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Chapter 1

Functional Importance of the Plant
Endophytic Microbiome: Implications
for Agriculture, Forestry, and Bioenergy

Sharon Lafferty Doty

Just as the human microbiome is important for our health [1], so too the plant
microbiome is necessary for plant health, but perhaps more so. Since plants cannot
move, they face more challenges in acquiring sufficient nutrients from a given site,
defending against herbivores and pathogens, and tolerating abiotic stresses includ-
ing drought, salinity, and pollutants. The plant microbiome may help plants over-
come these challenges. Since genetic adaptation is relatively slow in plants, there
is a distinct advantage to acquiring an effective microbiome able to more rapidly
adapt to a changing environment. Although rhizospheric microorganisms have
been extensively studied for decades, the more intimate associations of plants with
endophytes, the microorganisms living fully within plants, have been only recently
studied. It is now clear, though, that the plant microbiome can have profound
impacts on plant growth and health. Comprising an ecosystem within plants, endo-
phytes are involved in nutrient acquisition and cycling, interacting with each other
in complex ways. The specific members of the microbiome can vary depending on
the environment, plant genotype, and abiotic or biotic stresses [2—6]. The microbi-
ome is so integral to plant survival that the microorganisms within plants can
explain as much or more of the phenotypic variation as the plant genotype [7]. In
plant biology research, an individual plant should thus be viewed as a whole, the
plant along with intimately associated microbiota (a “holobiont’), with the micro-
biome playing a fundamental role in the adaptation of the plant to environmental
challenges [8-10].

Intensive agriculture has stripped away many of the natural partnerships that
plants in their native environments would have depended upon. Consequently, the
services once provided through symbiosis have been replaced with chemical fertil-
izers, pesticides, and other inputs. However, as the functional significance of the
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microbiome has been revealed [11], the importance of restoring these relationships
to optimize plant growth and yields in an environmentally sustainable manner has
been recognized [12]. Plant microbiome sequencing has been performed for sev-
eral plant species which is an important first step; however, the resulting data often
provide only the species-level organization, not the necessary functional clues
gained from metagenomic sequencing. For example, a metagenomic analysis of
the full endophyte community of roots of field-grown rice provided extensive
information on genes associated with the endophytic lifestyle [13]. Genes involved
in N-fixation, phytohormone production, ROS detoxification, ACC deaminase,
transport systems, signaling, colonization, and other putative symbiosis-related
genes were identified, providing information on the functional attributes of the
plant microbiome [13]. As sequencing technologies progress, it will be increas-
ingly more feasible to gather this crucial information [14], more crucial since
choice of the members of the plant microbiome is likely to be microbial strain
specific, not species specific, with plants selecting for particular attributes impor-
tant for the particular environmental condition [15, 16].

Through a better understanding of beneficial plant-microbiome interactions,
improvements in the economic and environmental sustainability of agriculture,
forestry, and bioenergy can be achieved. In all three of these industries, a reduction
in inputs, whether it be fertilizer, water, or chemical pesticides, would lead to sig-
nificant cost savings. The cost of using N-fixing microbes is estimated to be only
1% as much as that of using chemical fertilizers [17]. Chemical N fertilizers are
produced using fossil fuels, high temperatures, and high pressure. Since diazotro-
phic endophytes use plant sugars produced from solar energy, the dinitrogen gas
abundant in the atmosphere is fixed by the bacteria, providing essentially continu-
ous fertilizer for the crops at little financial cost. In addition to nitrogen, the other
main component of chemical fertilizer is phosphate. Since the majority of phos-
phate in soils is inaccessible to plants, there is rising demand, and there is a finite
supply of rock phosphate; the cost of this key macronutrient is rising. Seedling
mortality due to drought also results in major financial losses. With the increased
frequency and duration of drought, the cost of freshwater rights can become a
determining factor in deciding which crops to grow, as it incentivizes the cultiva-
tion of only the highest value crops to make up for the high cost of water. Specific
endophyte strains can defend the host plant against pathogens [18, 19], potentially
reducing the need for chemical pesticides. Through increasing plant growth and
crop yields, and decreasing the amounts of inputs including fertilizers, water, and
pesticides, endophytes have the potential to increase profit margins. The use of bio-
stimulants has recently gained popularity among agricultural biotechnology com-
panies, with the global market for bio-stimulants for plants estimated to rise to
USD 3.6 billion by 2022 [20]. In addition to the economic benefits of appropriate
endophyte inoculations, substantial improvements in the environmental sustain-
ability of these industries can be made by lessening the impacts to aquatic ecosys-
tems from chemical run-off, reducing greenhouse gas emissions, and lowering the
depletion rate of groundwater reserves.
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While the positive implications of endophyte inoculations for agriculture have
been well reviewed [20-25], less attention has been given to potential impacts on
forestry [26, 27]. Successful inoculation of widely used conifer species with endo-
phytes could increase forest productivity and reduce reforestation costs, particularly
through reducing tending costs during early stand management. Major advantages of
using natural plant-microbe symbioses are that (1) they are easily applied at the green-
house stage prior to out-planting, (2) the increased drought tolerance can occur just
weeks after inoculation, (3) the microorganisms are easy and inexpensive to grow, and
(4) they provide multiple benefits including increased nutrient acquisition, drought
tolerance, growth, and overall health. By augmenting the microbiome of nursery stock
at the greenhouse stage, foresters and restoration practitioners may be able to reduce
the mortality rate during establishment. With the increased frequency and duration of
drought, and the increased cost of fertilizers, the improved resilience and growth of
trees from bio-inoculants would be an economic advantage for the forestry industry.

With limited arable lands and resources for both agriculture and bioenergy produc-
tion, biomass for bioenergy should ideally be produced with fewer inputs and on
marginal lands without competing with agriculture. Symbiosis with microorganisms
can allow plants to overcome the challenges faced in these environments, including
low-nutrient soils with limited water. Overcoming such challenges will be even more
crucial when they are confronted with the increased temperatures and re-localization
of precipitation seen with climate change. By understanding the natural plant-microbe
interactions at work to increase plant stress tolerance in biomass crops, symbiosis-
based technologies may be developed to increase biomass production. Populus is a
flagship genus for the production of environmentally sustainable biomass for cellu-
losic ethanol and biochemicals. Endophytes from hybrid poplar have also been shown
to increase growth of this important bioenergy crop [28-30]. Endophytes from native
poplar applied to hybrid poplar can increase photosynthetic efficiency [31], drought
tolerance [32], N,-fixation [33], and a doubling of root mass accumulation [33]. This
increased rooting could improve below-ground carbon storage and may also help with
drought tolerance. Plants can increase photosynthetic rates under elevated CO, condi-
tions only until other factors such as nutrients and water become limiting. Diazotrophic
endophytes that also increase drought tolerance could therefore be used to improve
the growth and sustainability of biomass production.

The focus of this book is on the functional importance of endophytes to plant
growth and health. Endophytes can increase nutrient availability for plants through
nitrogen fixation (Chap. 2), phosphate solubilization, and siderophore production
(Chap. 3). The phytobiome can improve photosynthetic efficiency and water use
efficiency (Chap. 4). Specific endophytes can increase tolerance to abiotic stresses
including temperature, drought, and salinity (Chap. 5). Many endophyte strains are
capable of producing hormones or modulating the host phytohormones, improving
both plant growth and stress tolerance (Chap. 6).

To maximize the benefits of these symbioses, further research is required to
understand at the mechanistic level how endophytes perform all of these integral
roles for the host plant. It is time for a greener revolution, not based on chemical
applications but on natural plant-microbe partnerships.
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Chapter 2
Endophytic N-Fixation: Controversy
and a Path Forward

Sharon Lafferty Doty

Nitrogen (N) is an essential macronutrient due to its being a component of proteins,
nucleic acids, and the energy currency of cells, ATP. While nearly 80% of our atmo-
sphere is comprised of N, it is in an inert form, inaccessible to most life forms.
Lightning strikes convert N, gas into ammonia or nitrate that is deposited in soils
through rainfall, accounting for approximately 10% of available N [1]. Biological
reduction of the triple bond of N, gas, however, requires the nitrogenase complex, a
multi-subunit enzyme found in a subset of archaeal and bacterial species. This
oxygen-sensitive complex “fixes” the dinitrogen gas into ammonia through an
energy-intensive process, requiring 20-30 molecules of ATP per molecule of dini-
trogen gas under normal physiological conditions [2]. Plants acquire N from soils
rich in organic matter where previously fixed N is made available through decom-
position, but where soils are nutrient poor, N is the key nutrient limiting growth.

The so-called green revolution of the twentieth century was made possible
through the Haber-Bosch process for production of chemical N fertilizer. Using
high temperature (400-650° C) and pressure (200—400 atm), and approximately 2%
of global fossil fuels, this method produces over 450M tons of N fertilizer each year
[3]. While this process is effective, its widespread use in commercial agriculture is
not environmentally sustainable. Levels of ammonia in the atmosphere have
increased significantly as a result of intensive agricultural practices [4]. Only about
half of the applied fertilizer is taken up by plants. The excess N is converted by soil
microorganisms to nitrous oxide, a potent greenhouse gas, or is leached into aquatic
systems, disrupting the natural ecosystems [5].

Another source of fixed N for plants relies on biological N-fixation. Select groups
of plants have evolved intimate partnerships with N-fixing (diazotrophic) bacteria
harbored in specialized organs, termed nodules, most commonly found on the roots
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of such plants. These nodulated plants include the legumes and Parasponia that
associate with rhizobia and the actinorhizal plants that associate with Frankia. The
symbiotic interactions between the N-fixing bacteria and host plants have been
extensively studied with a recent focus on the signaling mechanisms that trigger the
specific association [6, 7]. Following mutual recognition, a root nodule forms, pro-
viding a specialized organ for symbiotic N-fixation in which photosynthate is
exchanged for fixed N [8, 9]. Root nodules are generally 2-5 mm in diameter and
are occupied by up to 10° rhizobia [1]. Since the nitrogenase complex is oxygen
labile [10] and yet requires high levels of ATP for the reaction, legumes express a
leghemoglobin that maintains a low-oxygen environment in the nodule, while the
diazotrophic bacteria use a high-oxygen-affinity cytochrome oxidase for oxidative
phosphorylation. The nodule further limits oxygen with an oxygen-diffusion bar-
rier. While providing an apparently ideal environment for N-fixation, legumes
tightly control the housed bacteria, sanctioning nutrients to favor the most effective
symbionts [11].

There are many natural environments in which organic N is limiting and yet non-
nodulating plant species thrive. From where do these plants obtain this essential
nutrient? Over the last few decades, studies have demonstrated that N-fixing bacteria
can be found throughout the plant body of such plants, tightly bound to the plant
surface or within the plant in the apoplastic intercellular spaces or within plant cells.
So-called associative and endophytic diazotrophic bacteria (AEDB), these bacteria
may be specifically recognized by the host plant [12]. Unlike rhizobia that com-
monly use an infection thread to enter the plant host, endophytes use crack-entry,
colonizing the lateral root junctions, and migrating within the plant. N-fixing endo-
phytic bacteria were first isolated from grasses such as kallar grass [13], sugarcane
[14], wild rice [15], and maize [16, 17], but also from a wide variety of plant species
including African sweet potato [18], rock-colonizing cactus [19], miscanthus [20],
feather mosses [21], dune grasses [22], coffee plants [23], invasive grasses [24], and
poplar and willow [25-27]. Significant rates of biological N-fixation (BNF) from
AEDB have been recorded [28-34]. Through isolations of culturable endophytic
strains from the native hosts and re-inoculation into host or non-host plant species, it
has been demonstrated in multiple studies over the last few decades that plants often
benefit from these endophytic microorganisms with increased health and growth.
Significant N-fixation has been quantified in some of these cases, such as in sugar-
cane [35], wheat [36], rice [37], lodgepole pine [38], and Western redcedar [39].

Despite several decades of global research on N-fixation in a diversity of non-
nodulated plants, it is a widely held belief that only symbiotic N-fixation in root
nodules is significant for plant growth. This view has led to the recent focus on
systems biology transgenic approaches to attempt to solve the global fertilizer prob-
lem [3]. One approach is to engineer non-legumes to express a functional nitroge-
nase complex [40] while another approach is to engineer them to form root nodules
in which rhizobia would fix N [41]. While both approaches are extraordinarily com-
plex and would be major scientific achievements, they suffer from two basic
problems: they are not widely applicable to crops other than the specific, engineered
lines, and many countries restrict the use of transgenic crops.
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Alternatively, diazotrophic endophytes have a broad host range and public accep-
tance, and can be commercially viable. Unlike the limitation of rhizobia for legumes,
some endophyte strains can increase growth of many different plant species. For
example, diazotrophic endophytes from Salicaceae species colonize and improve
growth of other eudicots [42], monocots [27, 43, 44], and even conifers [45]. With
an understanding of the importance of the human microbiome and the advent of
probiotics, the public seems more willing to accept bio-inoculants than genetically
modified crops. Biofertilizers, living products that promote plant growth by increas-
ing nutrient supply, provide a cost-effective method to elevate crop yields and
improve soil fertility [31, 46]. The biofertilizer market has increased dramatically,
and is expected to reach USD 1.66 billion by 2022 but does have challenges [47].
Economic advantages for farmers are that treating a field with microbial inoculum
costs just 1% as much as adding N fertilizer [3] and may require only one applica-
tion per season if the strains are compatible. Biofertilizers can be applied as peat
formulations, liquid formulations, granules, and freeze-dried powders [46], or
applied to the seeds directly prior to planting. An environmental advantage of using
endophytes is that, since N is fixed within the plants, it is less likely to have the
issues associated with excess N fertilizer in soils.

Despite decades of research and enormous potential for increasing plant growth
with reduced inputs [46], endophytic N-fixation is still portrayed as being not pos-
sible or as insignificant. This review summarizes the arguments against associative
N-fixation, poses explanations in support of the importance of endophytic diazo-
trophs, and suggests future directions for research.

2.1 The Oxygen Issue

The most common argument made against endophytic N-fixation is the misconcep-
tion that only root nodules have the required low-oxygen environment conducive to
N-fixation. The nitrogenase enzyme is exquisitely sensitive to oxygen [48].
Paradoxically, the N-fixation reaction requires such high levels of ATP that it is
advantageous to have oxidative metabolism to provide sufficient energy to drive the
reaction [2]. In legumes, the high demand for oxygen in root nodules is supplied by
leghemoglobin [49], and legume nodules have a peripheral vasculature that would
supply oxygen for generating high ATP levels [1]. Free-living, aerobic N-fixing
bacteria evolved multiple methods to protect nitrogenase from oxygen, and micro-
aerobic environments conducive to N-fixation do exist within plant tissues. These
arguments are discussed below.

Nitrogenase is found in a variety of free-living microorganisms including obli-
gate aerobes and oxygenic phototrophs. Phylogenetic evidence indicates that nitro-
genase evolved first in anaerobic archaea, spreading into aerobic bacteria with
additional sets of genes not for direct protection of the enzyme from oxygen but
rather for regulation of gene expression and optimization for the increased N
demands of aerobic growth [50]. Of the factors that correlated with the increased
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complexity of the nitrogenase-related genes between the archaea and bacteria, met-
abolic protection of the nitrogenase enzyme was the only factor known to be
involved in protection from oxygen [50]. High respiration rates rapidly consume
oxygen during uncoupled respiration [51]. Other common methods to protect nitro-
genase from oxygen include temporal protection (fixing N at night when oxygen
tensions are lower) and spatial protection by compartmentalization of the enzyme
[2, 52]. While some photosynthetic, N-fixing cyanobacteria have thick-walled spe-
cialized cells, termed heterocysts, in which N-fixation takes place, more N is fixed
in some marine environments by non-heterocyst cyanobacteria [53, 54]. For exam-
ple, Trichodesmium, an ancient non-heterocystous marine diazotroph, uses tempo-
ral regulation, fixing N when oxygen consumption exceeds photosynthetic oxygen
production [55]. A well-studied aerobic diazotrophic soil bacteria is Azotobacter
vinelandii that uses multiple mechanisms to protect nitrogenase including respira-
tory, conformational, and autoprotection mechanisms [2, 51, 56]. High respiration
rates are essential for aerobic N-fixation in A. vinelandii [2]. The genome sequence
of A. vinelandii revealed genes for multiple terminal oxidases for reducing cellular
oxygen levels, and for the alginate capsule that may impede oxygen transfer into the
cell [56]. It is clear that aerobic bacteria are capable of preventing inhibition of
nitrogenase by oxygen.

