), which affects 
many plant species and crops; strongly saline (8-16 dS m-1), 
where only tolerant plants prosper; and, very strongly saline 
(> 16 dS m-1), where a few very tolerant species reproduce (22). 
Salinity affects the ability of plants to acquire water from the 
soil. The accumulation of Na+ induces ionic stress, which in-
hibits photosynthesis and enzymatic activities, and induces 
senescence, in addition to hyperosmotic stress, which inhibits 
water uptake, and decreases plant growth (23). Furthermore, 
photosystem II (PSII) inhibition negatively affects leaf chloro-
phyll contents, leaf area and photosynthetic ability. Then, soil 
salinity further affects the mobilisation of nutrients, induces 
plant hormonal imbalance and the production of ROS, and re-
duces the influx of K+ (24). Moreover, salinity severely affects 
soil microbial diversity and health.

Plants have three primary mechanisms for promoting salt 
tolerance: ion exclusion, osmotic tolerance, and tissue toler-
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ance (25). The former occurs in the roots and consists of the 
transport of Na+ and Cl- to avoid their accumulation at toxic 
levels; ions can be stored in vacuoles after being removed from 
the xylem and/or expelled back to the soil. Several gene families 
have been identified as playing a role in the improvement of salt 
tolerance: the HKT (high-affinity potassium transporter), Na+/
H+ antiporters SOS (salt overly sensitive pathway) and SOD2 
(Superoxide Dismutase 2), and the Na+ ENA ATPases (25). Tis-
sue tolerance arises through different strategies based on pro-
ton pumps or transporters like Na+/H+ antiporters NHX and 
nhaA or a vacuolar H+ pyrophosphatase. Another strategy is 
the accumulation of compatible solutes (trehalose-6-phosphate 
synthase (TPS), trehalose-6-phosphate phosphatase (TPP), 
mannitol-1-phosphate dehydrogenase (mt1D), L-myo-Inosi-
tol-1-phosphate synthase (MIP), betaine aldehyde dehydroge-
nase (BADH), choline oxidase/dehydrogenase (codA/betA), 
Δ1-pyrroline-5-carboxylate synthetase (P5CS) or myo-inosi-
tol O-methyltransferase). A third mechanism consists of the 
degradation of reactive oxygen species (ROS), catalysed by 
antioxidant enzymes such as ascorbate peroxidase (APX), glu-
tathione S-transferase (GST), superoxide dismutase monode-
hydroascorbate reductase (MDR), or catalase (25). However, 
sensing and signalling mechanisms for osmotic tolerance in 
plants are yet unknown.

1.3 Drought1.3 Drought
Drought is a major abiotic stress due to its vast potential im-
pact worldwide at the ecological and economic levels. For ex-
ample, 80 % of agricultural production comes from rainfed 
croplands (26). Drought induces hyperosmotic stress, as does 
salinity. Drought produces drastic adverse effects on plant ger-
mination, growth, biomass, productivity, and phenology, due 
to reduced water uptake, deficient enzyme activities, and re-
duced energy supply (27). Moreover, drought severely affects 
plant transpiration, stomatal conductance, the photosynthesis 
rate, the contents of photosynthetic pigments, and the efficien-
cy of PSII (8,28). The OSCA1 (hyperosmolarity-gated calcium 
channel) family is potentially involved in sensing hyperosmotic 
stress (13). Some plant responses to promote drought tolerance 
are similar to those described above for salinity. However, we 
found an accumulation of osmoprotective solutes such as pro-
line, increased total soluble sugars and amino acids, and higher 
catalase activity (28). Under drought stress, plants also activate 
a set of late embryogenesis abundant (LEA) proteins that act 
as water-binding molecules in membrane and macromolecule 
stabilisation and ion sequestration; thus, protecting the cells 
due to their biochemical properties, such as hydrophilicity and 
glycine content, presence of randomly coiled α-helices, and re-
peating motifs (29).

