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Abstract The global climatic changes have made significant alterations in the
environment that can be harmful for microbes, plants, animals, and humans. Cli-
matic parameters include the temperature, atmospheric gases, carbon dioxide levels,
etc. that have been known to pose harmful effects to microbes when present in
excess limits. Among microbes, plant growth-promoting rhizobacteria and
arbuscular mycorrhizal fungi have been shown to be affected by climate fluctuations.
Hence, this book chapter will discuss the impact of various climate parameters on
microbial communities and the microbial processes going on in the soil with special
emphasis on plant growth-promoting rhizospheric bacteria and arbuscular mycor-
rhizal fungi.
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18.1 Introduction

Till the following century, it is said that the global climate will immensely change
and will affect various parameters about this alteration in environment (Houghton
et al. 2001), leading to continuous increase of atmospheric CO, concentration (IPCC
Climate Change 2007), along with the prediction of global surface increase in
changing temperature between 1.8 and 3.6 °C until 2100, caused due to human
and natural activities to increase atmospheric CO, level (IPCC Climate Change
2007). It is expected for the soil water content to decrease due to the increase in
temperature (Le Houerou 1996), causing drought to various parts of the world.
Terrestrial microorganism will be affected by these climate changes. Along with
affecting ecosystem and organisms as well as per the recent studies, it has been seen
that there is well-established symbiosis of plant taxa with various types of microor-
ganisms (Nicolson 1967). As characterized by De Bary definition, they can be
neutral or pathogenic toward their host (de Bary 1879); additionally they increase
plant tolerance toward abiotic and biotic stress and support plant (Bent 2006). The
rhizosphere is colonized by plant growth-promoting microorganisms. The part of the
soil that is attached to the surface of root and affected by exudes of root and via
microorganism (Bent 2006). Microorganisms benefit their host by endophytic life-
style by entering in the root system (Stone et al. 2000). This can be referred to as the
plant growth-promoting rhizobacteria (PGPR, Kloepper and Schroth 1978) or plant
growth-promoting bacteria (PGPB, Bashan and Holguin 1998). Changes in the plant
physiology and root exudation are to be likely seen due to the climate change. The
increase in carbon (C) allocation in the root zone with the increase level of CO, will
lead to root exudates composition change. These changes can be chemoattractant or
signaling compound along with various carbon and nitrogen ratio or nutritional
presence (Kandeler 2007). The plant-associated microbial activities and diversity
will be affected by the climate change (Drigo et al. 2008). Beneficial effect of
microorganisms on growth of plant or its overall health might be weakened in
reference to possessing their required property and their ability to colonize under
specific situations. A definite comprehension on how precisely microbes associated
with plants are impacted is either influenced directly by modified plant anatomy, or
the way it influences plant performance and the environment functioning is yet
missing. Mycorrhizal growth and endophytes just as PGPB are used as biocontrol
specialists, biofertilizers, and additionally phytostimulators used in agricultural
sector (Vessey 2003; Welbaum et al. 2004) or on the other hand used in
phytoremediation applications as degrading microorganisms (Denton 2007). The
immense effect of global climate change may alter the performance; thus appropriate
study is required to choose the strains that will perform well in changed conditions.
Here we will discuss about major environment parameter that are likely to be altered
via climate change and impact the microbes and related processes.
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18.2 Influence of Climate Change on Soil Microbial Process

Relative abundance and capacity of soil communities is adjusted by growing change
in climate since soil network individuals contrast in their physiology, temperature,
affectability, and development rates (Castro et al. 2010, 2012; Gray et al. 2011;
Lennon et al. 2012; Briones et al. 2014; Delgado-Baquerizo et al. 2014; Whitaker
et al. 2014). There has been wide range of exploring due to sudden impacts of
climatic changes occurring on composition of microbial composition and its func-
tioning (Blankinship et al. 2011; Manzoni et al. 2012; Chen et al. 2014). In a
temperate forest, warming by 5 °C, for instance, expanded the bacterial to fungal
proportion of the soil community (DeAngelis et al. 2015).

Changes in ecosystem functioning can be led by the shifts in microbial commu-
nity when soil microbes contrast in their functional characteristics or controlling a
rate-limiting or fate-controlling step (Schimel and Schaeffer 2012). Nitrification and
nitrogen fixation are regulated via specific microbial groups (Isobe et al. 2011),
denitrification, and methanogenesis (Bodelier et al. 2000). Alterations in the number
of organisms who regulate specific process can directly affect the pace of that
process. Nonetheless, a few processes are firmly connected to abiotic factors such
as nitrogen mineralization, temp, and dampness than microbial community compo-
sition in the soil that a variety of life forms are in charge of these processes (Isobe
et al. 2011).

The temperature-sensitive process such as microbial soil respiration rates are
likely to be altered by warming effect of climate change. The extensive recent
consideration is on the function of raised temperature in microbial metabolism
(Compant et al. 2010). The natural temperature affectability of microbial action is
characterized as the factor by which microbial activity increments with a 10 °C
expansion in temperature (known as Q10). Q10 is a frequently used model in climate
change to represent sensitive nature of microbes to temperature; in any case, through
this a large number of associations that affect the temperature dependence of
microbes in processes such as decomposition can be assessed.

Along these lines, temperature sensitivity represented via Q10 in models may
give a bad representation of forecasts. During the field study, the process like
decaying of soil organic matter, soil respiration, and development of microbial
biomass with increase of temperature in reaction to warming are usually short-
lived. The short-lived impacts have been speculated to happen as carbon substrates
present in soil are expanded by microbial action and due to exchange as the soil
microbial diversities display shift in composition or compel their biomass to react to
adjusted conditions and substrate availability (Allison and Martiny 2008, Bradford
2013). Alteration of the composition of microbial communities can be initiated by
experimental warming and can also affect the population of both gram-positive and
gram-negative bacteria; soil dampness is linked to temperature change which may
give clarification to contrasting outcomes from tests evaluating microbial commu-
nity reactions to climate alterations. For instance, microbial activity at hotter tem-
peratures can be restricted by dissemination and its contact with substrate (Zak et al.
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1999). While bacterial community may react quickly to moisture pulse, the fungal
counterpart may slow in their reaction (Bell et al. 2008; Kardol et al. 2010). Further,
drought intensifies the differential temperature affectability of fungal and bacterial
gatherings (Briones et al. 2014). With change in soil moisture availability (<30%
decrease in water holding limit), soil fungal communities may shift starting with one
dominant member onto the next, while bacterial communities stay consistent. Soil
microbial communities acclimated to less water access may inspire to a lesser extent
a compositional or functional move to changing water systems. Communications
among organisms and background temperature and dampness systems in some
random area impact microbial composition and function with evolving climate. Be
that as it may, it is yet not satisfactory that (1) how temperature and sogginess and
their connection impact unequivocal microbial network, for instance, methanogens
inside a community, (2) what impacts microbial network changes that work like rot
of new and old soil organic matter, and (3) which system drive the net climate
reaction of microbial activities to the ecological change.

18.2.1 Effect of Climate Change on PGPR

Bacteria are also known to colonize the plants other than fungi (Compant et al. 2010)
and possess positive effects on their host which can in turn act as beneficiary for
them (Welbaum et al. 2004; Lugtenberg and Kamilova 2009). Microscopic organ-
isms improve plant development and health by different components which incor-
porate plant growth substances, for example, hormones, mitigation of biotic and
abiotic stresses, pathogen antagonism, and induction of systemic responses
(Lugtenberg and Kamilova 2009). Even in the adverse conditions like high level
of heavy metal in plants, bacterial endophytes may grow (Lodewyckx et al. 2002;
Idris et al. 2004). Through specific plant genes under stress conditions, they alleviate
abiotic and biotic stress (Hallmann 2001).