A second argument supporting the possibility of endophytic N-fixation is that
microaerobic environments likely do exist within plants without root nodules.
Tissues of stem nodes are dense and would have a low oxygen level [57]. The apo-
plast and vascular tissues are low in oxygen and could provide appropriate condi-
tions [9, 57, 58]. Endophytes tend to form microcolonies within plants, and since
biofilms have limited oxygen within the interior [59], these aggregates could be
conducive to N-fixation. For example, the sugarcane endophyte, Gluconacetobacter
diazotrophicus forms mucilaginous microcolonies in the apoplast, and it was shown
in vitro that the mucilage provided resistance to oxygen diffusion, providing suffi-
cient oxygen for bacterial respiration without inhibition of nitrogenase [60, 61].
Nitrogenase gene expression is regulated by oxygen [62, 63]. Several studies using
nif fusions with reporters or nitrogenase antibodies have demonstrated that endo-
phytes do express the genes in planta. For example, the nifH genes of Azoarcus were
expressed in Kallar grass roots [64] and in rice [65]. In maize, co-localization of
GFP-tagged Klebsiella pneumoniae with nitrogenase immunolocalization showed
that nitrogenase is expressed by the cells; however, it required exogenous carbon
source in this study [66]. In wheat, K. pneumoniae expressed nitrogenase protein in
the intercellular space of the root cortex [36]. On the root surface of Setaria viridis,
nifH-gus fusions showed that the nitrogenase gene is expressed by Azospirillum
brasilense [67]. Diazotrophic Herbaspirillum sp. expressed nitrogenase while epi-
phytic or endophytic with rice, sorghum, wheat, and maize (reviewed in [68]). A
recent RNA-seq transcriptional profiling study of H. seropedicae with wheat roots
indicated that both attached and planktonic cells expressed the nif genes but with a
34-67-fold increase when in the root-associated state, indicating that permissive
conditions had been achieved [69]. Since the oxygen-regulated fixXNOP genes were
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upregulated at the roots, colonization of the root surface must have resulted in a
microaerobic environment. These studies demonstrate that the tightly oxygen-
regulated nitrogenase is expressed in and on plants, and therefore conditions are
conducive for N-fixation.

2.2 Relative Importance of Hormone Production
and Biological N-Fixation

Another common argument against endophytic N-fixation is that diazotrophic
endophytes also produce phytohormones and have other plant growth-promoting
properties that supersede effects of BNF. When plants are N-starved, they are
stunted and chlorotic. The law of conservation of mass states that mass cannot be
created, and since plant mass is at least 1.5% N, the observed increases in plant
mass by inoculation with diazotrophic endophytes cannot be wholly explained by
hormone production. A direct test of the involvement of BNF in the observed plant
growth is through comparing the effects of inoculation with wild-type and nitroge-
nase mutant strains. Such experiments have been performed by several groups with
mixed results. In the 1980s, nif mutants of Azospirillum still promoted plant growth
[70]. However, no biological N-fixation (BNF) studies were done with the strains
and it was not under sterile conditions. Only experiments in a gnotobiotic environ-
ment can rule out the effects of compensation by other diazotrophs. In such a study,
a nifK mutant of Azoarcus strain BH72 was unable to promote growth of Kallar
grass compared to inoculation with the wild-type strain endophyte, resulting in less
biomass and less total N [13]. Expression of the nitrogenase gene was confirmed in
the wild-type inoculated plants and was not in the mutant and the uninoculated
control plants, further supporting that the source of the N was from the wild-type
strain. In an earlier study using rice with the same Azoarcus strains, the plants had
the same biomass and total protein content whether they were inoculated with
wild-type or mutant strains [71]. However, the plants were not tested for BNF
activity or confirmed to lack nitrogenase when inoculated with the mutant strain so
it was unclear if reversion of the mutant phenotype or contamination with wild type
had occurred. Addition to gnotobiotic sugarcane plantlets of wild type and a nif
mutant of Gluconacetobacter diazotrophicus showed that the increased growth and
total N content from inoculation of the wild-type strain were likely due to BNF
[35]. In greenhouse studies with wheat, only inoculation with the wild-type strain
of K. pneumoniae resulted in increased height and greenness under N-limited con-
ditions compared to inoculation with a nif mutant or killed control strain, or unin-
oculated [36]. These studies indicate that, while phytohormone modulation,
vitamin synthesis, and increased mineral uptake and stress tolerance conferred by
diazotrophic endophytes are important [70], N-fixation is also a key factor in the
benefit of inoculation.
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2.3 Variability

While many diazotrophic endophyte strains have a broad host range in terms of
plant species, there is variability in the results leading to disputes of the validity of
endophytic N-fixation. The amount of N fixed and the biomass increase is depen-
dent on the plant genotype and environmental condition [70]. Using the “N dilu-
tion technique or natural >N abundance, many studies have shown that 50-80% of
the N in Brazilian sugarcane can be attributed to BNF [28, 72-75]. Studies by the
International Rice Institute with rice showed that about 20-25% of N needs could
be met through BNF [76]. Despite these significant levels for grasses, there are also
many cases where there was no apparent contribution through BNF and no response
to inoculation of diazotrophic strains [70]. For example, the commercially avail-
able mix of sugar cane endophytes, Herbaspirillum seropedicae and Azospirillum
brasilense, enhanced the growth of only 3 of 30 genotypes of the model C4 grass,
Setaria viridis [67]. In a similar study, 20 genotypes of the model C3 grass,
Brachypodium distachyon, were tested for response to the inoculation but only four
genotypes responded with increased growth under N-deficient conditions [77]. The
ineffective interactions were not due to decreased root colonization; therefore the
block is not at early recognition of the endophytes but rather at a later step in the
symbiosis yet to be elucidated.

In addition to variability between plant varieties, there can also be variation of
N-fixation within individual plants. Since endophytes are not limited to specific
structures but may be found throughout the plant body, different cuttings of the
same individual can have widely variable endophytic populations and N-fixation
rates within them [78]. Cuttings of wild Populus trichocarpa (black cottonwood)
showed zero to high levels of N-fixation as determined by N incorporation and the
acetylene reduction assay [78]. Diazotrophic endophyte research has been primarily
on grasses so this phenomenon had not been previously reported. It remains to be
seen if this variability is common to other eudicots due to their different structures
(nodes, internodes, petioles, leaves, stems, and roots), and subsequent different
niches, compared to monocots. Furthermore, since the poplar endophytes tended to
be in microcolonies within the plant, it may be that specific populations and num-
bers must be attained for N-fixation to occur.

2.4 Insignificant Levels of N-Fixation

While the Rhizobium-legume symbiosis is thought to meet the N needs of the
plants, it is viewed that associative N-fixation generally cannot [3, 57, 70]. However,
legume crops are often still fertilized to maximize yields, any reduction in the need
for chemical fertilization would be a substantial cost savings and have positive envi-
ronmental impact, and, in natural ecosystems, plants can thrive without any addi-
tional inputs. These arguments are discussed below.
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While there is little question that legumes in general have an evolutionarily supe-
rior symbiosis with N-fixing rhizobia, there have been losses in BNF capacity in
modern cultivars [5, 79], leading to an increase in use of fertilizer. So if legume
crops require fertilizer, then the levels of BNF from diazotrophic endophytes with
non-legumes combined with limited fertilizer may be acceptable. In poor soils, even
minor increases in N availability can improve crop yields [3]. Since the cost of fer-
tilizer is linked to the cost of fossil fuels required for its production, the instability
of pricing makes any reduction in the total need for N fertilizer a financial advan-
tage. Likewise, considering the environmental costs of continued overuse of chemi-
cal fertilizers, the use of associative diazotrophs for crops would be beneficial even
if the fertilizer use is not eliminated but only reduced [5].

A common argument against the significance of endophytic N-fixation is that
there may not be active transfer of fixed N but rather only indirect transfer via
death of the cells [80]. Such mineralization would be inefficient and delayed com-
pared to active release of fixed N by living bacteria [81]. Also, the N in the mass of
the dead bacterial cells is unlikely to be sufficient to explain the increased mass of
inoculated plants. Mutants of associative diazotrophs can be isolated that have pro-
found impacts on plant growth, fully rescuing the N-deficient phenotype [67].
Plants inoculated with an ammonium-secreting mutant of Azospirillum and grown
under N limitation exhibited similar metabolic behavior as control plants grown
under normal N conditions. This is perhaps the strongest argument that N fixed by
the bacteria is incorporated by the plant and directly affects overall plant metabo-
lism. While this is the case for a mutant strain, it is likely that under natural selec-
tion in N-limited environments, similar strains would exist or communities of
strains would have such effects.

Where perennial crops have not been fertilized and in natural ecosystems, BNF
is a significant source of N. In addition to the sugar cane examples described above,
perennial elephant grass (Pennisetum purpureum Schum.) receives up to 70% of its
N through BNF [82]. The N levels in coniferous forests cannot be explained by
BNF only from nodulated plants that are restricted to open or riparian areas but
must be from additional sources [83]. Endophytic N-fixation has indeed been
quantified in Pinus flexilis [83] and P. contorta [84]. Using the >N dilution tech-
nique, Paenibacillus polymyxa was shown to provide up to 66% of the foliar N of
lodgepole pine through BNF [84]. In boreal forests, epiphytic cyanobacteria of
feather mosses provided up to 50% of the total N input [85, 86]. In primary succes-
sion sites where limited N sources are available, it is common to find plant species
that do not have root nodule associations and yet thrive. Populus (poplar) and Salix
(willow) are pioneer plant genera that dominate the rocky riparian zones of flood
zones [87, 88]. Cuttings of wild Populus trichocarpa plants demonstrated
N-fixation activity [78]. Through an understanding of the natural plant-microbe
associations that allow high plant production in primary substrates, we may find
solutions for dramatically reducing N fertilizer needs.
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2.5 A Path Forward

If the dogma that only N-fixation in root nodules is significant for plant growth can
be overcome, then research funding into the mechanisms of endophytic N-fixation
will make possible the optimization of this important technology for more sustain-
able agriculture, forestry, and bioenergy. Overcoming dogma, however, can be a
major hurdle. As described in the symposium, “Dispelling Dogmas,” at the
American Society for Microbiology symposium in 2014, ideas that Mycobacterium
tuberculosis can be readily grown in culture, that viruses can be very large, and that
bacteria have internal compartments were ridiculed [89]. It took scientists 30 years
to accept that bacteria can communicate with each other, and now it is understood
that quorum sensing is a common phenomenon [90]. If the data on endophytic
N-fixation are viewed with a sense of scientific curiosity rather than contempt, the
cases where diazotrophs did and did not promote plant growth could be compared
and the mechanisms elucidated.

While N-fixation has been well studied in rhizobia and in specific free-living
diazotrophs, the same depth of research has yet to be done for diazotrophic endo-
phytes. Through transposon mutagenesis, either classically [91] or using high-
throughput bioinformatics approaches such as TnSeq [92], all the genes required for
N-fixation could be identified. Such studies could determine how endophytes
resolve the “paradox” of the inhibition of nitrogenase with oxygen and the require-
ment by some strains for oxygen to generate the high levels of ATP required for N,
fixation [2, 52]. Transcriptomics, RNA-seq, or metabolomics could be used to iden-
tify the form of N transferred from the endophyte to the plant. Understanding the
regulation of N-fixation in endophytes will be important for comparisons to rhizo-
bia. Control of N-fixation in response to N availability is less important in symbiotic
bacteroids since rhizobia are committed to provide fixed N for the benefit of the
plant [62]. If N-fixation is similarly regulated in endophytes in planta, it would sug-
gest a symbiotic relationship.

Host specificity is a major question that must be addressed. While in some cases,
cultivars seemed to be equally well colonized, only some responded to inoculations
with increased growth under N-limitation. Since most studies are not performed
under sterile conditions, it may be that the host microbiota are influencing the out-
come. In addition, the genotype of the plant is also likely to be a major factor. While
wild relatives would have co-evolved with the available microbiota, selecting for the
most beneficial partnerships, modern cultivars were bred for optimum performance
under artificial conditions [93]. In so doing, breeders may have lost the crop genes
required for effective plant-microbe communication. Knowledge of the genes
required for appropriate signaling and establishment of the symbiosis could aid in
marker-assisted breeding of crop plants [12].

Although BNF can contribute substantial levels of N, endophyte-colonized crops
still need N fertilizer [81] so there is need for more research to identify the best
strains. Consortia of strains rather than individual strains could be optimized for
improving crop yields, but this is a complex endeavor [94]. Microbe-microbe
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interactions can be beneficial or inhibitory depending on the strains. But using
endophytes rather than rhizospheric bacteria as biofertilizers does have advantages
since the plant endosphere is a more controlled environment with less competition
[47]. In natural, productive ecosystems, microbial communities are co-dependent
for effective nutrient cycling, so groups of strains from the same plant species in the
same environment may increase the chance of success in synthetic communities.
For example, a consortium of seven endophytic strains primarily from wild poplar
to a hybrid poplar clone provided an estimated 65% of N from BNF, and increased
leaf chlorophyll and root mass [95]. Choosing the most effective mix of strains may
require molecular analysis to identify the key groups of strains from natural sys-
tems. One method is to analyze the core microbiome especially of plants grown
under stress to identify the functionally important species, and then test the ability
of the synthetic microbial community not only to colonize but also to persist [96].
By conducting a nifH gene expression analysis in sugar cane, it was shown that
rhizobial species rather than the more abundant diazotrophic species may be the
primary N-fixers in this species [97, 98]. Using mass spectrometry combined with
advanced imaging techniques and sequencing may be necessary to identify the pri-
mary bacterial species that actually transfer fixed N to the host plant. For example,
in a marine microbial mat system, isotope ratio mass spectroscopy (IRMS),
nanoscale secondary ion MS (Nano-SIMS), catalyzed reporter deposition fluores-
cent in situ hybridization (CARD-FISH), and nifH clone library sequencing were all
used to determine which cyanobacterial species was responsible for N-fixation
within the microbial mat [99]. Using a suite of the latest advanced technologies, the
most effective diazotrophic endophytes can be identified to help combat N-deficiency
with less reliance on chemical fertilizers, leading to more environmentally and eco-
nomically sustainable agriculture, forestry, and bioenergy crop production.
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Chapter 3
Endophyte-Promoted Nutrient Acquisition:
Phosphorus and Iron

Sagar Chhabra and David N. Dowling

3.1 Introduction

Phosphorus (P) and iron (Fe) are essential nutrients required by plants; however the
bio-availability of both these macro- and micronutrients is low in soil as both P and
Fe form insoluble mineral complexes; for example, iron is generally present as a
Fe3* (ferric ion) complex with oxyhydroxide polymers in soil and is not bio-available
under alkaline pH conditions [1], whereas phosphorus complexes with calcium,
iron, or aluminum in soil under alkaline or acidic pH conditions and these are not
directly available in the form of orthophosphate anions for plant uptake [2, 3]. Plants
have adapted to low mineral nutrient environments by using several strategies to
overcome nutrient deficiency and increase plant nutrient uptake. These include
inducing morphological or physiological changes to the root-soil interface by
changing plant root architecture such as extensive root branching [4-6]. Increase in
length of root and root hairs and root angle can also increase the spatial access and
availability of nutrients present in soil to plants [7-10]. The increase in physiologi-
cal or biochemical activities such as phytosiderophore production, organic anion
production, and excretion of protons and increase in hydrolytic enzymes, e.g., phos-
phatase or phytase activity, are all associated with an increase in nutrient acquisition
of either Fe or P by plants [4, 6, 11].

The improved availability of plant nutrients has long been associated with plant
microbial interactions, in particular, arbuscular mycorrhizal fungi (AMF) associa-
tions that are involved in the transport or acquisition of P and also Fe in plants [12,
13]. The presence of microorganisms other than AMF associated with plants such as
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bacteria and fungi present in rhizosphere soil or bacterial and fungal endophytes
that occur asymptomatically in plant organs and tissues has also been shown to
provide benefits to plant health by nutrient acquisition [14—17]. In this chapter we
focus on the importance of endophyte microorganisms with respect to their role in
P and Fe nutrient acquisition in plants.