2. Plants weaponry against abiotic stresses2. Plants weaponry against abiotic stresses
2.1 Biochemical responses for homeostasis2.1 Biochemical responses for homeostasis
Plants have evolved different strategies to cope with stressful 
abiotic conditions. The first strategy we can think off is the in-
terconnected complex set of regulatory pathways of molecular 

responses that plants activate to enhance their tolerance to hos-
tile abiotic factors in time. Five groups of biochemical respons-
es have been described (10): 1) for protection at the cuticle lev-
el, there is overexpression of fatty acid synthases, transporters, 
and alcohol forming reductases; 2) for the modulation of the 
membranes, the plant triggers the overexpression of fatty acid 
desaturases, acyltransferases, enzyme cofactor acyl-carrier pro-
teins (ACPs); 3) to boost the homeostasis of ROS, there is over-
expression of peroxidases, glutathione S-transferases (GSTs), 
and activation of other ROS scavengers; 4) at the protein level, 
some proteins families such as the heat shock proteins are over-
expressed (HSPs); and 5) osmoprotection through the produc-
tion of compatible solutes such as glycine betaine (GB), proline 
(Pro), sugars, overexpression of galactinol synthases (GOLSs) 
or proline dehydrogenases (ProDHs). We have seen in the pre-
vious section how different stressors relate to the activation of 
some of these responses.

A second mechanism for protection against abiotic stress-
ors is that plants can express many important morphological 
and physiological characters differently, depending on the en-
vironmental conditions. That is, the same genotype expresses 
different phenotypes in different environments, which might 
be considered an adaptive strategy (30). Finally, plants establish 
a broad array of fine-tuned biotic interactions with microor-
ganisms than enhance the host performance: growth, tolerance 
against abiotic stress, and resistance against biotic threats.

2.2 Phenotypic plasticity and phenology: plants and eco-2.2 Phenotypic plasticity and phenology: plants and eco-
systemssystems
Boyer (9) suggested that the adaptation of plants to adverse en-
vironments could significantly contribute to agriculture. This 
requires the study of plants adaptation under different envi-
ronmental conditions, but very few works have studied the re-
sponses to abiotic stresses in wild plants and even fewer in their 
natural habitats. However, the responses of wild plants living 
in naturally occurring stressful habitats must be very efficient 
and might render of particular interest to gain insight on how 
to boost crops or wild species facing new environmental con-
ditions (31). 

Plants, as sessile organisms, cannot escape from the envi-
ronmental conditions and their changes across time, which is 
particularly drastic under the current climate change scenari-
os. However, plants are endowed with the ability of phenotypic 
plasticity, that is, the alteration of morphological and physio-
logical characters in response to environmental changes (32). 
The study of the phenotypic plasticity of plants, which started 
at the end of the 19th century (e.g., 33), is pivotal in predict-
ing their fate in different environments. Changes in phenotyp-
ic characters might produce two non-exclusive effects: on the 
one hand, plant responses might boost the individual fitness 
or its chance for survival in the new conditions (e.g., might 
help invasive species to prosper in alien environments); on the 
other hand, however, they might have negative consequences 
for the biotic interactions, with an impact on the communi-
ty composition (32,34,35). Many plants' functional traits can 
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show plasticity: morphological, physiological, reproductive, 
phenological, etc. One important and reliable bioindicator of 
the effects of climate on plants is their phenology; it can be 
measured following the BBCH scales, which have become a 
powerful tool (36,37). A strongly confirmed result is the ten-
dency for many phenophases or phenological traits to occur 
earlier each year, which is positively correlated with the annual 
temperatures, and a tendency for spring events to change more 
than autumn events (36,38-40). However, the phenological re-
sponses might have different ecological impacts, with annual 
or insect-pollinated plants flowering earlier than perennials or 
wind-pollinated plants; the species-specific responses must be 
determined before extrapolating conclusions across geograph-
ical areas (39,41). 

The investigation of the response of wild plants to abiotic 
stress is even more important if we think that plants are pri-
mary producer species and, often, are keystone species; that is, 
without them, the ecosystem may not exist (42). Indeed, hu-
man well-being depends directly on biodiversity, i.e., the vari-
ability of all life forms on Earth, their genes and the ecosystems 
in which they live. Moreover, the quality of human life is direct-
ly related to the health of ecosystems, which in turn depends 
on the richness of native species (43). Indeed, the sustainability 
of humans in the biosphere depends on the goods and services 
derived from ecosystem functions, the valuation of which is 
fundamental for decision-making and conservation policies 
and strategies (44). For example, coastal dune and saltmarsh 
ecosystems provide the most valuable ecosystem services (over 
12,000 € per ha): shoreline protection, disturbance regulation 
(erosion), nutrient cycling, carbon sequestration, water puri-
fication, biological control, habitat/refuge, food production, 
raw materials, and tourism, recreation, culture, education and 
research (44-46). In the face of increasing risks due to the ef-
fects of climate change, some ecosystem services, such as car-
bon storage by wetlands, take on unique value (46). Although 
the many ecosystem services these habitats provide are well 
known, they are globally at risk due to, e.g., agriculture, eutro-
phication, or land use (47,48).