18.2.2 Effects of Elevated CO; Levels

Bacteria-associated plants can be affected by elevated CO, level. Drigo et al. (2008)
reviewed the repercussions of increased CO, on various communities of
rhizobacteria. Along with rhizospheric bacteria, endophytic populations may also
be affected. The “Free-Air CO, Enrichment (FACE) experiment” held in Switzer-
land showed the effect of increased ambient CO, (Hebeisen et al. 1997). This
experiment involves interaction of legumes with rhizobia that was triggered by
elevated CO, (Marilley et al. 1999); they are known for their interaction with
legumes for nitrogen fixation in addition to their plant growth-promoting activities
(Sessitsch et al. 2002). It also depicted that leguminosarum strains were favored for
the enrichment of CO, over the other plants (Montealegre et al. 2000). 17% more
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nodulation on the roots were produced by the isolates acclimated to elevated CO,
than isolates favored by ambient CO, levels, telling that under various conditions,
plants prefer the selection of specific microorganism (Haase et al. 2007). Nitrogen
deficiency symptoms were found under the elevated CO, conditions in which N
tissue decreased in bean. The reason behind lower N nutritional microbial growth
under elevated atmospheric CO, concentration is relation between rhizosphere
microbial growths is due to increase in competition of plant microbial nitrogen in
the rhizosphere (Haase et al. 2007). This experiment provided a lot of information
about PGPB such as Pseudomonas sp. and even on rhizobia (Marilley et al. 1999),
Actinobacteria, and Deltaproteobacteria. Drigo et al. (2009) gave information on
soil-specific effect of elevated CO, on Pseudomonas and Burkholderia sp. and on
soil-particular effects on Pseudomonas and Burkholderia sp. and on the genes
producing antibiotics. Elevated CO, has different plant responses which led to
regulated photosynthate distribution in the rhizosphere. But some strong antibiotic
producers such as Actinomycetes and Bacillus sp. are not influenced. Selective
bacterial species responded differently to plants having association with enrichment
to atmospheric CO, reported by Drigo et al. (2009). The dominance of Pseudomonas
sp. was increased in presence of elevated CO, which includes a variety of plant
growth-promoting members, associated with rye and white clover and enhancement
of the abundance of Rhizobium sp. (Marilley et al. 1999).

Additional data of the relative amount of HCN-delivering Pseudomonas strains
which are known as likely inhibitors of fungi taken from mass and rhizospheric soil
alongside two perpetual perennial grassland root fraction systems (L. perenne and
Medicago coerulea) were diminished in raised CO, conditions (Tarnawski and
Aragno 2006). There was expanded extent of siderophores and nitrate dissimilating
strains. It expresses a model that expanded atmospherically CO, levels may affect
plant beneficial microbes, which may later have ramifications on their use in
agricultural or phytoremediation processes (Fig. 18.1) (Baon et al. 1994; Sanders
et al. 1998).

The investigation of practically identical detail on CO, restraint of bacterial
development is that of King and Nagel. Pseudomonas aeruginosa was grown on
solitary suboptimum temperature (24 °C) on minimal media and reasoned that
inhibition differed directly with CO, concentration. A comparative relationship
was seen with P. fluorescens developing at 30 °C at a restricted range of CO,
concentration; significant deviation was observed. Low CO, fixations created
marked hindrance of development in complex medium, yet stimulated growth in
least amount of medium, and in complex medium, a most extreme level of restraint
was achieved at generally low CO, concentration. It is conceivable that a more
detailed examination of P. aeruginosa would uncover a similar reaction to CO,.

It has been expected that this perception is relevant to microorganisms; however,
plainly with P. fluorescens, there is an immediate improvement of CO, inhibition
with diminishing temperature. The nonlinearity of the connection among tempera-
ture and the level of inhibition with minimal medium most likely emerge due to the
competition caused due to inhibitory and stimulant impact of CO, during develop-
ment in this medium. Since the inhibitory effect of CO, can fluctuate with
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Fig. 18.1 Effects of (a) elevated CO, concentrations and (b) warming and drought on beneficial
plant-microbe interactions (Adapted with permission from Compant et al. 2010)
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temperature and medium composition, it is clearly not legitimate to look at results
from changed sources except if these variables are considered. King and Nagel could
not recognize any change in enzyme levels between cells of P. aeruginosa cultured
in air and inside seeing CO, and stated that adaptive enzyme synthesis in the
presence of CO, does not happen.

18.2.3 Effect of Temperature

Alleviation of temperature stress is depicted by rhizosphere bacteria and endophytes
on some plants, and they may cause induction in growth of various crops under
altering temperature, climates, and soil conditions (Fig. 18.2) (Bilal et al. 1993;
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Fig. 18.2 Effect of temperature on the growth rate of P. fluorescens growing in simple (O) or
complex medium with pCO, in solution at 150 mm of Hg (Adapted with permission from Gill and
Tan 1979)
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Bashan and Holguin 1998). Egamberdiyeva and Hoflich (2003) postulated that
performance of plant beneficial bacteria may be affected by temperature and soil
type. Mycobacterium sp. 44, Pseudomonas fluorescens, and Pantoea agglomerans
strain which were isolated from a semi-continental climate showed elevation growth
properties of root and shoot at 16 °C in comparison to growth at 26 °C in loamy sand.
But in any case, M. phlei strain MbP18 delivered good results under the two
conditions just like M. bullata MpB46, showing genotypic-explicit inclinations for
some natural conditions. A few strains of PGPB growing at a hot condition than at
cold ones can be used in agriculture. In an assessment, it was evidently shown that
rhizobia segregated from the desert wood vegetable Prosopis glandulosa nods were
grown more noteworthy at 36 °C than at 26 °C. Moreover, microbes colonizing
specific destination may react contrastingly to some biological conditions. An
assessment with the endophytic microbe Burkholderia phytofirmans strain PsIN
displayed that increasing the temperature from 10 to 30 °C diminished its establish-
ment in the tomato rhizosphere; however endophytic abundance wasn’t impacted
(Pillay and Nowak 1997). When successfully colonized in rhizosphere, it may help
prevent the temperature or water stress on plants (Aroca and Ruiz-Lozano 2009) by
inducing a systemic response (Yang et al. 2009). This shows the expected part of
specific strains for their utilization in agriculture; however there is need to consider
the impacts of altering conditions on their establishment just as on their plant
growth-promoting capacity.

18.3 Influence of Climate Change on Arbuscular
Mycorrhizal Fungi

Mycorrhizal fungi are known as one of the crucial factors while considering global
changes related to variations in the ecosystem, as these fungi are known to play a
major role in the plant-soil interface. Global changes encircle natural as well as
human-led changes on the Earth’s environment. This section will focus mainly on
anthropogenic aspects resulting in global changes related to mycorrhiza. While
considering climate change, media heeds about global warming mainly, among
other factors. But now people perceive that anthropogenic factors not only influence
climate change, but they also steer toward many global changes (Vitousek 1994).
Human-induced changes have caused serious repercussions in the Earth’s envi-
ronment other than climate change. Some important examples are increased concen-
tration of the atmospheric gases (ozone, CO,, etc.), the ecosystem being exposed to a
rising number of nutrients due to atmospheric deposition (Nitrogen), change in
climate (altered precipitation as well as temperature regimes), increase in UV
radiations, and occurrence of non-native species. These comprise present or upcom-
ing global alterations, displaying good or bad impact on mycorrhizae associations.
These aforementioned factors are distinct, based on the fact that mycorrhizal sym-
biosis involves two classes of organisms. Some factors have direct impact on the
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host plant solely (example carbon fixation), and some have an indirect influence on
the mycorrhizal fungi (mycobionts), like change in carbon distribution by plant
(atmospheric causes can affect the presence of nutrients in the soil) in turn affecting
the fungi as well. Warming or an altered precipitation is included in factors that
directly affect mycobionts. Understanding this difference is substantial in figuring
out the mechanism behind the effects of global change factors and also for exper-
imental proposals. An isolated environment can rarely be subjected to factors
responsible for global change. We need to figure out the mechanism behind these
factors in order to understand the complexity of the regional combinations of such
factors, as experimental exploration of all possible scenarios will be nearly impos-
sible in artificial or mimicked environments. For complete assessment of the impact
of global changes on mycorrhiza, we need to consider patterns and processes
involved in both temporal scale and spatial scale. Mostly experiments mimic
short-term responses, but for a complete study, we need to have an insight about
long-term responses as well. A possible solution would include in situ experiments,
for example, CO, springs. Large-scale events such as variations in distribution of
plant species globally (it includes regional extinction of a particular plant) as an
adverse effect of climate change may in turn affect the mycorrhizal population
dependent on that plant as it’s host. Therefore, it may alter the mycorrhiza population
distribution as well. Some of the mycorrhizal fungi are not dependent on the host
(plant) but are still affected by changes in environment. This concept is least
understood, but apparently is the most important factor to be considered when
analyzing mycorrhiza’s response toward global change. Global change is an intricate
phenomenon, but here, we focus on how it affects the mycorrhizal fungi. Variations
in the symptoms of global changes may be coined important in the future (examples
are effect of urbanization, habitat fragmentation, etc.); these eventually may be
included in the areas of study concerning mycorrhizal ecology. Factors which are
involved in climate change which affect the mycorrhizal fungi are discussed below.