3.2 Microorganism Functions Implicated in Nutrient Fe
and P Uptake in Plants

Plant-associated microorganisms (the plant microbiome) are commonly attributed
with a range of plant growth promotion functions such as biological nitrogen fixa-
tion, phosphate solubilization, production of siderophores, ACC deaminase activity,
production of phytohormones, and biocontrol activity [18, 19]. The plant and its
associated microbiome have been termed the holobiont [20] and the plant microbi-
ome is influenced by soil type and plant genome [21, 22]. Microorganisms can help
increase nutrient Fe or P uptake and benefit plants directly due to microbial sidero-
phore production or phosphate mineralization or solubilization activity. Other plant
growth promotion traits such as plant hormone production or increasing plant stress
tolerance by reducing plant ethylene levels by ACC deaminase activity or bio-
control functions may also help increase plant growth by increasing the soil root
interface, thus indirectly increasing Fe and P nutrient uptake in the plant [23-25];
see Fig. 3.1.

The early interaction of microorganisms with land plants in the form of mycor-
rhizal fungal associations (AMF) is hypothesized to have evolved from fungal
endophytes that developed external hyphae to provide plant nutrient support to
plants in exchange for enriched carbon sources available from the host plant [26].
The AMF association with plants is the oldest and most widely represented on land
[26, 27]. AMFs function by scavenging of P and Zn nutrients from soil but are also
known to enhance acquisition of nutrients such as Fe, Ca, K, and S in plants [12].
Besides the AMF interactions, the other widely recognized group of fungi associ-
ated with plants are the non-clavicipitaceous group of Class 4 endophytes also
known as dark septate endophytes (DSEs) [28]. The DSEs are known to be present
in over 600 different plant species and are found worldwide [29]. The DSEs can
help improve phosphorous supply in plants and in certain conditions appear to
replace AMFs and ectomycorrhizal fungi at sites with extreme environmental con-
ditions [28]. Among the other fungi, the basidiomycete fungus Piriformospora
indica, a recently recognized endophyte, was shown to be distributed over a broad
geographical area and interact with a number of angiosperms (around 145 or more)
including the model plant Arabidopsis thaliana and with certain other members of
the Brassicaceae family where AMF infections or associations are not detected. P.
indica stimulates nutrient uptake in the roots [30, 31] and solubilizes insoluble
phosphate in plants [32].
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Fig. 3.1 Microbial functional aspects in plants that impact nutrient P or Fe availability

The presence of large numbers of endophyte bacteria isolated from the plants’
microbiota, for example, Gluconacetobacter, Azospirillum, Azotobacter, Bacillus,
Burkholderia, Herbaspirillum, Pseudomonas, Achromobacter, Klebsiella,
Chryseobacterium, and Pantoea genera, has been observed to improve plant growth
through stimulation of root development [33-35]. The microbial isolates such as
Pantoea, Pseudomonas, Citrobacter, Azotobacter, Streptomyces, or other newly
recognized groups of bacteria have also been identified as contributing to plant
growth promotion by virtue of nutrient acquisition traits [33, 34, 36].

3.3 P and Fe Transport in Plants and Plant-Associated
Microorganisms

The plant transports both Fe and P in response to nutrient deficiency conditions and
there are several P or Fe transporters characterized both in plants and microorgan-
isms [37—40]. Plant roots are the primary site for plant nutrient acquisition and
under P- and Fe-depleted conditions undergo morphological changes in order to
adapt to the changing nutrient condition or availability in soil [4, 11]. An increase
in acidification of the rhizosphere environment such as by exudation of proton or
carboxylate ions such as citrate, malate, or oxalate can greatly enhance mobiliza-
tion of P in plants such as by chelation or ligand exchange of P bound or complexed
to Ca, Fe, or Al present in soil [13]. Secretion of phosphatases or phytases can
mobilize organic P through hydrolysis and has been shown to increase P availabil-
ity in plants [6, 13].
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The presence of microorganisms associated with plants is known to increase P
availability in plants. Microorganisms such as bacteria and fungal endophytes iso-
lated from plants have been shown under in vitro conditions to be involved in min-
eral phosphate solubilization activity by acidification of the extracellular
environment, and by production of organic acid anions such as gluconic acid [41],
malic acid [42], citric acid [43, 44], salicylic acid, and benzeneacetic acid [43].
Microorganisms are also hypothesized to be involved in other relevant activities
such as proton extrusion and by ammonium ion assimilation that are linked with
mineral phosphate solubilization activity [45]. The organic phosphate mineraliza-
tion by microorganisms involves phosphatase activity, e.g., acid or alkaline phos-
phatase activity or phytase activity, which may contribute to availability of inorganic
phosphate for plant uptake [46, 47].

The transport of P in both plants and microorganisms is mainly associated with two
transporters, the high-affinity Pi transport systems and low-affinity Pi transport sys-
tems [13, 38]. The high-affinity Pi transporter in plants is the major transporter family
responsible for transport of P in roots or in cells with close contact to the soil matrix.
The low-affinity Pi transporters are mainly active in vascular tissues and involved in
the internal distribution and re-mobilization of P [48]. Phosphate transport in plants by
the high-affinity transporter system is H*/ATP dependent and is activated or expressed
when the external P level in plants or cells in close contact to the soil matrix is low.
The high-affinity phosphate transporter system is grouped within the major Phtl fam-
ily and has shared topology among fungi, yeast, plant, and animal Phtl transporters
[49, 50]. The high-affinity phosphate transporters have been characterized in a number
of plant and fungal species; however, the role of phosphate transporters among certain
AMFs has not been verified due to the lack of a stable transformation system [51]. A
study on the P transporter of the fungal endophyte Piriformospora indica [51] identi-
fied a high-affinity phosphate transporter PiPT belonging to the major facilitator
superfamily (MFS) found in bacteria which is also conserved in eukaryotes [52]. The
study also recognized the structural/functional relationships of Pi/H* symporters and
the proton motive force driving the translocation of Pi in the host plant by the basidio-
mycete fungus under the Pi limitation condition [51, 52].

Iron transport or acquisition in plants involves two strategies and is dependent on
the plant type under iron-deficient conditions. The acidification of the extracellular
soil environment by proton extrusion and reduction of chelated Fe** by ferric che-
late reductase at the plant root surface enhance bio-availability of Fe as ferrous
(Fe?*) ion in nongraminaceous monocotyledonous and in dicotyledonous plants.
However, production of mugineic acid dependent phytosiderophores is an impor-
tant mechanism for Fe chelation and availability as ferrous iron (Fe**) for transport
or acquisition of Fe in monocotyledons, especially among grasses [53]. The uptake
of Fe by microorganisms involves a similar strategy to that of plants and involves
chelation of unavailable Fe by specific or a range of siderophores and/or the use of
reductases which help to increase available extracellular Fe for uptake by the micro-
organism [54]. Iron uptake in both plants and microorganisms involves Fe trans-
porters and there is considerable similarity in certain cases between some
microorganism and plant Fe transporters such as in the case of yeast and specific
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plant Fe transporters [55, 56]. In conclusion there are a number of key plant growth
promotion functional traits that are associated with microorganisms involved in P
and Fe availability and these are summarized in Table 3.1.

3.4 Functional Role of P and Fe Bacterial and Fungal
Endophytes

3.4.1 P Endophytes and their Role (Fungal and Bacterial)

The P endophytes or other associated P microorganisms increase Pi availability in
soils by mineral phosphate solubilization or by organic phosphate mineralization
activity. The mechanistic basis or direct involvement of the P endophyte to increase
plant growth or biomass has been demonstrated in studies under P limitation that is
discussed below and summarized in Table 3.2.

Mineral phosphate solubilization is an effective strategy for the provision of P to
the plant. In a study by Crespo et al. [70] they identified that the ability to solubilize
inorganic phosphate was associated with acidification of the plant root environment
by plant root-associated bacteria. The root of wheat and tomato was colonized by
the bacterial endophyte Gluconacetobacter diazotrophicus previously isolated from
sugarcane [82] that efficiently enhanced acidification of the plant root by production
of gluconic acid. In contrast, the gluconic acid biosynthesis gene mutant (PQQ-
GDH) of G. diazotrophicus lacked the ability to acidify in a test medium with plants,
thus underlying the functional role of this trait.

The direct role of P endophytes in plant growth promotion have also been
described in other studies, for example, Kumar et al. [74] in a study on maize colo-
nized by the fungal endophyte P. indica reported a higher increase in biomass of
plants under P limiting conditions. The difference in biomass between colonized
and non-colonized plants was a 2.5-fold increase at limiting P and 1.2-fold increase
at non-limiting P conditions respectively, thus underlying the function of the endo-
phyte to be more effective under the P deficient condition. Li et al. [75, 76] in a
study on perennial grass Achnatherum sibiricum infected by the fungal species
Neotyphodium sp. recognized a significant increase in acid phosphatase activity
under P deficient and N non-limiting conditions. The biomass of the endophyte
infected plant was not affected by P limitation and was similar to plants grown
under non-limiting P or N conditions. Malinowski et al. [80] found that an infected
Festuca arundinacea (tall fescue) with the endophyte Neotyphodium coenophialum
under P limiting conditions expressed an increased root absorption area through
reduced root diameter and increased root hair length compared with the endophyte
free counterpart. Altered root diameter and root hair length in this study was associ-
ated with the functional role by the endophyte present in tall fescue.

The role of fungal P endophytes to increase plant growth and to enhance phospho-
rous efficiency was also demonstrated by studies involving dark septate fungi (DSEs)
present in the plant. Barrow and Osuna [79] reported an increase in shoot and root



26

Table 3.1 Examples of plant-associated endophyte

acquisition and other plant functions
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microorganisms implicated in nutrient

Isolation source plant Endophyte microorganism | Functional traits Reference
Arachis hypogaea Pantoea agglomerans Mineral phosphate [57]
Peanut solubilization,
siderophore production
Calophyllum Trichoderma sp. Mineral phosphate [58]
brasiliense solubilization
Guanandi
Glycine max Enterobacter sakazakii, Mineral phosphate [59]
Soybean Pseudomonas straminae, solubilization, TAA,
Acinetobacter biological nitrogen
calcoaceticus, fixation
Pseudomonas sp.
Glycine max Rhizoctonia sp. Fusarium | Phytase [60]
Soybean verticillioides
Lippia sidoides Lactococcus lactis Calcium phosphate, [61]
Pepper-rosmarin phosphate mineralization
activity-calcium phytate,
solubilize/mineralize
phosphate from poultry
litter
Mammillaria fraileana | Pseudomonas putida Mineral phosphate [62]
Wild cactus MS5TSA, Enterobacter solubilization
sakazakii M2PFe, Bacillus
megaterium M1PCa
Manihot esculenta Pantoea dispersa Mineral phosphate [43]
Cassava solubilization, biological
nitrogen fixation
Miscanthus giganteus Pseudomonas fluorescens | Mineral phosphate [41]
Miscanthus solubilization
Moringa peregrine Sphingomonas sp. LK18, | Mineral phosphate [63]
Moringa Methylobacterium solubilization, acid
radiotolerans LK17, phosphatase,
Bacillus subtilis LK 14, TAA
Bacillus subtilis LK15,
Sphingomonas sp. LK16
Oryza sativa var. Paenibacillus kribbensi, Biological nitrogen [64]
Japonica c.v. Bacillus aryabhattai, fixation, mineral
Rice Klebsiella pneumoniae, phosphate solubilization,
Bacillus subtilis, TAA
Microbacterium
trichotecenolyticum
Pachycereus pringlei Bacillus pumilus var.2, B. | Mineral phosphate [65]
Giant cardon cactus subtilis var.2, solubilization

Actinomadura oligospora,
Citrobacter sp.

(continued)
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Table 3.1 (continued)
Isolation source plant Endophyte microorganism | Functional traits Reference
Panax ginseng Lysinibacillus fusiformis, Mineral phosphate [117]
Ginseng Bacillus cereus, B. solubilization TAA,
megaterium, Micrococcus | siderophore production
luteus
Phaseolus Rhizobium endophyticum | Phytate [66]
vulgaris Common sp. Nov
Bean/French bean
Phaseolus vulgarus Pseudomonas sp. Mineral phosphate [67]
Common bean/French solubilization
bean
Piper nigrum Klebsiella sp., Mineral phosphate [68]
Black pepper Enterobacter sp. solubilization siderophore
production, ACC
deaminase,JAA
production
Pseudotsuga menziesii | Rhodotorula graminis, Mineral phosphate [69]
Douglas-fir Acinetobacter solubilization,
calcoaceticus, Rhizobium Siderophores production,
tropici bv populus, biological nitrogen
Sphingomonas fixation
yanoikuyae, Pseudomonas
putida, Rahnella sp.,
Burkholderia sp.,
Sphingomonas sp.
Saccharum officinarun | Gluconacetobacter Biological nitrogen [70]
Sugarcane diazotrophicus fixation, mineral
phosphate solubilization
Shorea leprosula and Trichoderma spirale Mineral phosphate [71]
Shorea selanica solubilization and
Meranti inhibition of fungal
pathogen (fusarium)
Triticum aestivum Streptomyces tricolor Mineral phosphate [42]
Wheat mhce0811 solubilization phytase,
siderophores, IAA,
chitinase

biomass, and phosphorus use efficiency in Atriplex canescens by the fungal endo-
phyte Aspergillus ustus. Jumpponen et al. [77] reported increased foliar P concentra-
tion and an increase in plant biomass of more than 50% following fungal inoculation
and N amendment in endophyte-infected Pinus contorta by the fungal endophyte
Phialocephala fortini. Newsham [78] recognized increased root, shoot, total P con-
tent, and total biomass and an increase in the number of tillers in endophyte-infected
Vulpia ciliata by the fungal endophyte Phialophora graminicola.

Studies defining the mechanistic basis of P transport by endophytic microorgan-
isms present in plants under P-deficient conditions also demonstrate the essential role
of the endophyte. Hiruma et al. [73] in a study on an ascomycete fungal endophyte
Colletotrichum tofieldiae (Ct) in Arabidopsis identified the role of this endophyte in
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transfer of phosphorus to Arabidopsis shoots. This study showed that the host’s phos-
phate starvation response (PSR) system controls Ct root colonization and is needed
for plant growth promotion, and also the role of Ct-mediated plant growth promotion
was recognized to be mediated by the plant innate immune system. This study
hypothesized that the Ct association in the host root of A. thaliana and other
Brassicaceae members has essential components important for developing these
associations that are usually absent in mycorrhizal symbiosis. The importance of the
P endophyte and P transport function in plants has also been demonstrated by P.
indica in maize plants. Yadav et al. [51] reported that higher amounts of phosphate
were found in plants colonized with wild-type P. indica than that of non-colonized
plants or plants with a knockdown phosphate transporter (PiPT). It was suggested
that PiPT of P. indica was actively involved in phosphate transfer in planta and can
improve the nutritional status of the host plant.

3.4.2 Fe Endophytes and their Role (Fungal and Bacterial)

The role of endophyte and other microorganisms in iron acquisition by plants is
associated with siderophore production. There are over 500 different types of sid-
erophores produced by microorganisms [37] and purified bacterial siderophore has
been recently shown to restore growth to iron-limited and stunted tomato plants
[83]. Siderophores produced by microorganisms not only directly improve Fe avail-
ability to microorganisms and plants by direct chelation from soil but can also
increase iron availability based on their competition for Fe with other microorgan-
isms and pathogens. Studies defining the Fe availability and plant growth or biocon-
trol function by Fe endophytes are summarized in Table 3.3.

The importance of the siderophore-producing trait by Fe endophytes is demon-
strated by its direct role in increasing plant growth or by improvement of host fit-
ness. Rungin et al. [89] in a study using a bacterial endophyte Streptomyces sp.
previously isolated from jasmine rice (Oryza sativa L. cv. KDML105) and its sid-
erophore mutant (desD) showed an enhancement of plant growth with a significant
increase in plant biomass in rice (Oryza sativa) and mungbean (Vigna radiata) by
the siderophore-producing endophyte. The increase in plant growth or biomass was
higher in Streptomyces-treated plants producing siderophore compared to a
siderophore-deficient desD mutant and untreated control plants, thus underlying
the functional importance of siderophore in enhancement of growth in plants.
Rosconi et al. [86] in a study on a serobactin-producing bacterial endophyte
Herbaspirillum seropedicae responsible for Fe acquisition by the microorganism
and with its uptake mutant (Hsero_2345 gene) in an experiment on rice (Oryza
sativa) showed that serobactin-mediated iron acquisition contributes to competi-
tive fitness in the host plant.