All natural habitats are threatened by either direct climate 
change effects or human activities; however, some ecosystems 
already suffer extreme abiotic conditions: high salinity envi-
ronments or evaporites soils ecosystems, such as halite (NaCl), 
gypsum (CaSO4·2H2O) or anhydrite (CaSO4) and arid and 
semi-arid zones, or permafrost habitats (31,49). These eco-
systems host species that display tolerant behaviours to such 
stressful conditions. Many of them might represent important 
sources of genetic innovations to promote adaptation to abiotic 
stresses in cattle or crops (50,51).

2.3 Plants and their mutualist biotic interactions2.3 Plants and their mutualist biotic interactions
Wild plants represent a complex arena of multipartite inter-
actions in the ecosystem. All possible types of biological in-
teractions occur in plants: predation/herbivory, competition/
facilitation (allelopathy), commensalism, parasitism, and mu-
tualism. Albeit plants interact with a broad range of organisms 

(other plants, vertebrates, invertebrates, protozoans, fungi, 
bacteria, and viruses), many of the biotic interactions that the 
plants establish are with microorganisms. A pivotal interaction 
for plants and ecosystem ecological and evolutionary dynam-
ics is also established between the plant host and the so-called 
endophytes, usually non-pathogenic microorganisms (bacteria 
and fungi). Endophytes invade internal plant tissues such as 
roots (rhizospheric endophytes), stems or leaves (phyllospheric 
endophytes); they either remain asymptomatic for long periods 
or with limited pathogenic effects and often provide important 
advantages to the plant hosts (52,53). Moreover, well-known 
examples of endophytes are mycorrhizal fungi, diazotrophic 
bacteria, and phyllosphere endophytes. Thus, more than 80 % 
of the plants establish mutualistic interactions with mycorrhi-
zal fungi, an association dating back to 460 Mya that directly 
affects plant biodiversity and ecosystem properties (54-56). 
Moreover, these fungi can be found in all major ecosystems 
(57).

Microbe-plant interactions were firstly described during 
the 19th century (58). Fungi associated with plants were the 
first microbial endophyte-plant interaction to be described by 
Heinrich F. Link in 1809, as species living and fruiting sub-epi-
dermically in either living or dead plants (59). Later, the char-
acterisation of lichens as the resulting association of fungi and 
alga led to coining of the term "symbiosis" by Albert B. Frank 
in 1877. Soon afterwards, Franz Kamienski, in 1882, described 
the association between fungi and plant roots (60), and A. B. 
Frank in 1885, defined the morphological organ arising after 
the union of both organisms as a mycorrhiza (61). In 1866, 
Mikhail S. Woronin (62) described the presence of endophytic 
bacteria in root nodules. Later in 1888, Martinus W. Beijeri-
nck was able to isolate and culture root nodule bacteria. Re-
cent findings unveiled the existence of beneficial viruses in the 
newly described multipartite interactions plant-fungus-virus 
(63,64). Therefore, it is not surprising to find research on mi-
crobial endophytes and mycorrhizae as early as 1904 in the 
literature registered on the Web of Science (https://www.we-
bofscience.com/wos/woscc/basic-search), with an exponential 
increase in the number of publications since the 1960s (Fig. 
1B). It was after the 1980s that researchers started investigating 
the role of microorganisms in mitigating the effects of stress on 
plants. Moreover, a new concept was born in that decade: the 
biostimulant.

3. Biostimulants and plant response to abiotic stresses3. Biostimulants and plant response to abiotic stresses
In addition to the classical genetic innovation, plants display 
an “extended phenotype” to face environmental conditions and 
maximise their fitness, provided by their microbial associates. 
This association represents a vital help in boosting the response 
of wild plants and crops to abiotic stresses (65). However, the 
definition of plant biostimulants (PBS) encompasses every-
thing that improves plant health, boosts growth and yield, and 
enhances nutrient uptake and protection against abiotic and bi-
otic stresses. Thus, we find active substances such as humic and 
fulvic acids, compounds rich in nitrogen, protein hydrolysates, 
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extracts from algae and other organisms, natural or synthetic 
polymers, some chemical elements, and both microbial volatile 
organic compounds (MVOCs), and biogenic volatile organic 
compounds (BVOCs), as well as  mutualist fungi, bacteria, and 
viruses (64,66-68; Figure 2).