18.3.1 Effect of Warming

Soil is termed as “chief organizing center for ecosystem function”, and the part
played by soil biota in modifying plant responses as well as ecosystem as a whole,
toward global change, is being highly acknowledged. Microbes found in rhizosphere
of a plant have a major role in sending strong feedbacks based on the plant’s growth
(Bever 1994), so any difference in the behavior or functions of these microorganisms
as a result of global changes is of significance, as it may alter plant response to
certain stimuli. When noting the key role of mycorrhiza at root-soil interface as well
as its effect on plant physiology, community, and ecosystem, it is evident after a
detailed consideration that mycorrhiza play a major role in studies related to global
changes. AMF entirely depend upon their host (plant) for carbon requirement.
Therefore, if the plant is affected by global changes, it will indirectly affect the
AMF as well. Mycorrhiza will be considered important, if there is a notable
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interrelation between global changes and presence of symbiosis, i.e., if the symbi-
ont’s presence or its function affects the response of plant communities or the
ecosystem. Mycorrhizae are present abundantly in natural ecosystems, but in the
case of habitat fragmentation or change in land utilization patterns, it may lead to
decrease in the population of the fungi. This can contribute as another factor for
global change (Vitousek 1994). It is important to know the inter-relation between
factors leading to global changes and the presence of mycorrhiza. It will give a better
insight on the underlying mechanism of variations occurring in the ecosystem as a
response to global changes. The global change factors can affect the ecosystem in
complex ways resulting in numerous variations even at regional levels, so it is
important to prioritize understanding the mechanism behind it than to document
the variations or changes. Based on these circumstances, mycorrhizal fungi (or fungi
in general) has crucial role in maintaining and forming the soil structure, thereby
benefiting the ecosystem (Tisdall and Oades 1982). If the extraradical mycelium of
the mycorrhizal fungi is affected by any factors influenced by global change, it may
indirectly impact the soil structure as well (Young et al. 1998; Rillig et al. 1999).
Any change in soil structure will affect water infiltration ability, soilborne aspects
involved in biogeochemical cycle operations, maintenance of sustainable agricul-
ture, and resistance to soil erosion (Oades 1984; Elliott and Coleman 1988; Hartge
and Stewart 1995; Jastrow and Miller 1997). Group of hyphae contribute to forming
the mycelia of mycorrhizal fungi, which have a potential effect on the ecosystem.
Based on these facts, mycorrhiza should be included in the research conducted to
further understand the effects of global change.

18.3.2 Effect of Elevated CO, Levels

Approximately 90% of the plants form firm associations with mycorrhiza (Smith and
Read 1997). Immediate need has been felt of understanding the impact of carbon
(C) due to its increase in atmosphere in the form of carbon dioxide, on symbioses of
mycorrhiza. Carbon is the main component for functioning of AM associations
which are fixed in photosynthesis and has been seen to move from plant to fungus.
Environment rich in carbon dioxide is the main factor for existence of fungus, be it
inside the root or in the soil. Thus, if elevated atmospheric carbon increases the
fixation of carbon and supply of it to roots then it might help in the promotion of
fungal growth. This could lead to the consequence of increased fungal performance,
which is best characterized for uptake of phosphate, increased uptake of nutrients
rich in minerals, and resistance toward many phytopathogens and drought as well
(Newsham et al. 1995). Elevated carbon dioxide can also have a positive aspect in
which elevation can lead to enhanced fixation of carbon followed by increased
carbon transfer to root system. Improved uptake of phosphate with increased mycor-
rhizal fungal growth due to elevated fixation of carbon might lead to efficient
functioning of plants leading to relief in potential deficiency which could have
otherwise caused restriction in ability of responding to increased level of
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atmospheric carbon (suggestion by photosynthetic downregulation alleviation)
(Staddon et al. 1999a). Important and essential processes in the plant metabolism
of phosphorus are determined by carbon availability; these metabolisms include
uptake, transportation, and utilization. In consideration, photosynthetic rate is deter-
mined by status of phosphorus of leaf. The positive feedback which could be
possible eventually has constrained by few deficiencies, for example, nitrogen
level and water content; thus it can act as a controlling or limiting factor. The
main reason for understanding the responses of AM fungi is because they have
potential of regulating response of plant toward climatic change; this is quite evident
from the interface representation of AM fungi in soil-plant system. Link in transfer
chain by which movement of carbon is seen from plant to soil is performed by
mycorrhizal fungi, which makes it another major feature of interest (Staddon et al.
1999b). Thus, AM fungi can potentially influence cycling rates of carbon and can
even use this structural carbon in construction of extraradical mycelium which is
transferred to symbiotic AM fungus. The fine network formed by these mycelia has a
faster turnover rate as compared to either root or shoot material, and fungal carbon is
therefore a medium for a rapid movement of carbon back to atmosphere, whereas
some of the fungal compounds might adapt and become resistant to attack of
microbial community, thus entering the slow pool of recalcitrant soil carbon which
leads to retardation in carbon cycle (Treseder and Allen 2000). This behavior of
some fungal compound can lead to the consequence of either increased accumulated
or reduced carbon content in plant soils. The consequence of elevated carbon dioxide
in atmosphere for functioning of mycorrhiza could be changes in way of promotion
in plant growth or changes in cycling rates of carbon. These effects are considered to
be indirect, which is regulated by responses created by plants due to presence of
carbon dioxide. Promotion in fungal ability to provide phosphorus to plants and
enhance plant growth can be done by elevated carbon fixation and increased
availability of carbon to fungus.

With respect to effects of mycorrhiza, elevation in carbon dioxide is considered as
the best researched factor of global change. Increase in biomass of root of nitrogen
fixing plant by 114%, in non-mycorrhizal individuals, was observed under elevation
of carbon dioxide. But reduced or slower rate by 31% of effect was seen when AM
species of genus Glomus was considered. Mycorrhizal fungi are a means of nutrient
accession for plants. Uptake of inorganic phosphorus (Smith and Read 1997) and
nitrogen (Ames et al. 1983; Tobar et al. 1994) is enhanced by AM fungi. Access to
pool of organic nutrients in soil is usually provided by ecto-mycorrhizal fungi (Smith
and Read 1997). Carbon source is required by fungi and uses an important amount of
net photosynthate of plant which is usually about 10-20% (Allen 1991). As it is seen
that capacity of photosynthesis, efficiency of water use, and growth are enhanced in
plants which are exposed to elevation of carbon dioxide (Bazzaz 1990), then
increase in investment of mycorrhizal fungi of amount of available carbon can be
possible. Along with the rise of carbon demand, demand of nitrogen, phosphorus
also rises. Therefore, it is assumed that allocation of resources for plants is done
efficiently according to economic theories (Bloom et al. 1985; Read 1991); elevated
carbon dioxide might increase mycorrhizal fungi investment. To study the effect of
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elevated carbon in atmosphere, numerous workers experimented on plants by
growing them at ambient (usually 350 pl'™) as well as at elevated levels (variously
500, 600, 610, 700, and 710 pllf) (eCO,) of atmospheric carbon dioxide (aCO,) and
measured root colonization degree by AM fungi (Staddon and Fitter 1998). Appro-
priate evidence has not been found from results acquired from experiment. Never-
theless, rarely seen case was about decreased colonization, and null to increased
responses are found equally more frequent. Examination of morphological structures
(hyphae, arbuscules, and, where appropriate, vesicles) of fungi was done more
efficiently by workers who participated in the experiment. Later, they reported all
possible combinations of decrease, increase, and null responses. Argument was
made by Staddon and Fitter (1998) on effects which were due to serious flaw
made in experiment; according to the researcher as elevated CO, was observed to
have a positive effect on growth of plants, he suggested that if plants show the same
level of growth in both atmospheric and elevated carbon dioxide concentrations,
then there must be some flaw in conducting experiment. As we know that plant
characteristic does not include nature and degree of root mycorrhizal colonization,
instead are dependent on conditions of plants in which they are grown; thus various
changes in colonization were expected (Staddon 1998).