The role of siderophore produced by endophytic bacteria has also been demon-
strated through its biocontrol function or synergistic role in plant growth promotion
and colonization in certain studies. Verma et al. [88] in a study on bacterial
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Streptomyces endophytes recovered from Azadirachta indica reported signifi-
cant plant growth promotion in tomato and biocontrol against Alternaria alter-
nata, causal agent of early blight disease in tomato plants. A significant
antagonistic activity by Streptomyces endophytes against the pathogen was
linked to the high Fe complexing capacity of isolates (i.e., siderophore produc-
tion). All isolates of Streptomyces prolifically produced IAA and siderophores
demonstrating that both IAA and siderophores play a vital role in promotion of
plant growth and in suppression of the pathogen. Koulman et al. [84] in a study
using the fungal endophyte Epichloé¢ festucae isolated from Festuca trachy-
phylla and its siderophore sidN mutant in an experiment on Lolium perenne
reported the role of siderophore in colonization in xylem sap of L. perenne.
Further work by Johnson et al. [85] demonstrated that this gene (sidN) played
a key role in maintaining the mutualistic interaction with its host plant, high-
lighting the importance of iron homeostasis for the symbiotic interaction.

3.5 Perspectives on the Role of Endophytes in Fe and P
Nutrient Acquisition: Potential Application
for Agriculture and Future Prospects

The unavailability of both Fe and P in many soils had been recognized as a
major growth-limiting factor in many agricultural systems [36, 90]. The inocu-
lation of crops with specific microorganisms has the potential to reduce appli-
cation rates of phosphate and can also improve iron uptake by plants [91-93].
Endophytes are able to enhance the growth of many plant species with or with-
out concomitant nutrient uptake both directly and indirectly (Table 3.1).
However, the impact of endophyte colonization on nutrient uptake in planta
can be variable among strains and is considered to be dependent on host spe-
cies/cultivars, endophyte taxa, and environmental conditions [94]. Although a
broad range of endophytes are described with nutrient acquisition traits as
reported in this study few endophytes have been studied in detail to conclu-
sively demonstrate the mechanism(s) of nutrient transfer/acquisition of nutri-
ent in planta. The basidiomycete fungal endophyte Piriformospora indica has
gained substantial interest as a potential growth-promoting agent [95]. P. indica
may serve as a model system to elucidate the mechanisms of host growth or
fitness, as it has the capability in mobilizing plant unavailable P by production
of extracellular phosphatases and in translocation of P in plants [95, 96]. P.
indica stimulates plant growth as well as seed production of many plants and
possesses a broad host range specificity [96, 97]. An increasing number of
studies on this fungus provide a scientific basis for agricultural application, and
also importantly that this fungal endophyte can easily be grown axenically
[98-100]. The P acquisition potential of this endophyte was tested in maize,
barley, and Arabidopsis [51, 101, 102]; further testing its P acquisition
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potential in a range of plant hosts will validate the mechanistic basis and may iden-
tify if P transport or acquisition is a generalized mechanism of nutrient transfer
among Crops.

Besides P. indica, a number of dark septate endophyte (DSE) fungi (the non-
clavicipitaceous group of fungi) have been recognized in plants from a range of
ecosystems [103]. The DSEs can help increase plant growth by increasing acquisi-
tion of plant nutrients such as N and P in certain plants [77-79]. It has been pro-
posed that DSE symbioses, like mycorrhizas, are multifunctional and not limited to
nutritional acquisition and host growth response [28]. However the overall func-
tional potential of this class of fungi or its inoculation potential in plants needs to be
verified in order to utilize it for plant growth promotion [104]. The clavicipitaceous
endophytes are another group of fungi whose role remains elusive, and work is
mostly focused on two related genera Epichloé and their anamorphic Neotyphodium
relatives [105]. These fungi are recognized as increasing P nutrients and in certain
cases are also known to be involved in other functions such as abiotic stress toler-
ance [106], remediation of metal contamination [107], and biocontrol activity [105].
This group of fungi mostly inhabit grasses (family Poaceae) and may have potential
in plant growth improvement [105].

Bacteria have also been shown to be important with respect to P and Fe acquisi-
tion in plants and are involved in P solubilization or mineralization activity and
siderophore production as discussed in previous sections in this chapter. The com-
mercialization of endophyte bacteria such as Gluconacetobacter diazotrophicus
has gained substantial attention, as N-Fix® (Azotic Technologies, UK) or
NITROFIX™- AD (AgriLife, India) for biological nitrogen fixation in plants. G.
diazotrophicus is also recognized for other traits such as phosphate solubilization
activity and this function could be synergistic in plants [72]. Strains of G. diazotro-
phicus are isolated in many areas of world and are utilized commercially to enhance
plant production [108].

The biofertilizer potential of siderophore-producing endophytes is also of
importance in agriculture not only in terms of improving direct Fe availability in
plants by siderophore production but also by biocontrol of pathogens indirectly by
increasing Fe nutrient status of plant and depriving the pathogen of iron. The
siderophore-producing endophyte may also have phytoremediation potential for
remediation of contaminated soils [75, 76, 109] and may share functional similar-
ity with phosphate-solubilizing endophytes which have the ability to produce
organic acids and similar to siderophore production may assist in the remediation
of contaminated soils [75, 76, 110].

The successful manipulation of the plant microbiome has the potential to increase
agricultural production [111, 112] and reduce chemical inputs [113—115] and green-
house gasses [116] which will result in more sustainable agricultural practices.
However, this will require a more detailed exploration of the mechanisms involved
in P- and Fe-facilitated mobilization by the plant microbiota.
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Chapter 4

Endophyte Effects on Photosynthesis
and Water Use of Plant Hosts:

A Meta-Analysis

Hyungmin Rho and Soo-Hyung Kim

4.1 Introduction

Like animals do, plants host microbiomes. These include endophytes, beneficial
bacteria, fungi, and yeast forming microbial communities in planta [1]. They are
found to enhance growth and fitness of host plants sustaining in harsh environmen-
tal conditions by offering them various benefits. These constructive effects include,
but are not limited to, biological fixation of the atmospheric di-nitrogen [2, 3], pro-
duction/promotion/regulation of plant growth hormones [4—6], facilitation of nutri-
ent acquisition [7, 8], and provision of tolerances to abiotic/biotic environmental
stressors [9—11]. All of these impacts promote growth and increase fitness of plant
hosts and are well documented and summarized throughout the literature [12—14].
Most of the literature on endophytes has emphasized either the symbiotic charac-
teristics/functions of the symbionts in vitro systems at the lab scale or the influences
on overall biomass gain at the field scale. Therefore, understanding endophyte effects
on plant functional traits has become important to shape our knowledge about sym-
biotic interactions and to highlight the importance of plant microbiomes [15]. Many
studies have uncovered some plant physiological mechanisms affected by endo-
phytes, and the authors provide some mechanistic explanations of endosymbiosis in
different contexts. However, the studies are often too species specific or environmen-
tal condition specific to provide a consensus of their impacts on functional traits.
The scope of this chapter is centered on photosynthesis and water relations
among the plant functional trait differences gained by endophytic symbiosis
(Fig. 4.1). Friesen et al. [15] argued that the impacts of endophytes on photosyn-
thetic pathways are implausible (Table 4.1). However, Straub et al. [42] demon-
strated that the expression of the genes related to the photosynthetic light reaction
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Fig. 4.1 Exemplary interactions between host plants and endophytic microorganisms and their
relationships in metabolic and physiological components. Not all connections are described in the
diagram. In this chapter, the focus falls on plant functional trait with emphasis on photosynthetic
and water use efficiency. Adapted from Friesen et al. [15]

of Miscanthus sinensis was upregulated upon a bacterial endophyte inoculation.
Ghabooli et al. [43] also showed that photosynthetic enzymes, e.g., Rubisco large/
small-chain, chlorophyll a-b-binding proteins, were upregulated by a fungal endo-
phyte inoculation under drought-stress conditions. Indeed, despite some controver-
sial reports, there exists a body of evidence indicating the effects on photosynthetic
properties and water relations of plants affected by endophytic symbionts. This
chapter reviews these effects of bacterial, fungal, and yeast endophytes on broad
photosynthetic characteristics and water relations of plants under a variety of stress-
imposing environmental conditions.

4.2 Definitions of Terms and Methods of Analysis

4.2.1 Endophytes

Endophytes can be classified mainly under three categories: bacterial, fungal, and
yeast endophytes. They are different domains of microorganisms, but share a com-
mon characteristic of living inside plants providing multiple benefits to the host.
Most commonly investigated endophytic bacterial genera are Pseudomonas,
Bacillus, Rhizobium, Streptomyces, and Staphylococcus [15]. Fungal species
include Neotyphodium and Epichloe [44] which are the two most studied endophyte
strains among all. A study showed that a yeast species—Rhodotorula—can form an
endophytic mutualism with various plant hosts [45]. One noteworthy approach is
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blending multiple strains of bacterial or yeast endophytes together in hopes of
stacking the functional benefits of the endophytes when mixed [3, 9, 23, 25, 46, 47].
The mixture is called a consortium and it is considered in our meta-analysis. The
articles referred in this chapter contain all these categories of endophytes (Table 4.1).

4.2.2 Photosynthetic Efficiency

Photosynthesis can be defined broadly as CO, uptake or O, production or specifi-
cally as CO, assimilation rate, photosynthetic light harvesting efficiency, chloro-
phyll content, or biochemical properties of the Calvin-Benson cycle (Rubisco
content/activity). The specific terms are used to represent photosynthetic capacity
and responses of leaf physiology to environmental cues. Sometimes photosynthesis
as a net assimilation rate is expressed by certain biomass terms [48], but we restrain
our discussion here to leaf-scale photosynthetic capacity. In relation to this, there
are two key processes of photosynthesis in leaf physiology: the light reactions and
the dark reactions or carbon reactions.

The light reactions are related to the light harvesting process which takes place
in the lamellae sides of chloroplasts in mesophyll cells. Chlorophyll concentration
and its efficiency are important factors in determining the efficiency of the first light
harvesting aspect of photosynthesis. The most frequently used parameters are chlo-
rophyll content (Chl) and photochemical efficiency (Flr). Chlorophyll content can
represent the efficiency of the light harvesting process, while Flr can represent the
efficiency of electron transport during the following photochemical reactions in
between photosystem II (PSII) and photosystem I (PSI). Chlorophyll can be quanti-
fied with various experimental methods, from in vitro quantification [49] to in vivo
estimation [50]. These have been developed and widely used in plant sciences. Both
methods were considered as a representative for Chl in our analysis. Photochemical
efficiency refers to the rate of the light energy that is processed to the available form
of biochemical energy—ATP and NADPH—in further photosynthetic CO, assimi-
lation processes. It can be measured by a chlorophyll fluorescence technique which
is currently broadly implemented in plant stress physiology [51]. Especially, F,/F,,
defined as maximum quantum efficiency of PSII photochemistry, was the focus of
our meta-analysis to evaluate photochemical efficiency.

The carbon reactions, also known as dark reactions, on the other hand, are asso-
ciated with the CO, assimilation process on the stroma sides of chloroplasts in
mesophyll cells/bundle sheath cells in C;/C, plants [52]. It begins with the uptake of
atmospheric CO, from the leaf surfaces via stomata. By diffusion through the inter-
cellular structures of the leaf, CO, molecules encounter a series of resistances that
limit the supply of CO, to the Calvin-Benson cycle at the site of carboxylation.
Once CO, is captured, it is staged to the carboxylation process where Rubisco
catalyzes C fixation. All the enzymes related to operating the Calvin-Benson cycle
work to incorporate CO, molecules to the three C skeletons. The efficiency of the
carboxylation process can be defined by how fast this CO, assimilation process



4 Endophyte Effects on Photosynthesis and Water Use of Plant Hosts: A Meta-Analysis 49

occurs by the activities of the associated enzymes. The rate of net CO, assimilation
(A) now can be measured easily in vivo by a commercial gas exchange system
equipped with infrared gas analyzers (IRGAs) [53].

4.2.3 Stomatal Conductance and Transpiration

Stomata—the interface of gas exchange on the leaf surfaces—play a crucial role in
both photosynthetic CO, uptake and coupled H,O loss of plants [54]. As stomata are
the location where CO, and H,O are exchanged mostly during the daytime, it is
important to evaluate stomatal reactions to connect photosynthesis with water rela-
tions of plants.

Stomata open and close in response to many environmental cues, such as vapor
pressure deficit (VPD) [55], atmospheric CO, concentration [56], water availability
from the rhizosphere [57], and pathogenic attacks [58]. The opening/closure—the
aperture—of stomata can be determined by either microscopic observations [59] or
in vivo gas exchange activity measurements [60]. To represent the actual amount of
water release and CO, uptake during the stomatal actions, instantaneous stomatal
conductance (g;) is used as a unit of stomatal activity. Stomatal conductance has
become the most commonly used leaf physiology parameter. It also finds signifi-
cance in linking photosynthesis to water relations in various model approaches [61]
and is a reciprocal of the CO, diffusional resistance by the movement of guard cells.
It can be expressed in conductance of water vapor or carbon dioxide. Stomatal con-
ductance of water vapor can be determined by measuring the rate or the velocity of
water vapor diffusion in vivo.

Transpiration (E) represents how much water is lost throughout stomata in
response to VPD between the atmospheric air and the leaf surfaces. It is a parameter
that expresses gas exchanges and water relations of plants. Along with g, tempera-
ture and relative humidity (RH) in the ambient air, which in turn influence VPD,
come into play in determining E. Many plant species lose water through stomata and
this is thought to occur only in the daytime as the transpiration demand increases
when the air temperature is elevated while RH decreases. However, Snyder et al. [62]
reported that some species had positive g, and E at night in an arid environment. This
suggests that some plants actively transpire under water-limited conditions as a sur-
vival strategy. It highlights the importance of g, and E in water management of plants.

In many cases, g, and E are estimated or measured by a commercial IRGA sys-
tem together with other leaf photosynthetic and gas exchange parameters, for
instance, A and F\/F,,.

4.2.4 Water Use Efficiency

As water becomes scarce in irrigated agricultural crop lands, now it is well recog-
nized as one of the key resources for crop yield [63]. Recent efforts in the current
challenging climate conditions focus on how to increase the productivity of crops
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with limited water [64]. As a consequence, water use efficiency (WUE) stands great
importance in agriculture.

Plant WUE is cataloged into three measures: intrinsic WUE, extrinsic WUE, and
WUE of productivity. The former two are leaf physiological parameters, whereas
the latter one is a whole-plant physiological parameter. To understand these param-
eters, we revisit aforementioned leaf gas exchange parameters: A, g, and E. The
basic idea of all these WUE is to express how much CO, is incorporated into plant
biomass with a given amount of water consumed during the process [65].

Intrinsic WUE refers to the WUE determined by inherent leaf physiological pro-
cesses. It is calculated by “A/g,.” Extrinsic WUE refers to the WUE externally deter-
mined by external surrounding factors, i.e., air temperature, RH, and VPD that
would affect E of plants. It is calculated by “A/E.” These are short-term measures of
WUE. A gas exchange machine can compute these WUE instantaneously on the
leaf being measured.

In contrast, WUE of productivity is a long-term measure of WUE. It is calculated
by “total biomass gain/water consumption” over time. WUE of productivity could
be an accumulated result of intrinsic/extrinsic WUE. One can quantify WUE of
productivity by measuring the differences in biomass at between initial and harvest
stages, together with the records of water consumption.

4.2.5 Meta-Analysis

Several studies reviewed plant-endophyte interactions with respect to plant growth
and stress [12, 14, 66, 67]. However, few of these review articles addressed eco-
physiological processes involving photosynthesis and water relations of the host
plants. There is also limited analytic review for generalized photosynthetic and
water use responses of endophyte symbiotic plants with few exceptions [68, 69].

Meta-analysis is a means to quantitatively evaluate an overall effect of a certain
treatment on different subjects reported in various studies [70]. In general, it is capa-
ble of addressing the heterogeneity of studies used in the analysis. Compared to
conventional literature reviews, it has an advantage of enabling researchers to make
statistical conclusions on research questions from different studies. One can design
a meta-analysis starting with refining keywords to search articles that meet the
investigators’ criteria. Collected data are processed to estimate “effect size” which
represents the effectiveness of a treatment on response variable(s). If the variances
of the effect sizes, usually presented by 95% confidence intervals (CI), do not over-
lap the zero effects on the scale, then one can conclude that the effects are statisti-
cally significant on increasing/decreasing the reported response variable(s).