3.1 The multilevel cascade effects of microbial mutualists 3.1 The multilevel cascade effects of microbial mutualists 
of plantsof plants
Mutualist plant-microbe interactions are fine-tuned at the ge-
netic and metabolic levels (57). For example, the plant arbus-
cular mycorrhizal fungi (AM) form specialised structures, but 
the interaction starts with the efflux of root-borne signal strigo-
lactones (e.g., 5-deoxy-strigol) that trigger hyphal branching, 
followed by fungal signals (N-acetylglucosamine tetrameters 
and pentamers and lipochitooligosaccharides) to trigger a sym-
biotic response in roots. A set of common genes are expressed 
to induce the development of both the arbuscular mycorrhiza 
or the bacteria nitrogen-fixing root nodule symbiosis; after the 
formation of a prepenetration apparatus (PPA) and the cortical 
cell entry, the hyphae produce a structure called birdsfoot, that 
develops into a mature arbuscule and later a collapsed arbus-
cule (69-70). In these arbuscules takes place the exchange of 
plant sucrose (that will be transformed into hexose and glyco-
gen), and fungal phosphate (Pi), nitrogen (the fungus trans-
forms arginine into urea, and this into ammonium, NH4+), 
and potassium (58). In the case of bacterial endophytes or di-
azotrophic bacteria, they transport NH4+ and nitrate (NO3-) to 
the plant; reduce abiotic stress by metabolising ACC, the pre-

cursor of ethylene, with the 1-aminocyclopropane-1-carboxyl-
ate deaminase (ACCd); and boost plant growth, biocontrol and 
remediation by contributing to iron homeostasis, and sidero-
phore production (58,71). In addition, both fungi and bacte-
ria transfer plant hormones to the host, such as auxins, gib-
berellins, cytokinins, volatile compounds (VOCs), polyamines 
(Poly-NH2), and secondary metabolites. That is, endophytes 
promote individual plant development. Moreover, endophytes 
can further protect the plants against abiotic and biotic stress-
es, enhancing tolerance to saline and heavy metals conditions, 
or protecting against root diseases and nematode attacks (72). 
Therefore, overall, endophytes improve plant fitness.

Biotic mutualist interactions in the wild usually consist of a 
complex multipartite relationship, with bacteria associated in-
ternally with mycorrhizal fungi (endobacteria) or externally on 
the surface of hyphae with beneficial effects for both partners 
(54). Amongst mutualist bacteria of mycorrhizal fungi, we find 
the so-called mycorrhizal helper bacteria (MHB), which pro-
mote hyphae development and mycorrhiza establishment (73).
At the ecological and evolutionary levels, plants have estab-
lished endophytic associations with fungi even before the evo-
lution of the roots (74). The diversity of mycorrhiza has evolved 
from arbuscular mycorrhiza (AM) associated with early land 
plants and includes now the modern vesicular arbuscular my-
corrhizae fungi (VAM, in the zygomycete order Glomales), ec-
tomycorrhizae (ECMs, with more than 6000 species of basid-
iomycetes, ascomycetes and zygomycetes), ericoid and orchid 
mycorrhizas (specific mycorrhiza of the Ericales order and the 

Figure 2.Figure 2. Plant cellular disorders triggered by abiotic stress, plant responses and their indicators, and potential biostimulants 
to boost plant health. Some indicators easy to measure in the laboratory to provide insight into the primary plant responses to 
common cellular disorders produced by abiotic stresses. LEA: late embryogenesis abundant proteins; MVOCs: microbial volatile 
organic compounds.
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Orchidaceae family, respectively), or other new mycorrhizae as-
sociations(74). Non-mycorrhiza (NM) plants have specialised 
nutritional strategies or habitats, such as carnivorous, parasite, 
epiphyte or hydrophyte plants (75). New research has identi-
fied very complex coevolutionary plant-fungus interactions in-
volving multipartite species interactions, where the fungus acts 
as a phyllospheric mycorrhiza (76). The diversity of microbial 
mutualist species like fungi associated with plants in the eco-
systems, alongside to contributing to plant health and diversity, 
plays a pivotal role in contributing to the valuable ecosystem 
services (57,77): 1) provisioning (food, drink, materials, water 
supply, and climate regulation); 2) regulating (water supply, 
waste treatment – fungal bioremediation, regulation of animal 
and human diseases, regulation of plant diseases, biological 
control); 3) supporting services (enhanced photosynthetic pri-
mary production, soil formation and stability, nutrient cycling, 
bioremediation); 4) cultural (recreational); and 5) ecosystem 
goods (plant biomass for fuel, yeast fermentation, pharmaceu-
ticals, biocides, food additives, enzymes, genetic resources…); 
with a yearly average value of 33×1012 US$ (78).