18.3.3 Effect of Temperature

Slow or poor spore germination was observed at RT (20-23 °C) when continued
experiments were performed specially to obtain axenic growth of various species of
AMF. Several temperatures were compared to study its impact on spore germination
and incidence of contaminating bacteria and fungi which are in association with
surface-sterilized spores. Results were acquired with only those species that gave
consistent spore germination rate, although experiments were conducted for evalu-
ating various species of VA mycorrhizal fungi as well. When pot cultures were
maintained with VA mycorrhizal fungi, then spores of respective fungi were
obtained. As it was possible to maintain few isolates from various samples on pot
cultures, it was used to maintain few isolates on pepper and soybean pot cultures. An
isolate of Gigaspora coralloidea Trappe, Gerdemann and Ho and G. heterogama
(Nicol. and Gerd.) Gerdemann and Trappe obtained from soybean in Florida were
maintained on Bahia grass (Paspalum notatum Flugge) pot cultures. An isolate of
Glomus mosseae (Nicol. and Gerd.) Gerdemann and Trappe from Washington was
grown on pepper (Capsicum annum L.) pot cultures. Sieving and decanting tech-
niques were used to remove spores from pot culture soil and roots. Surface sterili-
zation was done of spores by using surface sterilizing agent that is 0.5% of sodium
hypochlorite for three rounds and was later rinsed two times in a deionized sterile
water before transfer to either soil extract agar or Mosse’s medium No. 16 (Mosse
and Phillips 1971). Preparation of soil extract agar was done by boiling finely sieved
sandy loam of amount 200 g in a liter of deionized water. Later filtration was
performed under vacuum, and addition of 15 g agar was done to a liter. Small
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petri dishes were used for transferring spores and incubating them at desired
temperatures; petri plates were incubated after transferring it in polyethylene bag
to prevent dehydration and were later covered with aluminum foil for excluding
light. Contamination from fungi and bacteria along with germination of spores was
noted at regular intervals for 2—3 times. Three replicates were used of each treatment
per temperature, and six to nine spores were observed at every replication. Studies
were carried out with Gigaspora coralloidea, G. heterogama, and Glomus mosseae
and were repeated three times, twice, and once, respectively. Maximum germination
was obtained at temperature of 34 °C of two isolates taken from Florida (Gigaspora
coralloidea and G. heterogama), of Washington isolate (Glomus mosseae) was
20 °C, and no germination was observed at the same temperature or below for
Gigaspora heteroganza spores. Most surface sterilized spores were found to be
contaminated by fungi and bacteria highly at a temperature of 25 °C. Gigaspora
heterogama spores were highly contaminated with fungi, while no fungal associa-
tion with spores of Glomus mosseae was found. Light was found to be a negative
factor for growth of spores, and it was evident that maximum more growth of both
Gigaspora coralloidea (at temperature of 20 and 25 °C) and G. heterogama
(at temperature of 34 °C) was observed. Occurrence of contamination through
bacteria was not found to differ on the basis of presence of light, whereas fungal
contamination was observed to occur on surface-sterilized spores which were
exposed to light (x 14.8%). Study conducted by Schenck and Schroder (1974)
showed the results of maximum sporulation and vesicle formation of Florida isolate
of Gigaspora calospora (Nicol. and Gerd.) Gerdemann and Trappe on soybean pot
culture [Glycine max (L.) Merrill] at temperature of 35 °C. Results of spore germi-
nation gave endorse evidence that adaptation at high temperature occurs in Florida
isolates Gigaspora spp. (Schenck and Schroder 1974). It was also assumed that
northern isolates of endomycorrhizal fungi, such as the Washington isolate of
Glomus mosseae, may be more adapted to lower temperatures.

18.3.4 Effect of Gases on Spore Germination of AM Fungi

Production of aqueous extracts or suspensions was done for testing various effects of
beet root HT material on spore germination of AM fungi; the suspension was made
by forming a mixture of HTC material with deionized water thereby making
adjustments in pH to 6.0, later autoclaved for about 20 min at a temperature of
121 °C. Since pH is found to influence germination of spores, thus it was kept
constant (Green et al. 1976). Concentrations used were 0.05, 0.25, 1.25 g HTC
100 mL ™" and the parent material (also ground and sieved to 500 m) 1.25 g beet root
chips 100 mL~". Addition of 12 milliliters of suspensions were performed under
axenic conditions, to each petri dish which were filled prior with sterilized silica sand
(48 g) for total of 50 units of experiment (n = 10). Small discs were cut of nitrous
cellulose with a help of paper hole punch after sterilizing them with 70% of ethanol.
Preparation of spores was done according to the description made by Antunes et al.
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(2008). Paraffin tape was used to seal all petri dish, and later petri dishes were kept
for incubation at 25 °C for 4 days at random positions. After the completion of
incubation duration, spores were stained using 0.05% (w/v); trypan blue examina-
tion was done using dissecting microscope (40 x); thus, hyphal growth was evident,
which was carefully observed, and distinguished germination hyphae from already
present hyphae found attached to spores. Previous trails found showed various
germination ranges, and it was concluded that a spore is considered non-viable if
germination does not take place within duration of 48 h under the provided condi-
tions (Antunes et al. 2008). This experiment finally concluded that range of spore
germination is from 50 to 80% across all treatments, besides that significant differ-
ence was found in effect of treatments on germination of spores (p < 0.0001).
Increased germination of spores than parent material was recorded after application
of all three HTC treatments. But this experiment had a limitation that addition of
only highest rate showed effective high germination of spores than no-addition
control. Parent material was found to have negative effect on germination as
decrease of spore germination was observed. Thus, evidence was confirmed by
concluding deleterious effect of HTC material on growth of plants, but at least
symbionts like AM fungi are found to be less sensitive than plants and more
stimulated under higher rates of addition.