In the present meta-analysis, research questions we posed were the following:
(1) Do endophytes improve photosynthetic and water use efficiency of host plants?
(2) Do the endophyte effects differ when the hosts are under stress in comparison to
non-stress conditions? “Endophyte inoculation” is the treatment to be estimated for
its effect size and the leaf physiology parameters mentioned above (i.e., Chl, Flr, A,
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gs, E, and WUE) are the response variables to be analyzed. We gathered a total of 30
articles from the SCOPUS (https://www.scopus.com/) database and statistically
meta-analyzed 93 data sets extracted from the papers. Details about the articles used
in this chapter are provided in Table 4.1.

4.3 Synthesis of Information

A total of 37 articles were gathered, but only 30 were used due to lack of necessary
information for a meta-analysis in the other seven articles. Since some articles
reported results from multiple strains or experiments, we procured 86 data sets from
the selected articles. Only three studies did not conduct endophyte experiments under
abiotic/biotic stress conditions. Most other studies tested the endophyte effects under
stress conditions compared to non-stressed controls. Most of the plant species used in
the studies were important agricultural crops, e.g., rice, corn, wheat, tomatoes, and
soybeans. This suggests that there is a consensus of attempting to use endophyte sym-
bioses as growth promotion and stress mitigation means for crops particularly in light
of climate change, sustainability, and resource use efficiencies in agriculture [66].

We analyzed 11/18/3 for bacterial/fungal/yeast endophytes used as a single strain
or a consortium in the analysis. These different types of endophyte inoculants were
introduced to experimental plants in various ways: coating seed surfaces with inoc-
ula or soaking seeds with inocula before sowing [19, 20, 32], applying inocula to
seedlings grown in aseptic conditions [34], soaking stem cuttings in inocula [33], or
directly drenching inocula to the soils where the plant materials were prepared [9].
In some cases, plants were infected by vertically transmitted endophytes from a
parental generation while non-infected plants served as controls [29, 71], which is
only found in fungal endophyte cases (Classes 1 and 2 fungal endophytes as
discussed in [72]). Horizontally transmitted endophytes from neighboring plants
were also found in one study [73].

Most of the studies were carried out in well-controlled environments. Except
four studies, all were lab, chamber, or greenhouse experiments. This likely becomes
a potential drawback of the endophyte research which hinders us from making
strong conclusions about their effects at the field scales.

4.3.1 Improvement of Photosynthetic Efficiency
by Endophytes: Both the Light and the Dark Reactions

Endophyte inoculation effects under different experimental conditions were found
highly significant on increasing photosynthetic efficiency represented by Chl, Flr,
and A (Figs. 4.2, A1, A2 and A3). In addition, the effects on the increases were more
pronounced under stressed conditions than under non-stressed conditions except
Chl of plants. The results suggest that both photosynthetic light reactions and car-
bon reactions were effectively enhanced by symbiotic associations.
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Fig. 4.2 Overall effect sizes of various endophytes on host plants’ photosynthetic and water rela-
tion parameters. A total of 84 studies are used in the meta-analysis. Chl, Flr, A, gs, E, and WUE
refer to chlorophyll content, photochemical efficiency, net CO, assimilation rate, stomatal conduc-
tance to water, transpiration rate, and intrinsic water use efficiency defined by A/gs. The numbers
in parentheses mean the number of data sets used in the meta-analysis for each parameter (under
non-stressed, stressed conditions). Open and closed circles show the mean overall effect sizes of
endophyte inoculation on the physiological parameters under non-stressed and stressed conditions.
Error bars indicate £95% confidence intervals of the means calculated by the Hedge’s method [70].
If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignificant.
Significance codes on the right present paired z-test results of the differences of the effect sizes
between non-stressed and stressed host plants (ns, nonsignificant; * and *** significant at P < 0.05
and 0.001 levels). Detailed breakdowns of the effect sizes of individual studies on each physiologi-
cal parameter are provided in supplementary figures (Figs. A1-A6)
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Fig. 4.3 Nitrogen is an essential nutrient in plant metabolism. Up to 40% of growth nitrogen is
incorporated to photosynthetic machinery components enclosing light harvesting enzymes and
CO, assimilation-associated enzymes, e.g., Rubisco, in the Calvin-Benson cycle. This determines
photosynthetic efficiency under different nitrogen availability. Adapted from Xu et al. [75]
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The increase in photosynthetic light reaction activities characterized by Chl and
FIr was one of the most common leaf physiological responses from the studies
investigated. Especially, due to the simplicity of the assessment, Chl measured by a
handheld chlorophyll meter was the most frequently used leaf physiology parameter
(n = 72). The observed results were likely to be derived from better nitrogen (N)
availability by either symbiotic N fixation [3, 25] or improved N nutrient uptake and
assimilation [76]. Chl is a N-rich molecule that consists of up to 75% of leaf N [77].
Chl has a strong positive correlation with leaf N level in a variety of plant species
[78]. Scaling down to a molecular level, the upregulation of associated gene expres-
sion supported this hypothesis [38, 79]. Chl has a positive correlation with Flr [80].
The increases in a Chl content often lead to increases in Flr.

Separately from the light reactions, the dark reactions are also affected by endo-
phyte symbiosis in a positive direction. There are multiple factors that determine the
rate of gas exchange, including stomatal, mesophyll, or biochemical limitations
[81]. Among those, considering the integral part of the CO, assimilation process,
alleviation of biochemical limitation, represented by upregulation of Rubisco-
engaged genes, is crucial evidence for the improvement [43, 82]. This is also related
to the available N level in leaves as approximately 50% and 20% of N is allocated
to Rubisco biosynthesis in C; and C, plants, respectively [83]. Therefore, as Friesen
et al. [15] discussed, N allocation and metabolism are the core parameters resulting
in these beneficial effects on photosynthetic efficiency.

However, in some cases, no apparent changes to photosynthetic components of
the symbiotic plants were observed [25, 33]. Several reports found different effects
on photosynthesis at various stages of growth [25, 29]. This explains the complexity
of the endophyte study and increases the uncertainty of implications. Costa Pinto
et al. [84] found impairment of the light reactions due to fungal endophyte infection
in banana and maize plants in their early stage of growth (30—45 days after seeding).
Similarly, Belesky et al. [85] observed significantly lower A in endophyte-infected
tall fescue. Interesting findings are of both Belesky et al. [85] and Rogers et al. [33]
who reported increases in total biomass accumulation by endophytes though photo-
synthetic capacity was decreased and not changed. The former paper found the
explanation from the increases in tiller numbers and the latter paper did from the
increases in leaf area of the plants. It seems that the endophyte-infected plants opted
to invest carbon to producing more source organs rather to boosting productivity of
sink tissues. Still, the mechanisms underlying these growth dynamics are largely
unknown, requiring more research to fully benefit from the symbiotic interactions
and to maximize the potential use of this biological adaptation strategy.

4.3.2 Importance of Leaf N Level in Photosynthetic Efficiency
and Contribution of Biological N Fixation

Nitrogen is the most important element in plant nutrition and metabolism other than
C, H, and O. Approximately 1.5% of the total biomass is composed of N. It is the
most abundant macronutrient obtained from the soil [52]. Plants actively absorb N
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mostly from the root systems in the form of NO;~ or NH,*. Plants then transport N
to shoots or leaves where N assimilation occurs to convert them into bioavailable
forms (amino acids) by a series of enzymatic responses. These available N sources
are then delivered to the photosynthetically active leaf tissues—newer leaves rather
than older leaves [74]. Plants invest N into photosynthetic machineries in response
to the environmental and other nutrient conditions [75]. Either the light harvesting
process, the electron transport process in PSII, or the CO, assimilation process can
be a target of the investment. Note that each process relates to Chl, Flr, or A in the
analysis. Evans and Terashima [86] demonstrated that these three parameters
(shown as Chl, PSII activity, and Rubisco activity in the original article) were most
strongly correlated to leaf N content than any other processes of photosynthetic
machineries.

Nitrogen, therefore, alters leaf-related plant functional traits in a significant way
through this allocation adjustment between photosynthetic functions [15]. It is
straightforward to connect plant N to photosynthetic efficiency as it consists of a
substantial portion of growth N. It is not surprising that some studies postulated that
the improvement of photosynthesis and further overall biomass by endophyte inoc-
ulation was due to increased N availability from biological N fixation (BNF) by the
symbionts [3].

As a consequence, to capitalize on these photosynthetic benefits, it is imperative
to assess BNF activities in different strains of endophytic microbes, both in vitro
and in vivo on a smaller scale. Doty et al. [2] demonstrated the variable capacity of
5N incorporation in cuttings of wild poplar plants, and suggested that specific
strains may be required for the high N-fixation activity. Identification of these key
strains from the symbiotic microorganism pools is required to develop better com-
binations of endophyte consortia to augment the extent of the benefits. On a larger
scale, it will be required to evaluate to what extent endophytic BNF gives benefits
through improving nitrogen use efficiency (NUE) in host plants. Endophyte- and
other associative bacteria-engaged BNF is estimated to be 0.5, <4, or <14 Tg/year
in sugar cane, non-legume crop, and grazing croplands, respectively [87]. This con-
tributes to 25-35% of total BNF of 50-70 Tg/year in agricultural croplands.
Alternation of N uptake efficiency (NUpE), N utilization efficiency (NUtE), or pho-
tosynthetic N use efficiency (pNUE) by endophyte symbioses should be examined
to compare this sustainable method with other recent approaches to enhance photo-
synthetic capacity [88-91]. In the case of legume-rhizobium symbiosis, this benefit
of BNF will be even more substantial in the future climate conditions with elevated
atmospheric CO, concentrations [92].

4.3.3 On a Cost-Benefit Approach of Photosynthates

Despite convincing evidence of the photosynthetic improvements, one should also
consider the cost of endophyte symbiosis. That is, the additional carbohydrates
fixed in the host plants through an increase in photosynthetic capacity or in leaf area
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facilitated by the endophytes might not be allocated directly to sink tissues where
new biomass synthesis occurs but drained to feed and harbor endophytes. Mutualists,
like pathogenic microorganisms, traffic the sugar transport through the phloem
stream. Likewise, it is a well-established finding that symbionts demand the cost for
their benefits to the hosts in the form of sucrose or inorganic acids [93].

To date, carbohydrate costs of endosymbiosis have not been actively discussed
compared to the other types of plant-microbe symbioses such as legume-rhizobia
and plant-mycorrhizal associations. Researchers have used cost-benefit analysis to
quantify carbon cost of these other symbiotic microbes. For instance, 20% of pho-
toassimilates were used by mycorrhizae [94], but it varied from 4% to 20%
specifically in arbuscular mycorrhizal symbiosis [95]. The majority (83%) of this
photosynthate use was the respiratory loss by the fungi themselves and/or the
affected increases in plant root respiration [96]. Likewise, symbiotic N,-fixing rhi-
zobacteria cost the plants about 14-25% of photosynthates [65, 97]. In certain cases,
microbial strains may cheat the hosts to drain more carbon-based food sources
when the plants have multiple symbiotic partners including those cheaters [98, 99].

Therefore, the increases in A should not be directly interpreted as the increases
in overall biomass production or yield of plants as A is a proxy of instantaneous CO,
assimilation determined by simultaneous gas exchanges on the leaf surfaces. The
symbionts may lead to an increased production of photosynthates as a means to
mine their own investments towards the hosts. Figure 4.2 shows that there were
50-100% (corresponding to 0.5-1.0 effect size on the scale) increases in A upon
endophyte associations; however, a significant part of these increases could be
reduced by the C drain from the symbionts. Assuming that they serve as active C
sinks in plants, it would be interesting to test how strong their sink strength is.
Providing classical cost-benefit analysis results would also be informative for pin-
pointing the actual C gain over loss of the plants.

4.3.4 Varying Endophyte Effects on Water Relations: Stomatal
Control in Different Contexts

Compared to significant improvements of photosynthetic efficiency, the effects on
water relations and use efficiency were more variable throughout the literature we
analyzed (Figs. 4.2, A4, A5 and A6). Stomatal conductance was increased by endo-
phyte inoculation under both non-stressed and stressed conditions. Transpiration
rate and WUE were not changed under non-stressed conditions while they were
increased by endophyte inoculation only under stressed conditions.

Overall, g, increased with endophytes and this stomatal opening could explain
the increases in A by allowing more atmospheric CO, to diffuse into the leaf inside.
This helps plants produce more carbohydrates at the risk of losing H,O on the leaf
surfaces. For example, Shukla et al. [36] conducted a study with rice and five strains
of fungal endophytes under drought-stress conditions in which study endophyte
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inoculation delayed the onset of drought and induced reductions in photosynthesis
and other gas exchange parameters—g, together with A and Chl.

On the contrary, Malinowski and Belesky [100] reported several cases of the
opposing endophyte effects on g,. Fungal endophyte infection decreased g, of
grasses that were subjected to drought-stress conditions. These strains include
Neotyphodium, Phialophora, and Acremonium families [85, 101-105]. They
hypothesized that endophyte inoculation could induce stress metabolism of hosts,
leading to preconditioning the hosts to any other biotic stresses. These earlier obser-
vations in the fungal endophyte research suggested abscisic acids as a possible hor-
monal signal to mediate g, responses, but few experimental approaches have been
made to test the hypothesis. Also, increased secondary metabolites [10, 106] in
symbiotic plants without stressors support this hypothesis. A recent bacterial and
yeast endophyte study [9] showed similar mechanistic arrays of evidence; the rapid
stomatal closure to drought stress promoted the tolerance of the host plants. This
seemed to be related to the hormonal status of inoculated plants as the strains used
in the study were known to produce stress-stimulated jasmonic acids, salicylic
acids, and abscisic acids. Also, the inoculated hybrid poplar plants showed a reduced
production of reactive oxygen species, which is a strong indicator of enhanced
stress responses.

This adaptive strategy with endophytes contrasts to other symbiotic styles. A
good example is mycorrhizal symbiosis. Mycorrhizal fungi stimulate stomatal
opening in such a way to increase photosynthetic responses of the hosts under
stressful conditions [107]. They tend to provide more H,O to the hosts by increasing
surface areas of root systems rather than conserving more H,O by regulating
stomatal opening [108]. Even the directions of symbiotic mechanisms on the same
functional traits are opposite to each other, both mutualisms provide the hosts with
a better chance to tolerate water deficits.

Some researchers discovered osmotic adjustment as the reason for the improved
drought-stress tolerance with regard to efficient water use [104]. This mode of
action is different from the stomatal closure theory. Rather, endophyte-infected
plants show higher g, than uninfected plants and this causes the plants to increase
the photosynthetic gas exchange. In turn, this increases carbohydrates available for
osmotic adjustment as a conditioning tool to defend against the threat of drought.
Decreases in complex sugars (e.g., fructans) and subsequent increases in simple
sugars suggest this mechanistic adaptation.

4.3.5 Alternative Views on Varying Endophyte Effects on WUE

The promotion of rapid stomatal responses in reaction to the environmental changes
likely leads to the decreases in water loss by transpiration, and in turn to the increases
in WUE over time. This interpretation is in line with Franks et al. [109] genetic
engineering approach to increase WUE of plants. They manipulated the genes
involved in stomatal development to decrease stomatal density, specifically by
knocking out epf2 genes and subsequent drops in g, over the course of drought
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stresses. They concluded that the reduction of water loss while maintaining photo-
synthetic activity was the key to improve WUE.

Interestingly, a number of articles analyzed in the present study reported no
changes to water relations with certain strains of endophytes inoculated to some
plants [3, 25, 33, 36]. Furthermore, there are contrasting reports about endophyte
effects on WUE found in the literature. For example, lower WUE was measured in
endophyte-infected perennial ryegrass in response to drought [113] as opposed to
higher WUE reported in salinity stress [17].