3.2 The plant-microbe diversity and effects against abiotic 3.2 The plant-microbe diversity and effects against abiotic 
stressesstresses
Plant-microbe interactions have an essential effect on plant 
phenotypic plasticity and fitness when facing environmental 

stresses such as nutrient limitation, abiotic stresses, or biotic 
stresses: 1) nitrogen-fixing bacteria activate NOD factors en-
hancing plant nitrogen uptake; mycorrhizal fungi activate 
Myc factors to trigger the transference of phosphorous to the 
host; plant growth-promoting rhizobacteria (PGPR) produce 
mVOCs that enhance iron uptake; 2) many fungi, bacteria and 
virus endophytes change the chemical plasticity of the plant to 
enhance mechanisms against abiotic stresses (temperature, salt, 
drought); 3) PGPR and fungal species trigger induced systemic 
resistance or specific activities against pathogenic species (67; 
Figure 3).

3.2.1 Plant-associated fungi and abiotic stress3.2.1 Plant-associated fungi and abiotic stress
AMF, in addition to mobilising phosphorous and nitrogen 
from the soil to the host plants, also play a role in resistance 
to saline stress by improving osmoregulating capacity due to 
increased soluble sugars and electrolyte concentrations in roots 
(81). Plants infected with VAM fungi (vesicular-arbuscular 
mycorrhizal fungi) exhibit higher photosynthetic activity, sto-
matal conductance, and transpiration. During drought events, 
these plants show enhanced growth rates, possibly due to more 
efficient water use, and have more soluble sugars in leaves; the 
amino acid concentration as the levels of proline vary in VAM 
plants depending on their ability to avoid drought (82). Some 
abiotic stresses have a negative effect on the microbial mutu-

Figure 3.Figure 3. Mechanisms and traits triggered by microbes against abiotic stresses. ACCd (1-aminocyclopropane-1-carboxylate de-
aminase) is exclusive to bacteria; all other mechanisms can be triggered by bacteria or fungi. Osmotic adjustment, antioxidant 
enzymes, and phytohormones can be transcribed by virus genes (80).
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alist. Salinity decreases the colonisation ability and activity of 
AM and inhibits it at extreme concentrations (83). Endophytic 
fungi and bacteria, however, can induce host plant salt toler-
ance by enhancing plant growth, preventing Na+ uptake, and 
reducing NaCl toxicity (84, 85).

3.2.2 Plant-associated bacteria (PAB)3.2.2 Plant-associated bacteria (PAB)
PAB can be found in the rhizosphere, whether intimately as-
sociated with hosts roots (rhizobacteria and root endophytes) 
or in close enough proximity to the roots, and in the phyllo-
sphere, within tissues or on leaves, buds or flowers. The plant - 
PAB interactions have multiple eco-evolutionary implications. 
Moreover, PAB can alter critical plant phenological characters 
such as flowering, fruiting, and senescence due to PAB-induced 
alterations in the nutritional and hormonal status of the host 
(86,87). Plants can sort out and recruit particular communi-
ties of microorganisms, the rhizobiome, whose association 
with the plant host provide various benefits (amelioration of 
abiotic stresses, stimulation of growth and physiological capac-
ities, and protection against biotic challenges) through highly 
heterogeneous mechanisms of action (88); thus, suggesting the 
importance of gaining a deeper insight of these intimate inter-
actions. 