18.4 Impact of Climate Change in Plant-Microbe
Interactions

Elucidation of physical processes occurring in upper soil layers can be done by
studying climatic parameters, and atmospheric region at lower level plays a signif-
icant role in determining the climate for the local or regional biosphere (Monteith
and Unsworth 2007). Migration of plant species to more altitudes and latitudes
(Grabherr et al. 1994; Walther et al. 2002; Parmesan and Yohe 2003) has been
observed with warming; also these species are leafing out and flowering in the
growing season to its earliest (Cleland et al. 2007; Wolkovich et al. 2012) and
even seen to be creating alterations in the expression of functional traits (Walker
et al. 2006; Hudson et al. 2011; Verheijen et al. 2015). Observations were made
when scaling up happened to community level; shrubification of the arctic was seen
as a result of warming as woody shrubs have been replaced grasses and forbs in
several regions which lead to carbon feedbacks in system and transformation in
properties of ecosystem (Sturm et al. 2001; Hinzman et al. 2005; Lawrence and
Swenson 2011; Pearson et al. 2013). Plant community transitions may be facilitated
or retarded by soil communities, especially the ones which are tightly coupled with
plants. For instance, plant survival, phenotype, and expression of functional traits,
that are responsible for climatic change, can be strongly influenced by root-
associated microbe communities (Van der Heijden et al. 1998; Friesen et al. 2011;
Wagner et al. 2014). There is no clear understanding made till date on plant-plant
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interactions, their association with microbial community, and ecosystem functioning
due to climatic changes (Fischer et al. 2014; Mohan et al. 2014). Induction in major
shifts in bulk of microbial community by climatic alterations have shown extended
effects on establishments and performance of plants as well as balance of carbon in
the soil. Responses of ecosystem will be dependent on association between plants
and soil microbes, and if alterations are made in soil microbial communities, due to
climatic change and plant growth, establishment of plant species is also determined
by these changes. Buffering of plants to drought stress can be done by rapid
responses of surrounding soil community which is becoming a suggestion by recent
studies (Lau and Lennon 2012). Microbial diversity changes are responsible for
alteration of functional traits in plants (Lau and Lennon 2011). Significant difference
is there in direct and indirect impact of climate change on plants, bulk soil commu-
nity, and their associated soil communities (Kardol et al. 2010). For instance, Kardol
et al. (2010) found out that alterations of soil community and its functions in TN old
field occurred with changes in precipitation, but variations were observed with
respect to precipitation on soil microbes, its functioning, and composition on basis
of location from where the sample soil was collected. Moreover, response of being
relatively muted was seen from soils which were collected from different locations,
and these were homogenized to access to climatic change impact. Results suggested
that offset responses of soil ecosystem to climatic changes could be expected if shift
in composition of plant community due to climate change occurs. Therefore, under-
representation of these soils which are collected across plant species has been seen in
most of the studies to cause shift in functional and communal plant species (Kardol
et al. 2010).

Temperature Alleviation of negative impact of temperature stress on plants could
be done by few organisms such as rhizospheric bacteria and endophytes; these
organisms also help in expansion of capability of host plants to show growth at
different ranges of temperatures. Example of the symbiosis of the organisms for
allowance of both organisms to grow at high temperatures of soil is symbiosis
between tropical panic grass Dichanthelium lanuginosum and the fungus Curvularia
protuberata, but neither of them can survive independently at such high tempera-
tures (Marquez et al. 2007). Infection of fungus by thermal tolerance virus, that is
Curvularia, is required to confer ability of C. protuberata, for tolerating heat to the
host plant (Marquez et al. 2007). Observation on tomato was made that in addition to
panic grass, it could also have C. protuberata-mediated heat tolerance (Rodriguez
et al. 2008); thus it could suggest that broad application of this underlying mecha-
nism to diversity of plants could cope with increased temperatures. There are some
organisms which can even help plants in coping up with different multiple stresses.
An intriguing example of this is Burkholderia phytofirmans strain PsJN, which helps
in improvement in tomato for plant tolerance to heat, cold in grapevine, water stress
in wheat, and salinity along with freezing in Arabidopsis (Issa et al. 2018; Miotto-
Vilanova et al. 2016). This bacterium is not only capable of creating heat tolerance
but also has capability of acting as antifungal and can act as a plant defense
mechanism primely and formation of better mobilization resource in plants
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(Miotto-Vilanova et al. 2016; Timmermann et al. 2017). The mechanism remains
elucidated by which PsJN confers multistress tolerance, and this elucidation can act
as an interesting topic for crop improvement which will be mediated by microbes.

Drought Water has an essential part in life on Earth, and variation in the amount of
water that is too little (lead to osmotic stress) or too much (leads to flooding) can
have great impact in many areas of biology of microbes and plants. Regulation of
phytohormone level, ABA, occurs during the deficiency of water in plants. Increase
of ABA is responsible for triggering a cascade of signals, which results in
reprogramming of transpiration at large scale and changes in physiology, which
may include stomatal closure for reducing transpiration (Zhu 2016). Studies have
been conducted on Arabidopsis which showed that pathogens specifically bacterial,
such as P. syringae or PAMPs, like fig22 (a 22-amino-acid epitope of Pseudomonas
flagellum), can be perceived by FLS2, which results in closure of stomata, thus
helping in reduction of pathogenic entry (Melotto et al. 2006). Thus, stomatal
closure, induced by ABA, might help in reduction of bacterial entry through stomata
during drought stress. Suppression of SA signaling pathway in mesophyll cell of leaf
can occur on elevation of ABA, and thus it can lead to decrease in post-invasion
resistance mediated by SA (Jiang et al. 2010). Plant-microbiome is also affected by
drought. Increase in intensity of drought leads to increased effect on microbial
community composition (bulk soil, rhizosphere, and root endosphere) which
resulted in immense intimate association of community with the root, also greater
shift of composition in stressed rice plants which was found out by Santos-Medellin
et al. (2017). Xu et al. (2018) found out in a study which examined influence of soil
moisture on microbiome of sorghum root that there was significant reduction in
rhizospheric diversity in root endosphere, while bacterial community diversity in
soil surrounding remains mostly unaltered.

Nutritional Status Plant-microbe interaction-driven ultimate force is acquisition of
nutrients. There is a significant effect on plant-microbe interactions, and this is
possible due to plant nutritional level and availability of nutrients in the
environment.

Phosphate Regulation of complex symbiotic association between land plants and
phosphate accessing AMF is done by phosphate status in soil and its presence in the
plants (Miiller and Harrison 2019). Therefore, plant AMF interactions are out of the
reach of effect of phosphate on plant-microbe interactions. Arabidopsis thaliana is
considered to be a non-host for AMF that acquires phosphate (Fernandez et al.
2019). Identification was done by Hiruma et al. (2016) of a natural fungus which is
endophytic in nature, known as Colletotrichum tofieldiae (Ct), isolated from wild
Arabidopsis found in central Spain. Ct is responsible for transfer of phosphate to
Arabidopsis and for promotion of fertility and growth of plants. Promotion of growth
which is mediated by Ct is also observed when study was conducted on plants grown
under conditions having deficiency of phosphate.

Nitrogen Symbiotic nodules are formed in root as a result of interactions between
legumes and Rhizobium spp. Thus, it represents a biological process in which
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conversion of inert atmospheric N, occurs biologically into a useful NHj; for
facilitating growth and development of plants. Although this reaction is expensive
energetically, the formation of nodules by legume host may act as cost-effec-
tive approach when nitrogen-rich environment is required for growing plants
(Morgan et al. 2005). Susceptible state of rhizobium symbiotic interaction is
maintained by communication of shoots with roots under conditions having defi-
ciency of nitrogen.

Iron Induced systemic resistance is a form of plant immunity which is triggered by
few microbes which live in rhizosphere, forming a mutual relation with prime host,
against potential attacks from pathogens. Mutant analysis and microarray were
conducted for identifying Arabidopsis transcription factor MYB72 which act as a
key regulator of ISR (Van der Ent et al. 2008). Induction of MYB72 factor
expression occurs in roots during the deficiency of iron (Buckhout et al. 2009).

18.5 Conclusion

Human-induced changes have led to serious repercussions in the Earth’s environ-
ment other than climate change. Some important examples are increased concentra-
tion of the atmospheric gases (ozone, CO,, etc.), the ecosystem being exposed to a
rising number of nutrients due to atmospheric deposition (nitrogen), change in
climate (altered precipitation as well as temperature regimes), increase in UV
radiations, and occurrence of non-native species. These components comprise pre-
sent or upcoming global changes, which can have a positive or negative impact on
microbial associations and their existence. Hence, it is necessary to control the
climatic alterations and overcome the harmful effects caused to the beneficial
microbes such as plant growth-promoting rhizobacteria and arbuscular mycorrhizal
fungi.

Acknowledgments Authors would like to acknowledge Amity University for providing necessary
facility for writing chapter.