Changes in WUE induced by endophytes also seem to be affected by water avail-
ability of the soils. Morse et al. [29] observed decreased WUE in endophyte-infected
Festuca arizonica under well-watered conditions while contrasting increased WUE
under water-limiting conditions. The authors suggested that stomatal closure might
help plants withhold water in leaves, leading to conserve soil moisture when drought
began. With less use of water, the symbiotic plants could conserve soil moisture
during the drought. Subsequently, as the drought became severe, the conserved
water allowed the plants to maintain photosynthetic gas exchanges—A and g.—that
probably increased WUE over a long-term period. Bae et al. [82] also demonstrated
similar changes in the gas exchange properties of Theobroma cacao plants inocu-
lated with Trichoderma spp. under drought conditions.

Nonetheless, it is noteworthy that WUE used in this chapter is a measure of
instant responses of gas exchanges. It does not necessarily lead to increases in long-
term, biomass-based WUE. There are other factors to be considered in a long-term
measure; for example, biomass production is caused not only by the amount of
photoassimilates, but also by hormonal impacts. Auxin is one of the major phyto-
hormones that is known to stimulate growth responses of plants. Many of the endo-
phyte strains reported were found to produce microbial IAA (indole-3-acetic acids,
a naturally occurring auxin) or thought to promote the production of endogenous
auxins [4, 23, 110, 111].

4.3.6 Other Considerations on Endophyte Effects
and Dynamics of the Associations

Some articles demonstrate that there were not significant gains in physiological
parameters in response to endophyte inoculations. Rather, they pointed out the
changes in plant fitness component (i.e., biomass) by alteration of endogenous hor-
monal balance [33].

The same endophyte does not necessarily produce the same treatment effects
over time. For instance, Knoth et al. [25] showed different endophyte effects on
plant physiology at different life stages of corn plants suggesting that seasonal vari-
ation should also be considered.

The influence of environmental stresses is another consideration. The overall
effect sizes of endophytes on all the parameters analyzed here were larger under
stressed conditions despite different types of stress factors with a varying range of
the intensity of the stressors (Table 4.1). As an example, Bu et al. [17] investigated
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effects of fungal endophytes, Suaeda salsa, on photosynthetic ability of Oryza
sativa under five Na,COj stress conditions (0, 5, 10, 15, and 20 mM Na,COs;). They
found that A and E increased in inoculated plants compared to non-inoculated
controls under all Na,COj stress levels. However, WUE, g,, and Flr in inoculated
plants showed stress intensity-dependent responses; they were increased under
high Na,CO;, while there was no significant difference under low Na,CO;. These
results suggested that the fungal endophyte effects on improvement of plant per-
formance represented by the photosynthetic parameters are dependent on Na,CO;
stress level.

Surrounding environmental conditions also affect the benefits of symbiosis in
different ways. Davitt et al. [112] demonstrated the context dependency of sym-
biosis by differing light intensity. Endophyte effects have plasticity and plants are
also flexible in their response to symbiotic stimulation of physiological traits.
From an experimenter’s point of view, this could bring a challenge. Assessment of
a certain strain/consortium can be difficult and reproducibility can be problem-
atic. On top of that, endophyte effects can be species specific. Interaction effects
should also be considered when endophytes are used as a factor of the experi-
ments that have multiple treatment factors employed. Morse et al. [29] showed the
interaction effects of fungal endophyte inoculation and drought stress treatment
on A, g,, E, and WUE over time. Saikkonen et al. [44] reviewed variable endo-
phyte-plant interactions and pointed out that the interactions could range from
antagonistic to mutualistic. The direction of the relationships could be determined
by mode of transmission, pattern of infections, and life span of the host plants.
This shows dynamic responses of the host plants to endosymbionts and poses
challenges to endophyte research.

4.4 Conclusions

Regardless of types or strains, overall, endophytes were shown to enhance photo-
synthetic capacities of various host plants. They also improved water relations of
host plants through different physiological pathways. A minority of reports pointed
to negative endophyte effects on both aspects of plant physiology. Indeed, how to
explicitly explain these varying effects remains challenging.

Increased N availability through direct provision or indirect stimulation by endo-
phytes seems to be the main reason for the photosynthetic improvement in most of
the studies. Tighter stomatal control or osmotic regulation, and further water man-
agement induced by endophytes, seems to be the main reason for the better water
use efficiency.

However, based on the contexts of experimental settings or treatments, mecha-
nistic explanations could differ. Future endophyte physiology studies may focus on
detailed biochemical and molecular level examinations to support lower level
changes in the signaling cascades that shape plant functional traits. To facilitate this
process, constructing endophyte mutants lacking genes encoding some functional in
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vitro characteristics, plant mutants lacking genes involved in some functional traits
or a combination of them will be required to conduct functional trait studies.

The benefits of endophytes in plant physiological functions are clear, but the
costs are still uncharacterized. What are the C costs of the endosymbiosis? How do
plants govern these interactions? What environmental cue/condition can encourage
endophyte-plant associations and benefit the two the most? All these questions need
to be answered for better understanding of the eco-physiology of plant-endophyte
interactions.

List of Papers Used in the Meta-Analysis. Find Details in Table 4.1 Refs. [3-5,
9, 16-22, 24-41, 45].
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Fig. A1 Effect sizes of various endophytes on host plants’ chlorophyll content (Chl). Open and
closed circles indicate the mean endophyte effect sizes on Chl under non-stressed and stressed condi-
tions. Error bars indicate £95% confidence intervals of the means calculated by the Hedge’s method
[70]. If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignifi-
cant. The light and dark grey shades represent the overall endophyte effect sizes (the aggregates of
72 and 62 studies, corresponding to one in Fig. 4.2) under non-stressed and stressed conditions
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Fig. A2 Effect sizes of various endophytes on host plants’ photochemical efficiency (FlIr). Open and
closed circles indicate the mean endophyte effect sizes on Flr under non-stressed and stressed condi-
tions. Error bars indicate +95% confidence intervals of the means calculated by the Hedge’s method
[70]. If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignifi-
cant. The light and dark grey shades represent the overall endophyte effect sizes (the aggregates of
26 and 23 studies, corresponding to one in Fig. 4.2) under non-stressed and stressed conditions
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Fig. A3 Effect sizes of various endophytes on host plants’ net CO, assimilation rate (A). Open and
closed circles indicate the mean endophyte effect sizes on A under non-stressed and stressed condi-
tions. Error bars indicate +95% confidence intervals of the means calculated by the Hedge’s method
[70]. If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignifi-
cant. The light and dark grey shades represent the overall endophyte effect sizes (the aggregates of
43 and 33 studies, corresponding to one in Fig. 4.2) under non-stressed and stressed conditions
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Fig. A4 Effect sizes of various endophytes on host plants’ stomatal conductance (gs). Open and
closed circles indicate the mean endophyte effect sizes on gs under non-stressed and stressed condi-
tions. Error bars indicate +95% confidence intervals of the means calculated by the Hedge’s method
[70]. If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignifi-
cant. The light and dark grey shades represent the overall endophyte effect sizes (the aggregates of
34 and 30 studies, corresponding to one in Fig. 4.2) under non-stressed and stressed conditions
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Fig. A5 Effect sizes of various endophytes on host plants’ transpiration rate (E). Open and closed
circles indicate the mean endophyte effect sizes on E under non-stressed and stressed conditions.
Error bars indicate £95% confidence intervals of the means calculated by the Hedge’s method [70].
If the error bars overlap the dotted line (effect size = 0.0), the effect is considered nonsignificant.
The light and dark grey shades represent the overall endophyte effect sizes (the aggregates of 24
and 21 studies, corresponding to one in Fig. 4.2) under non-stressed and stressed conditions
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Fig. A6 Effect sizes of various endophytes on host plants’ intrinsic water use efficiency (WUE).
Open and closed circles indicate the mean endophyte effect sizes on WUE under non-stressed and
stressed conditions. Error bars indicate +95% confidence intervals of the means calculated by the
Hedge’s method [70]. If the error bars overlap the dotted line (effect size = 0.0), the effect is con-
sidered nonsignificant. The light and dark grey shades represent the overall endophyte effect sizes
(the aggregates of 31 and 22 studies, corresponding to one in Fig. 4.2) under non-stressed and
stressed conditions
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Chapter 5

The Symbiogenic Tango: Achieving Climate-
Resilient Crops Via Mutualistic Plant-Fungal
Relationships

Regina S. Redman and Rusty J. Rodriguez

5.1 Introduction

Since plants lack locomotion, they must adapt to a variety of habitat-imposed
stresses such as low nutrients, temperature extremes, high salt levels [1], and water
limitations and excess [1-7]. Over the last several decades the frequency and sever-
ity of temperature and water stress have increased due to climate change (www.
copenhagendiagnosis.com) and there have been no commercially available tech-
nologies to adequately address these issues, until recently (www.adsymtech.com).

The ability of plants to adapt to abiotic stress is thought to involve genetic pro-
cesses limited to the plant genome [6, 8—10]. Yet, the mechanisms responsible for
stress tolerance are poorly defined. For example, all plants sense and respond to
temperature, water, and chemical stress, but few species are able to colonize high-
stress habitats [5, 11-16]. Although there are many reports on how plants respond
to stress, the underlying mechanisms that allow plants to thrive in high-stress habi-
tats remain unresolved [1-3, 5, 6, 12, 13, 15, 17-25].

Current views on plant adaptation to stress assume that plants exist and operate
as individuals. However, all plants in nature are symbiotic with fungi and other
microorganisms. Over the last 20 years it has become clear that at least one group of
plant symbiotic fungi, known as fungal endophytes (defined below), is responsible
for the adaptation and survival of plants in high-stress habitats [5, 13, 14, 19, 26, 27].
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This paradigm changes how plants adapt to stress and opens new opportunities to
mitigate impacts of climate change in natural and agricultural ecosystems.

An array of symbiotic lifestyles may be expressed by plant-microbe associations
and the outcome is defined based on fitness benefits (positive, neutral, or negative)
experienced by one or both partners [26, 28, 29]. This chapter focuses on mutualis-
tic symbioses, where both partners in the relationship experience positive fitness
benefits, and how these associations can be used to enhance agricultural
productivity.

5.2 Symbiotic Fungal Endophytes

Fungal endophytes are defined as living within (“endo”) the plant (“phyte”) and are
divided into four main classes dependent upon their particular-spatial orientation
within the plants, horizontal or vertical transmission mode, benefits conferred, and
plant host range [27].

Of all the fungal endophytes, Class 1 endophytes have been the most well stud-
ied. They are comprised of a limited number of fungal genera, able to colonize all
parts of a plant, are vertically and horizontally transmitted, difficult to propagate
axenically, and have a limited host range consisting primarily of grass species [27,
30-35]. In contrast, Class 2 endophytes are comprised of a large number of fungal
genera with a broad host range, reside within the vegetative tissues, are vertically
and horizontally transmitted, and are easy to propagate axenically. Although there
has been a growing body of knowledge in recent years, this group is still largely
understudied [4, 5, 23, 24, 27, 28, 36-40].

Class 3 endophytes are comprised of a hyper-diverse number of fungal species, are
distinguished based on their highly localized occurrence in above-ground tissues such
as the leaves, have a large host range with transmission occurring horizontally.
Transmission can also occur via wind or rain splash dispersal. Class 3 endophytes on
tropical plant leaves appear to play an important ecological role providing both biotic
and abiotic stress tolerance. However, as yet, this system has caught the attention of a
limited number of researchers and merits more study [27, 41-43].

Last but not the least are the mysterious Class 4 endophytes. These endophytes
are abundantly associated solely with the roots of numerous herbaceous and woody
plant species, over a vast geographical range. First observed by Merlin in 1922, this
class of fungal endophytes are referred to as dark septate endophytes (DSE) due to
the high level of pigmentation observed in the fungal mycelium. Because of the
abundance of DSE in a wide diversity of plant species, it is inferred that this group
must play an important role in plant adaptation and survival [27, 44-46]. Indeed,
studies conducted by researchers in India with DSE isolated from native desert
plants (subjected to elevated temperature and drought stress) demonstrated that the
same stress benefits could be imparted to medicinal plants symbiotically [47]. This
group requires additional attention as the extent of the functional role(s),
identification of the partners in the association, and mode of transmission are largely
uncharacterized and remain a mystery [27, 45].
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5.3 Endophytes and Stress Tolerance

Class 1 endophytes are unique in that they represent a small number of phyloge-
netically related clavicipitaceous fungal species (e.g., Neotyphodium spp.—teleo-
morph Epichloé spp., Balansia spp., Claviceps spp.) with a limited host range
encompassing some cool and warm season grasses. First noted in Europe in the late
nineteenth century in grass plants (Lolium spp.,), investigators linked the consump-
tion of endophyte-infected (Neotyphodium spp.; teleomorph Epichloé) grass with
the occurrence of fescue toxicosis in animals such as cattle [5]. This created a
debilitating situation for animal husbandry with symptoms including weight loss,
increased susceptibility to heat stress, reduced calving rates, low average daily gain
(ADG), decreased milk production, and possible death due to ingestion of various
fungal derived alkaloid toxic compounds (http://extension.missouri.edu/p/G4669)
[48-53]. During the 1800s, tall fescue and their toxin-producing endophytes were
unintentionally introduced to the United States. Tall fescue gained popularity and
was planted throughout the United States during the 1940s and 1950s primarily due
to the robust nature that symbiotic plants presented in the face of various abiotic
stress tolerances such as temperature, drought, and salinity. In addition, biotic
stress tolerance in the form of anti-herbivory against insects and nematodes and
microbial pathogen disease resistance were traits observed with this symbiotic
grass [27, 30-34, 54-57].

With such an array of benefits expressed by tall fescue and the ability of the fun-
gal endophyte to be horizontally (via vegetative tissues) and vertically (through the
seed embryo) transmitted, it is not surprising that an estimated >90% of pastures in
the United States are infected with Class 1, alkaloid toxin-producing, fungal endo-
phytes [27, 34, 35].

Strategies for utilizing such symbiotic systems for the benefit of agriculture
are clear, the ultimate goal being conferring all the positive stress benefits to
forage and other agricultural systems, without the negative effects of the toxins.
To begin addressing these problems, the primary approach was a simple one:
Replace endophyte (E+)-colonized seeds with endophyte-free grass seeds (E—).
Unfortunately, endophyte removal resulted in reduced seedling vigor and lower
plant persistence. As such, much effort has been invested to study the complex
biochemical processes and genetic basis of endophyte toxin production [27,
58-61].

The challenges for development of Class 1 endophytes for agricultural applica-
tion are confounded not only due to toxin production, but also manipulation and
axenic growth of these endophytes can be somewhat slow, and laborious. In addi-
tion, the host range and application of this group of endophytes are primarily lim-
ited to grasses. However, much work has been undertaken to address these issues as
the benefits arising from such studies would enhance the forage crop and hence
animal husbandry industries.

Taking a more ecological and real-time approach, New Zealand researchers
found naturally occurring endophytes that produced alkaloids against insect per-
sistence, but did not produce alkaloids impacting poor animal performance.
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These “novel,” “animal-friendly” endophytes present great promise as they
directly address the concerns of the farmer, in a timely manner. Commercial
release of these novel endophytes (MaxQ) is showing great promise as the bene-
fits to the farmer are three-pronged: MaxQ grass plants provide plant vigor, and
enhanced yields compared to E— plants; do not negatively impact forage animals;
and provide protection against insect herbivory. With all these positive attributes,
this Class 1 symbiotic system represents the first commercially produced viable
option for combating the negative effects of fescue toxicosis. In addition, MaxQ
imparts other positive abiotic and biotic benefits to grasses such as drought resis-
tance and disease protection, respectively. A broader application of this technol-
ogy to other agricultural monocots such as cereals and maize (Zea mays L.) has
been demonstrated to be possible and currently under development (www.pen-
nington.com/all-products/agriculture-wildlife/forage/maxq).

Class 2 fungal endophytes are non-clavicipitaceous, and represent a broad
range of fungal genera, with a broad host range encompassing both monocot and
eudicot plants. These fungi colonize all plant vegetative tissue including the roots,
shoots, and seed coats, but not the embryo. As such, this group of endophytes is
transmitted horizontally, but can also be transmitted vertically as the maternal
plant’s seed coat contains the endophyte, and upon seed germination is colonized
by the endophyte [27]. One of the more appealing features to this class of endo-
phytes is that nonsymbiotic plants can be easily generated via surface sterilization
of seeds. Culturable Class 2 endophytes can be propagated on a variety of simple
media, induced to produce asexual single-celled spores (conidia) in abundance,
and maintained as long-term stocks in a cost-effective manner. In addition, these
fungi can colonize a wide array of plants simply by exposing the seeds or seed-
lings to the endophyte of interest. Collectively, these traits make for an ideal
“model system” for scientific study as both symbiotic and nonsymbiotic plants
may be easily generated for testing “Koch’s” postulates to identify symbiotic
functionality [4, 23, 39, 40].