Bacterial 1-aminocyclopropane-1-carboxylate deaminase 
(ACCd) regulates de production of ethylene, a stress phyto-
hormone triggered by abiotic and biotic stresses with negative 
effects on root and plant growth (71). Some plant bacteria (for 
example, Bacillus sp, Enterobacter sp, Proteus sp, Pseudomo-
nas sp) can promote tolerance against heavy metals (phyto-
extraction of Cd, Cr, Cu, Ni, Pb, Zn) by combining different 
mechanisms such as the production of phytohormones (IAA), 
siderophores, the expression of ACC, and phosphate solubili-
sation (89). Indeed, the presence of PAB species improves soil 
conditions, promotes the establishment and development of 
plants, and represents important support against abiotic stress-
es over short periods (90). However, the same synergistic natu-
ral microbial communities might negatively affect plants under 
more severe abiotic stresses or more extended periods of stress 
occurrence (91). Nevertheless, some plant multipartite inter-
actions with plant growth promoting rhizobacterium (PGPR) 
in roots and endophytes in leaves play an unpredicted syner-
gistic role by boosting plant development and triggering plant 
production of indoles (92); this highlights the importance of 
setting up more complex experimental approaches to address 
eco-evolutionary questions in these systems.

In semi-arid regions, plants are exposed to drought, high 
salinity, and high-temperature stresses, and PGPB (plant 
growth-promoting bacteria; Bacillus, Bradyrhizobium, En-
terobacter, Pantoea, Pseudomonas, Rhizobium) triggers the 
following mechanisms: ACC deaminase, antioxidant system, 
IAA production, EPS (Exopolysaccharides) production, nitro-
gen and phosphate acquisition, drought and salt tolerance (93).

3.2.3 Microbial Volatile Organic Compounds - MVOCs3.2.3 Microbial Volatile Organic Compounds - MVOCs
Up to date, a very diverse collection of over 2000 MVOCs with 

synergistic effects on plants have been identified and analysed 
(mVOC 3.0; 94) in more than 1000 species of bacteria (649 
species) and yeast and filamentous fungi (385 species); many 
of them with host species- or pathogen target species-specif-
ic effects (67): antifungal and oomyceticidal activities (54% of 
the cases), plant growth promotion (20%), induction of sys-
temic resistance (7%), increase tolerance to salinity or drought 
(4%), antibacterial activity, induction of fruit defences, para-
sitoid attraction, bacteriostatic effect, increase fruit flavour 
and defence, increased starch synthesis, insect-pest repellent, 
nematicidal activity, attraction of pest insect predatory wasps, 
and flowering promotion. On the other hand, some MVOCs 
produce negative effects, such as toxicity, decreased growth, or 
inhibition of germination (67).

3.2.4 A short note on the virus-fungi-plant interaction 3.2.4 A short note on the virus-fungi-plant interaction 
under drought or heat stressunder drought or heat stress
Some double-stranded RNA mycovirus (CThTv) infecting 
fungal endophytes can enhance plant tolerance against heat or 
drought stresses (63). While the fungus, Curvularia protuber-
ata, can only resist up to 38 ºC, the plant-fungus-virus system 
can resist up to 65 ºC. The analysis of the viral-induced ESTs 
under heat stress (VIH-ESTs) unveiled key enzymes involved 
in osmoprotectants synthesis, such as TauD (taurine catabolism 
dioxygenase), glycine, betaine, trehalose, and a key enzyme in 
the melanin pathway, the scytalone dehydratase (SCD) that 
was overexpressed ten-fold compared to control conditions 
(95). The VIH-ESTs also had transcripts of several reactive ox-
ygen species detoxification enzymes, such as five glutathione 
S-transferase (GST) orthologs and a peroxidase/catalase gene.

ConclusionsConclusions
Plants face severe abiotic stresses that might become drastic 
under the new global climate change scenarios. Many differ-
ent strategies are being implemented to work together against 
climate change and build up resilience against its harmful ef-
fects. One of these strategies is the use of microorganisms as 
biostimulants in agriculture. However, biotic interactions are 
fine-tuned amongst the interacting partners, with cascade ef-
fects at different ecological levels. Therefore, we must build up 
basic knowledge about microbial diversity, the specificity of the 
interactions, and their potential to promote effective tolerance 
against abiotic stresses.

We have initiated a project to characterise microbial popu-
lations associated with plants from wild areas, especially saline 
environments, and analyse their potential role in aiding the 
plants to cope with abiotic stresses. We also aim to characterise 
the phenotypic plasticity of the plant-microbe system to under-
stand the eco-evolutionary dynamics that can enhance resil-
ience against the climate change effects in conservation biology 
and agriculture.
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