References

Allen MF (1991) The ecology of mycorrhiza. Cambridge Univ Press, Cambridge

Allison SD, Martiny JBH (2008) Resistance, resilience, and redundancy in microbial communities.
Proc Nat Acad Sci USA 105:11512-11519

Ames RN, Reid CPP, Porter LK, Cambardella C (1983) Hyphal uptake and transport of nitrogen
from two IsN-labeled sources by Glomus mosseae, a vesicular arbuscular mycorrhizal fungus.
New Phytol 95:381-396

Antunes PM, Miller J, Carvalho LM, Klironomos JN, Newman JA (2008) Even after death the
endophytic fungus of Schedonorus phoenix reduces the arbuscular mycorrhizas of other plants.
Funct Ecol 22:912-918



352 A. Chaurasia et al.

Aroca R, Ruiz-Lozano JM (2009) In: Lichtfouse E (ed) Induction of plant tolerance to semi-arid
environments by beneficial soil microorganisms —a review. Climate change, intercropping, pest
control and beneficial microorganisms, sustainable agriculture reviews, vol 2. Springer, Dor-
drecht, pp 121-135

Baon JB, Smith SE, Alston AM (1994) Phosphorus uptake and growth of barley as affected by soil
temperature and mycorrhizal infection. J Plant Nutr 17:479-492

Bashan Y, Holguin G (1998) Proposal for the division of plant growth-promoting rhizobacteria into
two classifications: biocontrol-PGPB (plant growth-promoting bacteria) and PGPB. Soil Biol
Biochem 30:1225-1228

Bazzaz FA (1990) The response of natural ecosystems to the rising global CO, levels. Annu Rev
Ecol Syst 21:167-196

Bell C, McIntyre N, Cox S, Tissue D, Zak J (2008) Soil microbial responses to temporal variations
of moisture and temperature in a Chihuahuan Desert grassland. Microb Ecol 56:153-167

Bent E (2006) In: Tuzun S, Bent E (eds) Induced systemic resistance mediated by plant growth-
promoting rhizobacteria (PGPR) and fungi (PGPF). Multigenic and induced systemic resistance
in plants. Springer, Berlin, pp 225-258

Bever JD (1994) Feedback between plants and their soil communities in an old field community.
Ecology 75:1965-1977

Bilal R, Rasul G, Arshad M, Malik KA (1993) Attachment, colonization and proliferation of
Azospirillum brasilense and Enterobacter spp. on root surface of grasses. World J Microb
Biot 9:63-69

Blankinship JC, Niklaus PA, Hungate BA (2011) A meta-analysis of responses of soil biota to
global change. Oecologia 165:553-565

Bloom AJ, Chapin FS III, Mooney HA (1985) Resource limitation in plants — an economic analogy.
Annu Rev Ecol Syst 16:363-393

Bodelier PLE, Roslev P, Henckel T, Frenzel P (2000) Stimulation by ammonium-based fertilizers
of methane oxidation in soil around rice roots. Nature 403:421-424

Bradford MA (2013) Thermal adaptation of decomposer communities in warming soils. Front
Microbiol. https://doi.org/10.3389/fmicb.2013.00333

Briones MJI, McNamara NP, Poskitt J, Crow SE, Ostle NJ (2014) Interactive biotic and abiotic
regulators of soil carbon cycling: evidence from controlled climate experiments on peatland and
boreal soils. Glob Chang Biol 20:2971-2982

Buckhout TJ, Yang TJW, Schmidt W (2009) Early iron-deficiency- induced transcriptional changes
in Arabidopsis roots as revealed by microarray analyses. BMC Genomics 10:147

Castro HF, Classen AT, Austin EE, Norby RJ, Schadt CW (2010) Soil microbial community
responses to multiple experimental climate change drivers. Appl Environ Microbiol
76:999-1007

Castro HF, Classen AT, Austin EE, Crawford KM, Schadt CW (2012) Development and validation
of a citrate synthase directed quantitative PCR marker for soil bacterial communities. Appl Soil
Ecol 61:69-75

Chen S, Zou J, HuZ, Chen H, Lu Y (2014) Global annual soil respiration in relation to climate, soil
properties and vegetation characteristics: summary of available data. Agric For Meteorol
198:335-345

Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz MD (2007) Shifting plant phenology in
response to global change. Trends Ecol Evol 22:357-365

Compant S, Van Der Heijden MG, Sessitsch A (2010) Climate change effects on beneficial plant—
microorganism interactions. FEMS Microbiol Ecol 73:197-214

de Bary AH (1879) De la symbiose. Rev Int Sci 3:301-309

DeAngelis KM, Pold G, Topcuoglu BD, van Diepen LTA, Varney RM, Blanchard JL, Melillo J,
Frey SD (2015) Long-term forest soil warming alters microbial communities in temperate forest
soils. Front Microbiol 6:104


https://doi.org/10.3389/fmicb.2013.00333

18 Impact of Climate Change on the Importance of Plant Growth-Promoting. . . 353

Delgado-Baquerizo M, Maestre FT, Escolar C, Gallardo A, Ochoa V, Gozalo B, Prado Comesana A
(2014) Direct and indirect impacts of climate change on microbial and biocrust communities
alter the resistance of the N cycle in a semiarid grassland. J Ecol 102:1592-1605

Denton BD (2007) Advances in phytoremediation of heavy metals using plant growth promoting
bacteria and fungi. Microbiol Mol Genet 3:1-5

Drigo B, Kowalchuk GA, van Veen JA (2008) Climate change goes underground: effects of
elevated atmospheric CO2 on microbial community structure and activities in the rhizosphere.
Biol Fert Soils 44:667-679

Drigo B, van Veen JA, Kowalchuk GA (2009) Specific rhizosphere bacterial and fungal groups
respond to elevated atmospheric CO2. ISME J 3:1204-1217

Egamberdiyeva D, Hoflich G (2003) Influence of growth promoting bacteria on the growth of wheat
in different soils and temperatures. Soil Biol Biochem 35:973-978

Elliott ET, Coleman DC (1988) Let the soil work for us. Ecol Bull 39:23-32

Fernandez I, Cosme M, Stringlis IA, Yu K, de Jonge R, van Wees SM, Pozo MJ, Pieterse CMJ, van
der Heijden MGA (2019) Molecular dialogue between arbuscular mycorrhizal fungi and the
nonhost plant Arabidopsis thaliana switches from initial detection to antagonism. New Phytol
223:867-887

Fischer DG, Chapman SK, Classen AT, Gehring CA, Grady KC, Schweitzer JA, Whitham TG
(2014) Marschner review: plant genetic effects on soils under climate change. Plant Soil
37:91-19

Friesen ML, Porter SS, Stark SC, von Wettberg EJ, Sachs JL, Martinez-Romero E (2011)
Microbially mediated plant functional traits. Annu Rev Ecol Evol Syst 42:23-46

Gill CO, Tan KH (1979) Effect of carbon dioxide on growth of Pseudomonas fluorescens. Appl
Environ Microbiol 38:237-240

Grabherr G, Gottfried M, Pauli H (1994) Climate effects on mountain plants. Nature 369:448-448

Gray SB, Classen AT, Kardol P, Yermakov Z, Miller RM (2011) Multiple climate change factors
interact to alter soil microbial community structure in an old-field ecosystem. Soil Sci Soc Am J
75:2217-2226

Green NE, Graham SO, Schenk NC (1976) The influence of pH on the germination of vesicular—
arbuscular mycorrhizal spores. Mycologia 68:929-934

Haase S, Neumann G, Kania A, Kuzyakov Y, Romheld V, Kandeler E (2007) Elevation of
atmospheric CO, and Nnutritional status modify nodulation, nodule-carbon supply, and root
exudation of Phaseolus vulgaris L. Soil Biol Biochem 39:2208-2221

Hallmann J (2001) In: Jeger MJ, Spence NJ (eds) Plant interactions with endophytic bacteria. Biotic
interactions in plant—pathogen associations. CABI Publishing, Wallingford, UK, pp 87-119

Hartge KH, Stewart BA (1995) Soil structure: its development and function. Advances in soil
sciences. CRC/Lewis Publishers, Boca Raton