The first description of a Class 2 endophyte symbiosis occurred more than
100 years ago with a Phoma spp. symbiotic with heather plants (Calluna vul-
garis). This fungus was found capable of colonizing all parts of the plant includ-
ing the seed coat. In recent years, Phoma spp. have been found to be common root
endophytes that confer symbiotic benefits to plants [5, 37, 62-66]. Since the
1970s, more than 1000 papers have been published on endophytes. Initially, much
of the studies centered around the classification, distribution, and abundance of
endophytes from asymptomatic plant tissues [67, 68]. However, in the past several
decades, the focus with Class 2 endophytes has been centered around ecological
roles with the intent to utilize this symbiotic technology (symbiogenics) to gener-
ate climate-resilient plants for habitat restoration, climate adaptability, and agri-
cultural sustainability [23, 40].
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5.4 Habitat-Adapted Symbiosis

Over the last several decades, our research has led to new concepts pertaining to
plant adaptation and fitness. The ability of fungal endophytes to confer habitat-
specific stress tolerance to plants is a phenomenon we designate habitat-adapted
symbiosis [13].

5.4.1 Temperature Stress

The discovery of habitat-adapted symbiosis began in the mid-1990s while studying
the fungal community structure in hot geothermal soils of Yellowstone National
Park (YNP). In addition to the many different species of fungi found living in these
soils, there were also 8—10 plant species thriving there [69]. Most of the plant spe-
cies grew in areas where the soil temperatures were <50 °C. However, in the very
hottest soils (>50 °C), one dominant plant species thrived—Dichanthelium lanugi-
nosum, commonly known as tropical panic grass. Although all plants in native habi-
tats were thought to be symbiotic with Class 2 endophytes, plants in high-stress
habitats had not been well studied. Therefore, we decided to analyze these plants for
symbiotic associations with fugal endophyte(s) and, if present, determine what eco-
logical role the endophytes played. All of the plants analyzed were colonized with
the same Class 2 fungal endophyte (Curvularia protubera Cp4666D). Furthermore,
when the symbiotic partners were grown separately, neither the fungus nor the plant
could survive temperatures above 38 °C. However, symbiotically these partners
could survive elevated temperature stress (>65 °C) [4, 70]. This was the first dem-
onstration that symbiosis, and not the plant alone, adapted plants to stress.

5.4.2 Salt Stress

The Yellowstone study was expanded to plants growing in coastal habitats of the
San Juan Islands (SJI) in Washington state where American Dunegrass (Leymus
mollis) was thriving in beach cobble and the root zones exposed to seawater during
high tides. More than 100 plants analyzed from several beach locations were found
to be symbiotic with the same Class 2 fungal endophyte (Fusarium culmorum
FcRedl). Studies were conducted in a similar manner to the YNP study, to deter-
mine if the Fusarium endophyte was responsible for salt adaptation of Dunegrass
plants. Both laboratory and field studies showed that these native plants tolerated up
to seawater levels of salinity (>500 mM NaCl), only when symbiotic with the endo-
phyte. Without its symbiotic partner, the Dunegrass plants were no more adapted to
high salt than agricultural crops [5, 13, 23].
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Further studies revealed that the YNP fungal endophyte conferred tempera-
ture tolerance to plants but not salt tolerance and the coastal fungal endophyte
conferred salt but not temperature tolerance. The ability of these fungal endo-
phytes to adapt plants in a stress-specific manner is the basis of habitat-adapted
symbiosis (HAS). More importantly, moving the fungi into endophyte-free
plants resulted in stress adaptation of plants in 24-36 h. Now that is a very rapid
adaptive strategy!

5.4.3 Drought Tolerance and Water Use Efficiency

One of the observations made in the geothermal and coastal habitats was that both
habitats imposed a high level of drought stress, especially in the hot summer months.
Interestingly, the fungal endophytes from both habitats conferred drought tolerance
to both native and agricultural plants. Moreover, plants that are symbiotic with these
fungi appear to have higher metabolic efficiency and consume less water (>50%
less depending upon the plant system) [23].

5.4.4 Micro-Habitat-Specific Symbiotic Phenomena

Adjacent to one YNP geothermal site, wild strawberry plants (Fragaria spp.) were
found growing in non-thermal alpine soils (16-25 °C). Symbiotic analysis of the
strawberry plants showed that they contained the same fungal species (Curvularia
protuberata) found in the geothermal plants. However, laboratory and field testing
revealed that the strawberry plant endophyte (Curvularia protuberate Cp4667S) did
not impart temperature stress tolerance [13, 26, 69]. Similarly, in the SJI costal
beach habitat site, the same species of plant (Leymus mollis) was found to grow in
low-salt soils. Laboratory and field testing revealed that endophytes from plants in
the high-salinity soils imparted high salt tolerance while endophytes from Dunegrass
thriving in low salt-stress soils conferred low levels of salt stress tolerance. To fur-
ther assess what appeared to be a habitat by isolate-specific phenomenon, isolates of
Curvularia protuberata (CpMH206) obtained from non-geothermal plants and
Fusarium culmorum (Fcl8) obtained from non-salt stress plants were purchased
from the American Type Culture Collection (ATCC) (www.atcc.org.en/Products/
Cells_and_Microorganisms/Fungiand_Yeast.aspx) and tested in planta. Neither of
the ATCC isolates conferred stress tolerance to plants indicating that this is a habitat
x isolate phenomenon [5, 13, 23, 26, 69]. These relationships appear to be a dynamic
interplay between plant host and fugal partner that can result in stress tolerance,
optimal fitness, and plant survival in high-stress habitats.
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5.4.5 Symbiotic Communication Is Ancient

The ability of these endophytes to adapt both grasses (monocots) and broadleaf
(eudicots) plants suggests that the symbiotic communication involved in stress
adaptation predates the divergence of these plant lineages more than >200 MYA
[71]. Since fossil records indicate that plant-fungal symbiosis is quite ancient (>400
MYA), fungi are theorized to have been involved in the movement of plants from an
aquatic arena onto land by virtue of conferring stress tolerance [72—75]. Perhaps
symbiotically conferred drought tolerance is a residual ancient trait that all endo-
phytes share. Although the level of drought tolerance can vary depending upon the
plant host and fungal endophyte, ongoing studies indicate that symbiotic benefits
such as drought tolerance and water use efficiency are common symbiotic themes
[4,5, 13, 23, 26, 27, 38, 39, 70].

5.4.6 Development of Symbiotic Technology for Agriculture

Discovering that native plant species were adapting to abiotic stress via symbiotic
associations was impetus to determine if symbiotic technology (symbiogenics)
could be developed to mitigate climate impacts in agriculture. Initial studies revealed
that the YNP fungal endophyte could colonize genetically distant plant species such
as watermelons and tomatoes. Remarkably, once the YNP endophyte established a
symbiosis with these plants, they became adapted to high temperature stress [70].
Similarly, the coastal endophyte adapted tomatoes and rice to salt stress [23]. The
extensive host range of these fungal endophytes and their ability to adapt genetically
distant plants to stress opened the door to developing microbial products to generate
climate-resilient crops. Based on the original YNP and SJI studies, plants in habitats
with different types of chemical and physical stress were analyzed and a large
library of symbiotic fungal endophytes amassed. The fungal endophytes belong to
taxonomically diverse groups including species of Colletotrichum, Fusarium,
Curvularia, Phoma, Alternaria, Aspergillus, Penicillium, Acremonium, Trichoderma,
Drechslera, and Montagnulacea. Studies conducted with fungi within the library
allowed for the development of numerous criteria to determine if a strain was con-
ducive for commercial development.

Based on 25 years of research, Adaptive Symbiotic Technologies (AST) has
developed the product line BioEnsure® to generate climate-resilient crop plants.
BioEnsure® was developed as liquid formulations containing fungal endophytes that
are sprayed onto seeds using the same-seed treatment technology used for applying
chemicals on seeds. Once on the seeds, the fungi are dormant until seed germina-
tion. After seeds germinate, the fungi activate and establish a symbiosis in 24-36 h.



78 R.S. Redman and R.J. Rodriguez
5.5 Application of Symbiotic Technology in Agriculture

Since 2012, AST has been developing fungal endophytes to generate climate-
resilient crop plants. Field testing also began in 2012 to determine the efficacy of
BioEnsure® in mitigating climate stress on crop production. Fortuitously, it was a
perfect year to begin as one of the most severe droughts on record occurred in the
Midwestern United States. AST established small plot trials to compare corn pro-
duction with and without the BioEnsure® treatment. The results were very positive
with the BioEnsure®-treated plants producing up to 85% more yield than untreated
plants (Fig. 5.1). The success of 2012 led to an expansion of field testing and for-
mula optimization over the next several years culminating with >1000 field tests in
2017 over a geographic range encompassing 12 countries; multiple ecozones (tem-
perate, subtropical, tropical, and desert); >20 crop species (corn, soy, wheat, barley,
cotton, rice, sorghum, peas, dry beans, lentil, tomato, watermelon, millet, mung
bean, sesame, guar, okra, peppers, potato, sugar beets); multiple plant hybrids and
varieties; and numerous soil types and climate zones. All the field testing was done
by independent parties including farmers, contract research organizations (CROs),
seed companies, and university faculty. Field studies were designed such that side
by side, direct comparisons between BioEnsure®-treated and untreated controls
could be measured. In addition, seeds were coated with commercial Plant Protection
Packages (PPP) commonly used in each geographic location. After 5 years of testing
BioEnsure®, yield data revealed that there is a crop benefit using BioEnsure® that is
directly proportional to the level of stress plants experience during the growing sea-
son (i.e., as stress increases, so too does the yield benefit). When the stress levels are
low, the yield benefit averages are 3—5% but as stress levels increase, yield averages

Average Yield (bu/ac)

Check
BioEnsure

Fig. 5.1 2012 Corn Field Trial Results with Stress. Studies were conducted with hybrid corn and
BioEnsure® in the presence of elevated temperature and drought stress. A total of two evaluations
representing nine replications, across a single location conducted by a farmer. The check/control
plants are represented in red and the BioEnsure®-treated plants in green. An average yield increase
of 85% (58 bu./ac; 3641 kg/ha) was observed. Seeds were treated with standard PPP containing
fungicides, insecticides, polymers, and dyes
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increase up to 85%. The potential benefits for commercial agriculture (in the United
States as well as abroad) are significant and this technology can be viewed as a yield
enhancer that carries an insurance policy against high-stress growing years (Figs. 5.1,
52,53,54,5.5,5.6,5.7 and 5.8).
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Fig.5.2 2012-2015 Corn Field Trial Results with Stress. Studies were conducted with BioEnsure®
in the presence of elevated temperature and drought stress on different hybrid corns (N = 34). A
total of 15 evaluations representing 45 replications, across nine locations encompassing seven
states, were conducted by independent groups such as universities, farmers, and CROs. The check/
control plants are represented in red and the BioEnsure®-treated plants in green. An average yield
increase of 26% (38.9 bu./ac; 2475 kg/ha) was observed in all evaluations. Of the 15 evaluations,
100% showed yield increases of >1% compared to the check/controls. All hybrid seeds tested were
treated with standard PPP, the composition and concentration of which could vary depending upon
the seed company and could + include fungicides, insecticides, polymers, and dyes
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Fig. 5.3 2013-2016 Corn Field Trial Results Without Stress. Studies were conducted with
BioEnsure® on different corn hybrids (N = 34) in the absence of stress. A total of 236 evaluations
representing 944 replications, across 62 locations encompassing 16 states, were conducted col-
lectively, by independent groups such as universities, farmers, seed companies, distributors, and
CROs. The check/control plants are represented in red and the BioEnsure®-treated plants in green.
An average yield increase of 3.5% (6.4 bu./ac; 407 kg/ha) was observed. Of the 236 evaluations,
69% showed yield increases of >1% compared to the check/controls. All hybrid seeds tested were
treated with standard PPP, the composition and concentration of which could vary depending upon
the seed company and could + include fungicides, insecticides, polymers, and dyes
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Fig. 5.4 2015-2016 Wheat Field Trial Results Without Stress. Studies were conducted with
BioEnsure® on five different winter and spring wheat varieties. A total of 22 evaluations represent-
ing 66 replications, across 22 locations in seven US states, and one location in Australia, were
conducted by independent groups such as universities, farmers, distributors, and CROs. The check/
control plants are represented in red and the BioEnsure®-treated plants in green. An average yield
increase of 5.6% (4.3 bu./ac; 225 kg/ha) was observed. Of the 22 evaluations, 81.8% showed yield
increases of >1% compared to the check/controls. All seed varieties tested were treated with stan-
dard PPP, the composition and concentration of which could vary depending upon the seed com-
pany and could + include fungicides, insecticides, polymers, and dyes
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Fig. 5.5 2012-2015 Cotton Field Trial Results with Stress. Studies were conducted with
BioEnsure® on three cotton varieties in the presence of high temperature and drought stress. A total
of eight evaluations representing eight replications in Texas, India, and Australia conducted by
farmers and CROs. An average yield increase of 26% was observed with 100% evaluations show-
ing yield increases of >1% compared to the check/controls. All seeds tested were treated with
standard PPP, the composition and concentration of which could vary depending upon the seed
company and could * include fungicides, insecticides, polymers, and dyes
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Fig. 5.6 2015-2016 Soybean Field Trial Results Without Stress. Studies were conducted with
BioEnsure® on five different soybean varieties. A total of 28 evaluations representing 112 replica-
tions, across 14 locations in nine US states, and one location in Argentina, were conducted col-
lectively, by independent groups such as universities, seed companies, and CROs. The check/
control plants are represented in red and the BioEnsure®-treated plants in green. An average yield
increase of 4.3% (3.4 bu./ac; 231 kg/ha) was observed. Of the 28 evaluations, 67.8% showed yield
increases of >1% compared to the check/controls. All seed varieties tested were treated with stan-
dard PPP, the composition and concentration of which could vary depending upon the seed com-
pany and could + include fungicides, insecticides, polymers, and dyes

The greatest benefits of symbiogenic technology are realized in dryland cultiva-
tion, especially in regions where temperatures exceed 95 °F (35 °C) during the
growing season. For example, field tests on small farms (<2 hectares) in Rajasthan,
India, with pearl millet and mung bean resulted in average BioEnsure® yield
increases of 29% and 55%, respectively (Figs. 5.5 and 5.6). These yield increases
are unprecedented and the significance goes beyond crop production. Small land-
holding farmers grow crops for sustenance, animal fodder, carryover seed for future
planting, and revenues. Unless the farms are larger than two hectares there is rarely
sufficient yield to generate revenues. The yield benefit of symbiogenic technology
on a two-hectare farm equates directly to the % increase in revenues for the farmer.
Therefore, this technology can reduce the amount of land required for break-even
agricultural production in poor communities. We are hopeful that by combining
symbiogenic technology like BioEnsure® with other novel technologies, it will be
possible for poor farmers to generate significantly more revenues and begin to break
the chain of poverty in rural communities around the world.
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Fig. 5.7 2016 Pearl Millet Field Trial Results with Stress. Studies were conducted in Rajasthan,
India, with BioEnsure® on mung bean exposed to temperatures up to 45 °C (113 °F) and drought
stress. A total of 45 evaluations representing 45 replications, across 45 locations, were conducted
by poor rural Indian farmers. The check/control plants are represented in red and the BioEnsure®-
treated plants in green. An average yield increase of 53% (250 lb./ac) was observed. Of the 45
evaluations, 96% showed yield increases of >1% compared to the check/controls. The seeds were
carryover (seed grown by farmer from the previous year) or commercial seeds which were treated
with standard PPP, the composition and concentration of which could vary depending upon the
seed company and could include the fungicide Thiram, insecticides, polymers, and dyes

5.6 Looking Beyond: A Changing Climate—Multiple
Stressors

Facing decreases in agricultural production induced by anthropogenic and cli-
mate impacts requires new technologies that can be implemented rapidly to
address new and increasing abiotic and biotic stresses. For example, the devel-
opment of chemical resistance by pests and pathogens, environmental concerns
over chemical residues, and changing climate patterns are exacerbating the inci-
dence of disease globally. There is an urgent need to develop microbial products
that will provide resistance to both abiotic and biotic stressors. As the threat to
global food production increases, there will be elevated levels of political, eco-
nomic, and social instability followed by massive human migration, much like
what is currently happening in the Middle East and Africa. The most expedient
approach to these emerging problems is for organizations focusing on different
stressors to develop synergistic products that will span the stress continuum.
This is an atypical approach to solving problems as organizations tend to work
in protective isolation.