Hebeisen T, Liischer A, Nosberger J (1997) Effects of elevated atmospheric CO, and nitrogen
fertilisation on yield of Trifolium repens and Lolium perenne. Acta Oecol 18:277-284

Hinzman LD et al (2005) Evidence and implications of recent climate change in northern Alaska
and other arctic regions. Clim Chang 72:251-298

Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S, Kracher B, Neumann U, Ramirez D,
Bucher M, O’Connell RJ, Schulze-Lefert P (2016) Root endophyte Colletotrichum tofieldiae
confers plant fitness benefits that are phosphate status dependent. Cell 165:464—474

Houghton JT, Ding Y, Griggs DJ, Noguer M, van der Linden PJ, Xiaosu D (2001) In: Houghton JT,
Ding Y, Griggs DJ, Noguer M, van der Linder PJ, Dai X, Maskell K, Johnson CA (eds) Climate
change 2001: the scientific basis. Cambridge University Press, Cambridge, pp 1-83

Hudson JIMG, Henry GHR, Cornwell WK (2011) Taller and larger: shifts in Arctic tundra leaf traits
after 16 years of experimental warming. Glob Chang Biol 17:1013-1021

Idris R, Trifonova R, Puschenreiter M, Wenzel WW, Sessitsch A (2004) Bacterial communities
associated with flowering plants of the Ni-hyperaccumulator Thlaspi goesingense. Appl Environ
Microb 70:2667-2677



354 A. Chaurasia et al.

IPCC Climate Change (2007) Synthesis report. Summary for policymakers. Available at http://
www.ipcc.ch Accessed November 2007

Isobe K, Koba K, Otsuka S, Senoo K (2011) Nitrification and nitrifying microbial communities in
forest soils. J For Res 16:351-362

Issa A, Esmaeel Q, Sanchez L, Courteaux B, Guise J-F, Gibon Y, Ballias P, Clément C, Jacquard C,
Vaillant-Gaveau N, Ait Barka E (2018) Impacts of Paraburkholderia phytofirmans strain PsJN
on tomato (Lycopersicon esculentum L.) under high temperature. Front Plant Sci 9:1397

Jastrow JD, Miller RM (1997) Soil aggregate stabilization and carbon sequestration: feedbacks
through organomineral associations. In: Lal R, Kimble JM, Follett RF, Stewart BA (eds) Soil
processes and the carbon cycle. CRC Press, Boca Raton, pp 207-223

Jiang C-J, Shimono M, Sugano S, Kojima M, Yazawa K, Yoshida R, Inoue H, Hayashi N,
Sakakibara H, Takatsuji H (2010) Abscisic acid interacts antagonistically with salicylic acid
signaling pathway in rice- Magnaporthe grisea interaction. Mol Plant-Microbe Interact
23:791-798

Kandeler E (2007) Elevation of atmospheric CO2 and N nutritional status modify nodulation,
nodule-carbon supply, and root exudation of Phaseolus vulgaris L. Soil Biol Biochem
39:2208-2221

Kardol P, Cregger MA, Campany CE, Classen AT (2010) Soil ecosystem functioning under climate
change: plant species and community effects. Ecology 91:767-781

Kloepper JW, Schroth MN (1978) Plant growth-promoting rhizobacteria on radishes. In: station de
Pathologie V’eg’etale et Phyto-Bact’eriologie (ed) Proceedings of the 4th international confer-
ence on plant pathogenic Bacteria, vol 2. Gilbert-Clarey, Tours, France, pp 879-882

Lau JA, Lennon JT (2011) Evolutionary ecology of plant-microbe interactions: soil microbial
structure alters selection on plant traits. New Phytol 192:215-224

Lau JA, Lennon JT (2012) Rapid responses of soil microorganisms improve plant fitness in novel
environments. Proc Nat Acad Sci USA 109:14058-14062

Lawrence DM, Swenson SC (2011) Permafrost response to increasing Arctic shrub abundance
depends on the relative influence of shrubs on local soil cooling versus large-scale climate
warming. Environ Res Lett 6:8

Le Houerou HN (1996) Climate change, drought and desertification. J Arid Environ 34:133-185

Lennon JT, Aanderud ZT, Lehmkuhl BK, Schoolmaster DR Jr (2012) Mapping the niche space of
soil microorganisms using taxonomy and traits. Ecology 93:1867-1879

Lodewyckx C, Vangronsveld J, Porteous F, Moore ERB, Taghavi S, Mezgeay M, van der Lelie D
(2002) Endophytic bacteria and their potential applications. Crit Rev Plant Sci 21:583-606

Lugtenberg B, Kamilova F (2009) Plant-growth-promoting rhizobacteria. Annu Rev Microbiol
63:541-556

Manzoni S, Schimel JP, Porporato A (2012) Responses of soil microbial communities to water
stress: results from a meta-analysis. Ecology 93:930-938

Marilley L, Hartwig UA, Aragno M (1999) Influence of an elevated atmospheric CO2 content on
soil and rhizosphere bacterial communities beneath Lolium perenne and Trifolium repens under
field conditions. Microb Ecol 38:39-49

Marquez LM, Redman RS, Rodriguez RJ, Roossinck MJ (2007) A virus in a fungus in a plant:
three-way symbiosis required for thermal tolerance. Science 315:513-515

Melotto M, Underwood W, Koczan J, Nomura K, He SY (2006) Plant stomata function in innate
immunity against bacterial invasion. Cell 126:969-980

Miotto-Vilanova L, Jacquard C, Courteaux B, Wortham L, Michel J, Cleément C, Barka EA,
Sanchez L (2016) Burkholderia phytofirmans PsJN confers grapevine resistance against Botrytis
cinerea via a direct antimicrobial effect combined with a better resource mobilization. Front
Plant Sci 7:1236

Mohan JE et al (2014) Mycorrhizal fungi mediation of terrestrial ecosystem responses to global
change: mini-review. Fungal Ecol 10:3-19


http://www.ipcc.ch
http://www.ipcc.ch

18 Impact of Climate Change on the Importance of Plant Growth-Promoting. . . 355

Montealegre CM, Van Kessel C, Blumenthal JM, Hur H-G, Hartwig UA, Sadowsky MJ (2000)
Elevated atmospheric CO2 alters microbial population structure in a pasture ecosystem. Glob
Change Biol 6:475-482

Monteith JL, Unsworth HM (2007) Principles of environmental physics, 3rd edn. Academic Press,
New York

Morgan JAW, Bending GD, White PJ (2005) Biological costs and benefits to plant-microbe
interactions in the rhizosphere. J Exp Bot 56:1729-1739

Mosse B, Phillips JM (1971) The influence of phosphate and other nutrients on the development of
vesicular-arbuscular mycorrhizae in culture. J Gen Microbial 69:157-166

Miiller LM, Harrison MJ (2019) Phytohormones, miRNAs, and peptide signals integrate plant
phosphorus status with arbuscular mycorrhizal symbiosis. Curr Opin Plant Biol 50:132-9

Newsham KK, Fitter AH, Watkinson AR (1995) Multi-functionality and biodiversity in arbuscular
mycorrhizas. Trends Ecol Evol 10:407-411

Nicolson TH (1967) Vesicular—arbuscular mycorrhiza — a universal plant symbiosis. Sci Prog
55:561-581

Oades JM (1984) Soil organic matter and structural stability: mechanisms and implications for
management. Plant Soil 76:319-337

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37-42

Pearson RG, Phillips SJ, Loranty MM, Beck PSA, Damoulas T, Knight SJ, Goetz SJ (2013) Shifts
in Arctic vegetation and associated feedbacks under climate change. Nat Clim Chang 3:673-677

Pillay VK, Nowak J (1997) Inoculum density, temperature, and genotype effects on in vitro growth
promotion and epiphytic and endophytic colonization of tomato (Lycopersicon esculentum L.)
seedlings inoculated with a pseudomonad bacterium. Can J Microbiol 43:354-361

Read DJ (1991) Mycorrhizas in ecosystems — Nature's response to the “law of the minimum”. In:
Hawksworth DL (ed) Frontiers in mycology. CAB International, Regensburg, pp 101-130

Rillig MC, Wright SF, Allen MF, Field CB (1999) Long-term CO2 elevation affects soil structure of
natural ecosystems. Nature 400:628

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L, Beckwith F, Kim Y-O, Redman
RS (2008) Stress tolerance in plants via habitat-adapted symbiosis. ISME J 2:404—416

Sanders IR, Streitwolf-Engel R, van der Heijden MGA, Boller T, Wiemken A (1998) Increased
allocation to external hyphae of arbuscular mycorrhizal fungi under CO, enrichment. Oecologia
117:496-503

Santos-Medellin C, Edwards J, Liechty Z, Nguyen B, Sundaresan V (2017) Drought stress results in
a compartment-specific restructuring of the rice root-associated microbiomes. MBio 8:600764-
17. https://doi.org/10.1128/mBio0.00764-17

Schenck NC, Schroder VN (1974) Temperature response of Endogone mycorrhiza on soy bean
roots. Mycologia 66:600-605

Schimel JP, Schaeffer SM (2012) Microbial control over carbon cycling in soil. Front Microbiol
3:348. https://doi.org/10.3389/fmicb.2012.00348

Sessitsch A, Howieson JG, Perret X, Antoun H, Martinez-Romero E (2002) Advances in rhizobium
research. Crit Rev Plant Sci 21:323-378

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic Press, San Diego

Staddon PL (1998) Insights into mycorrhizal colonisation at elevated CO,: a simple carbon
partitioning model. Plant Soil 205:171-180

Staddon PL, Fitter AH (1998) Does elevated atmospheric carbon dioxide affect arbuscular mycor-
rhizas ? Trends Ecol Evol 13:455-458

Staddon PL, Fitter AH, Robinson D (1999a) Effects of mycorrhizal colonisation and elevated
atmospheric carbon dioxide on carbon fixation and below ground carbon partitioning in
Plantago lanceolata. J Exp Biol 50:853-860

Staddon PL, Robinson D, Graves JD, Fitter AH (1999b) The 813C signature of the external phase of
a Glomus mycorrhizal fungus: determination and implications. Soil Biol Biochem
31:1067-1070


https://doi.org/10.1128/mBio.00764-17
https://doi.org/10.3389/fmicb.2012.00348

356 A. Chaurasia et al.

Stone JK, Bacon CW, White JF (2000) In: Bacon CW, White JF (eds) An overview of endophytic
microbes: endophytism definded. Microbial endophytes. Marcel Dekker Inc, New York, pp
3-29

Sturm M, Racine C, Tape K (2001) Climate change—increasing shrub abundance in the Arctic.
Nature 411:546-547

Tarnawski S, Aragno M (2006) In: Noesberger J, Long SP, Norby RJ, Stitt M, Hendrey GH, Blum
H (eds) The influence of elevated pCO, on functions and diversity of rhizosphere and soil
bacterial communities. Managed ecosystems and CO, — case studies, processes and perspec-
tives. Series: ecological studies, vol 187. Springer, Berlin, pp 393-412

Timmermann T, Armijo G, Donoso R, Seguel A, Holuigue L, Gonza-lez B (2017)
Paraburkholderia phytofirmans PsIN protects Arabidopsis thaliana against a virulent strain
of Pseudomonas syringae through the activation of induced resistance. Mol Plant-Microbe
Interact 30:215-230

Tisdall JM, Oades JM (1982) Organic matter and water-stable aggregates in soils. J Soil Sci
33:141-163

Tobar R, Azcon R, Barea JM (1994) Improved nitrogen uptake and transport from 15N_ labeled
nitrate by external hyphae of arbuscular mycorrhiza under water-stressed conditions. New
Phytol 126:119-122

Treseder KK, Allen MF (2000) Mycorrhizal fungi have a potential role in soil carbon storage under
elevated CO, and nitrogen deposition. New Phytol 147:189-200

Van der Ent S, Verhagen BWM, Van Doorn R, Bakker D, Verlaan MG, Pel MJC, Joosten RG,
Proveniers MCG, Van Loon LC, Ton J, Pieterse CM (2008) MYB72 is required in early
signaling steps of rhizobacteria-induced systemic resistance in Arabidopsis. Plant Physiol
146:1293-1304

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T,
Wiemken A, Sanders IR (1998) Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Nature 396:69-72

Verheijen L, Aerts R, Brovkin V, Cavender-Bares J, Cornelissen J, Kattge J, Bodegom P (2015)
Inclusion of ecologically based trait variation in plant functional types reduces the projected
land carbon sink in an earth system model. Global Change Biol 21(8):3074-3086. https://doi.
org/10.1111/gcb.12871

Vessey JK (2003) Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 255:571-586

Vitousek PM (1994) Beyond global warming: ecology and global change. Ecology 75:1861-1876

Wagner MR, Lundberg DS, Coleman-Derr D, Tringe SG, Dangl JL, Mitchell-Olds T (2014)
Natural soil microbes alter flowering phenology and the intensity of selection on flowering
time in a wild Arabidopsis relative. Ecol Lett 17:717-726

Walker MD, Wahren CH, Hollister RD, Henry GH, Ahlquist LE, Alatalo JM, BretHarte MS, Calef
MP, Callaghan TV, Carroll AB (2006) Plant community responses to experimental warming
across the tundra biome. Proc Nat Acad Sci USA 103:1342-1346

Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin JM, Hoegh-
Guldberg O, Bairlein F (2002) Ecological responses to recent climate change. Nature
416:389-395

Welbaum G, Sturz AV, Dong Z, Nowak J (2004) Fertilizing soil microorganisms to improve
productivity of agroecosystems. Crit Rev Plant Sci 23:175-193

Whitaker J, Ostle N, Nottingham AT, Ccahuana A, Salinas N, Bardgett RD, Meir P, McNamara NP
(2014) Microbial community composition explains soil respiration responses to changing
carbon inputs along an Andes-to-Amazon elevation gradient. J Ecol 102:1058-1071

Wolkovich EM et al (2012) Warming experiments underpredict plant phenological responses to
climate change. Nature 485:494-197

Xu L, Naylor D, Dong Z, Simmons T, Pierroz G, Hixson KK, Kim Y-M, Zink EM, Engbrecht KM,
Wang Y et al (2018) Drought delays development of the sorghum root microbiome and enriches
for monoderm bacteria. Proc Natl Acad Sci U S A 115:E4284-E4293


https://doi.org/10.1111/gcb.12871
https://doi.org/10.1111/gcb.12871

18 Impact of Climate Change on the Importance of Plant Growth-Promoting. . . 357

Yang J, Kloepper JW, Ryu CM (2009) Rhizosphere bacteria help plants tolerate abiotic stress.
Trends Plant Sci 14:1-4

Young M, Blanchart E, Chenu C, Dangerfield M, Fragoso C, Grimaldi M, Ingram J, Monrozier L
(1998) The interaction of soil biota and soil structure under global change. Global Change Bioi
4:703-712

Zak DR, Holmes WE, MacDonald NW, Pregitzer KS (1999) Soil temperature, matric potential, and
the kinetics of microbial respiration and nitrogen mineralization. Soil Sci Soc Am J 63:575-584

Zhu J-K (2016) Abiotic stress signaling and responses in plants. Cell 167:313-324



	Chapter 18: Impact of Climate Change on the Importance of Plant Growth-Promoting Microbes in the Rhizosphere
	18.1 Introduction
	18.2 Influence of Climate Change on Soil Microbial Process
	18.2.1 Effect of Climate Change on PGPR
	18.2.2 Effects of Elevated CO2 Levels
	18.2.3 Effect of Temperature

	18.3 Influence of Climate Change on Arbuscular Mycorrhizal Fungi
	18.3.1 Effect of Warming
	18.3.2 Effect of Elevated CO2 Levels
	18.3.3 Effect of Temperature
	18.3.4 Effect of Gases on Spore Germination of AM Fungi

	18.4 Impact of Climate Change in Plant-Microbe Interactions
	18.5 Conclusion
	References