In recent years, microbial technologies have also been developed for commercial-
ization by other organizations to address abiotic, biotic and nutritional issues and
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Fig. 5.8 2016 Pearl Millet Field Trial Results with Stress. Studies were conducted in Rajasthan,
India, with BioEnsure® on pearl millet exposed to elevated high temperatures up to 45 °C (113 °F)
and drought stress. A total of 52 evaluations representing 52 replications, across 52 locations, were
conducted by poor rural Indian farmers. The check/control plants are represented in red and the
BioEnsure®-treated plants in green. An average yield increase of 29% (431 Ib./ac) was observed.
Of the 52 evaluations, 94% showed yield increases of >1% compared to the check/controls. The
seeds were carryover (seed grown by farmer from the previous year) or commercial seeds which
were treated with standard PPP, the composition and concentration of which could vary depending
upon the seed company and could include the fungicide Thiram, insecticides, polymers, and dyes

have been successfully implemented in agriculture. Positive responses both to biotic
and abiotic stress, as well as increased yields, have been observed in agricultural
plants such as corn, wheat, and rice which are staple food crop plants important for
human sustainability and forage for livestock. These results are encouraging as they
indicate real-time symbiogenic solutions to big problems.

As the field of symbiosis becomes more embraced by the scientific and agri-
cultural communities, further studies employing combinations of beneficial
microbes both symbiotic and rhizospheric along with beneficial insects will pro-
vide the complex level of protection required for complex types of stress. To
mimic what occurs in native, healthy, stress-tolerant plants, microbial consortia
need to be utilized to generate optimal holobiont (host and its microbiota) sys-
tems. Such a system would likely offer sufficient genetic potential to address the
multitude of challenges that agriculture and society are facing. Further under-
standing of the biology as well as molecular, physiological, and genetic basis of
such complex systems, will aid in the further development of symbiogenic tech-
nology for future sustainability.
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Chapter 6
Endophytic Phytohormones and Their Role
in Plant Growth Promotion

Shimaila Ali, Trevor C. Charles, and Bernard R. Glick

6.1 Introduction

Microbes can play crucial roles in plants’ lives. This relationship varies from benefi-
cial to neutral to pathogenic, to plants [1]. Plant growth-promoting bacteria (PGPB)
are those bacteria that provide benefits to the plant and facilitate plant growth in a
number of different ways [2]. The mechanisms that bacteria use to promote plant
growth can generally be divided into two categories, i.e., direct mechanisms and
indirect mechanisms. Direct mechanisms are where bacteria actively and directly
either provide the nutrients and other resources that are necessary for plant growth
or modulate plant hormonal levels. In indirect mechanisms, bacteria thwart some of
the growth inhibition caused by various plant pathogenic agents; the indirect mech-
anisms include production of lytic enzymes, antibiotics, siderophores, induction of
systemic resistance, alteration in ethylene levels, and direct competition with phy-
topathogens [2].

PGPB that are able to enter and colonize plant tissues without causing them any
obvious damage or disease symptoms are termed as bacterial endophytes.
Endophytes can typically interact with their hosts more effectively than their plant
growth-promoting rhizospheric counterparts [3, 4]. Generally, bacterial endophytes
are neither organ nor host specific [5]. A variety of endophytes have been isolated
from different tissue types in numerous species of plants hosts [6], and often mul-
tiple species of endophytes are found within a single plant [6]. On the other hand,
bacteria that are responsible for latent infections and/or colonize senescent plant
tissues and produce macroscopic signs of disease are not considered to be
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endophytes. Endophytic bacteria are also distinguished from bacteria that are pres-
ent within plant tissues on a transient basis and do not survive there for long periods
of time.

It is interesting to note that most laboratory and field PGPB studies primarily
have focused on rhizospheric PGPB, while studies of endophytic PGPB have been
much more limited. The genetic and biochemical factors that contribute towards
successful endophytic colonization and maintenance are not well understood.
Nevertheless, there have been a large number of studies on the use of endophytic
PGPB as components of various phytoremediation schemes [7]. As a starting point,
it should be emphasized that all available evidence indicates that endophytic PGPB
employ similar plant growth promotion mechanisms to those used by rhizospheric
PGPB [8]. In fact, bacterial endophytes are PGPB that go one step further, i.e., to
colonize the inside of the plant tissues where they can serve their host promptly and
efficiently compared to those bacteria that dwell exclusively in the plant’s rhizo-
sphere. The existing evidence suggests that endophytic PGPB are more effective
than similar non-endophytic bacterial strains in promoting plant growth under a
wide range of environmental conditions [9, 10].

6.2 Direct Growth Promotion Mechanisms Used
by Endophytes

In direct plant growth promotion, bacteria either supply or modulate essential phy-
tohormone levels, including auxin, cytokinin, ethylene, and gibberellin, or provide
plants with nutrients such as phosphate, nitrogen, and iron. This chapter focuses on
the supply of and modulation of phytohormone levels by endophytes.

6.2.1 Endophyte Hormone Biosynthesis
6.2.1.1 Auxin Biosynthesis

Auxins are plant hormones that play vital roles in almost every step of a plant’s
daily growth and life [11]. The most common naturally occurring auxin is indole-3-
acetic acid (IAA), which is produced by plants and also by bacteria and fungi
through at least three different tryptophan-dependent IAA production pathways
[12]. The type of pathway a bacterium uses (genetically and/or environmentally
dependent) to produce IAA within plants or in their close vicinity can determine the
nature of the resulting plant-microbe interactions [13, 14]. It is important to note
that not all the IAA-producing bacteria are beneficial to plants. Interestingly, many
plant-beneficial bacteria produce IAA via the indole-3-pyruvate (IPyA) pathway,
whereas many pathogenic bacteria mainly synthesize IAA via the indole-3-
acetamide (IAM) pathway [13].
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The areas of activity of IAA mainly include, but are not limited to, cell division
and elongation; initiation of root systems, leaves, and flowers; and fruit develop-
ment and senescence [12, 15]. Numerous PGPB, including both of Gram-positive
and Gram-negative bacteria, have been reported to produce IAA [2, 3, 12, 16, 17].
The prominent IAA-producing endophytic bacterial genera include Pseudomonas,
Rhizobium, Azospirillum, Enterobacter, Azotobacter, Klebsiella, Alcaligenes,
Pantoea, Acetobacter, Herbaspirillum, Burkholderia, Bacillus, Rhodococcus, and
Streptomyces [3, 12, 18, 19]. Generally plants are very sensitive to the amount of
TAA present in plant tissue at any particular time. Since plants also produce IAA, in
order to regulate plant growth, an IAA-producing PGPB must provide the appropri-
ate amount of IAA (when combined with the amount of the hormone produced by
the plant). In fact, phytopathogens are often characterized by their ability to produce
TAA at high concentrations [20-23].

Numerous bacterial endophytes have been reported to promote plant growth by
their ability to biosynthesize IAA. For example, one study reported IAA production
as a common growth promotion trait in bacterial endophytes isolated from apple
tree buds, in which 8 of 18 isolates exhibited IAA production of 1.2-2.4 pg/mL
[24]. In another study, Vendan et al. [25] investigated the various plant growth-
promoting capabilities, including IAA production, of bacterial endophytes from
ginseng (Panax ginseng C.A. Meyer). A total of 51 bacterial endophytes were iso-
lated from ginseng stem that were clustered in four groups namely Firmicutes,
Actinobacteria, a-Proteobacteria, and y-Proteobacteria, with Firmicutes being the
most prominent group. Some 18 representatives of all groups were further charac-
terized, and 14 of these 18 endophytic isolates produced significant amounts of IAA
when supplemented with tryptophan as a precursor. The highest amount of IAA
(13.93 pg/mL) was produced by isolate E-I-4 (Micrococcus luteus) and was fol-
lowed by the isolates E-1-20 (Lysinibacillus fusiformis) and E-1-8 (Bacillus cereus),
which produced 7.23 pg/mL and 4.61 pg/mL, respectively [25, 26]. The population
diversity and plant growth promotion effects of IAA produced by endophytic and
epiphytic bacteria isolated from soybeans (cultivars Foscarin and Cristalina) have
also been investigated [27]. Isolates that presented plant growth promotion capabili-
ties were identified as belonging to genera Pseudomonas, Ralstonia, Enterobacter,
Pantoea, and Acinetobacter. Moreover, endophytic soybean cultivars exhibited
more abundant IAA-producing abilities (34%) than epiphytic population (i.e., 21%)
[27]. In another study, soybean seed endophytes were isolated from 12 different
cultivars of soybeans and identified by amplified ribosomal DNA restriction analy-
sis (ARDRA) grouping and by partial sequencing of their 16S rRNA gene. These
endophytes were classified as Acinetobacter, Bacillus, Brevibacterium,
Chryseobacterium, Citrobacter, Curtobacterium, Enterobacter, Methylobacterium,
Microbacterium, Micromonospora, Pantoea, Paenibacillus, Pseudomonas,
Ochrobactrum, Streptomyces, and Tsukamurella [28]. They all produced IAA
in vitro at significant levels but only one strain (Enterobacter sp.) significantly
increased the root dry biomass when soybean seeds were pretreated with this strain
[28]. Moreover, endophytic bacteria were isolated from crops (berseem clover or
canola) in rotation with rice using IAA production as a primary screening trait [29].
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This study demonstrated plant growth-promoting features of seven isolates, and rice
seedlings inoculated with any one of these isolates exhibited higher shoot biomass,
root length, and number of colonizing bacteria than did control plants inoculated
with endophytic strains that did not produce IAA [29].

6.2.1.2 Gibberellin Biosynthesis

Gibberellins (GAs) stimulate a number of plant metabolic functions, which are
essential for plant growth and development [30] including seed germination, stem
elongation, flowering, and fruit formation and senescence [31]. To date, there have
been ~136 GAs identified [30-32]. Different GAs are named according to their
order of discovery [30]. The full bacterial gibberellin biosynthesis pathway has only
recently been described (http://www.nature.com/nchembio/journal/v13/nl/full/
nchembio.2232.html) [33]. There is very little known about GA production by bac-
terial endophytes; only a few studies have described this potential plant growth-
promoting trait of bacterial endophytes [34—38]. Two bacterial endophytes, namely
Acetobacter diazotrophicus and Herbaspirillum seropedicae, have been reported to
produce gibberellins (GA1 and GA3) and IAA. These bacteria establish an endo-
phytic relationship with graminaceae species where they promote growth and over-
all yield [35]. In addition, Azospirillum lipoferum strain op 33 has been recognized
as an endophyte of grasses and a GA producer in vitro [36]. The gibberellins pro-
duced by these bacterial endophytes were measured in chemically defined media by
capillary gas chromatography-mass spectrometry [35, 36]. In one study [34], spent
culture from ten wild-type and mutant strains (including nod~ and fix~) of Rhizobium
phaseoli was screened for the presence of GAs and IAA by a high-performance
liquid chromatography (HPLC) immunoassay. The presence of GA1, GA4, GA9,
and GA20-like molecules was confirmed by combined gas chromatography mass
spectrometry; however, the GA20-like molecule was only present in some of the
cultures but not in all, and GA9 was detected only in small amounts compared to
GA1 and GA4 [34]. The study of nod~ and fix~ mutants indicated that the produc-
tion of GAs was independent of genes involved in nodulation and nitrogen fixation
in Rhizobium phaseoli. More recently, a bacterial endophyte Sphingomonas sp.
LK11, originally isolated from the leaves of Tephrosia apollinea (a legume native to
parts of Asia and Africa), has shown the ability, by advanced chromatographic and
spectroscopic techniques, to synthesize physiologically active GA4 and inactive
GA9 and GA20 in culture media [38]. Tomato plants inoculated with Sphingomonas
sp. LK11 displayed a significant increase in plant shoot length, chlorophyll con-
tents, and shoot and root dry weights compared to control plants [38].

The other large group of endophytic microorganisms that produces GAs is fungi.
A number of fungi have been identified with the capacity to synthesize physiologi-
cally active GAs [30, 39—45]. In studies carried out by Hamayun et al. [40, 41], two
fungal endophytes, Aspergillus fumigatus and Scolecobasidium tshawytschae, were
isolated from a drought-stressed cultivar (Hwangkeumkong) and a salt-stressed cul-
tivar (Daewonkong) of soybean, respectively. Both strains were identified by
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morphological characteristics and phylogenetic analysis of 18S ribosomal RNA
gene sequences. Scolecobasidium tshawytschae produced physiologically active
GAl, GA3, GA4, and GA7 and inactive GA15 and GA24, whereas Aspergillus
Jfumigatus synthesized active GA3, GA4, and GA7 along with physiologically inac-
tive GAS, GA19, and GA24. Subsequently, rice and soybean plants that were treated
with these fungal endophytes show a significant increase in plant length and plant
fresh and dry weight compared to plants treated with Gibberella fujikuroi, which is
also a non-endophytic gibberellin-producing fungus and was used as control for
these studies [40, 41]. In addition, the fungal endophyte Aspergillus fumigatus sp.
LHO?2 facilitated soybean plant growth under salt stress (70 and 140 mM). The soy-
bean plants pretreated with this fungus exhibited significant increases, compared to
the control plants, in shoot length, shoot fresh and dry biomass, leaf area, chloro-
phyll contents, and photosynthetic rate [42]. It was argued that the treatment of
plants with the fungal endophyte, Aspergillus fumigatus sp. LHO2, increased the
plant’s levels of proline, salicylic acid (SA), and jasmonic acid (JA) and lowered the
abscisic acid (ABA) concentration compared to control (uninoculated plants) [42].
Moreover, the treated plants had higher levels of isoflavones, which was indepen-
dent of the level of salt stress, notwithstanding the fact that isoflavones are consid-
ered to be a factor in helping soybean plants to cope with salt stress [42]. Similarly,
a group of 11 fungal endophytes was isolated from the sand-dune plant Elymus
mollis and subsequently screened for the production of GAs and their plant growth-
promoting capacities on Waito-c rice (GA-deficient rice) and Atriplex gemelinii
(saltbush). Altogether, 7 of 11 fungal endophytes promoted the growth of both
plants, and one isolate, EM-7-1, showed significantly higher plant growth compared
to control plants [39]. Screening of the culture filtrate of isolate EM-7-1 revealed the
presence of GA1, GA3, GA4, and GA7 as well as physiologically inactive GAS,
GA9, GA20, and GA24. Subsequently, this isolate was identified as Gliomastix
murorum [39]. A similar study was reported by Khan et al. [43] who isolated and
characterized two fungal endophytes from the bark of Moringa peregrine (a tree
indigenous to the Horn of Africa), Aspergillus caespitosus LK12 and Phoma sp.
LK13, and showed that these fungi could produce a variety of GAs in culture fil-
trate. Both fungal strains promoted the growth of rice that lacks in gibberellin bio-
synthesis [43]. Furthermore, two GA- and IAA-producing fungal endophytes
Phoma glomerata LWL2 and Penicillium sp. LWL3 have been shown to provide
protection to cucumber plants under salinity and drought stresses [45]. The treated
plants exhibited significantly higher contents of a range of nutrients than the
untreated control plants [45]. On the other hand, under salinity stress, treated
cucumber plants upregulated SA levels, altered JA levels, and downregulated ABA
levels and glutathione, catalase, peroxidase, and polyphenol oxidase activities. This
change in the metabolome of the treated cucumber plants compared to uninoculated
control plants is ascribed to the endophytic fungus, which apparently ameliorated
the detrimental effects of the stress [45]. The effects of GA-producing strains of
Penicillium sp. on plants under salt stress were evaluated by Leitdo and Enguita
[44], who described the role of the fungus in overcoming the stress incurred by
salinity [44].
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6.2.1.3 Cytokinin Biosynthesis

Cytokinins are a group of hormones that promote cell division in plant roots, shoots,
and growing buds. These hormones have been found in all complex plants as well
as mosses, fungi, and bacteria. There are about 200 different natural and synthetic
cytokinins known to botanists today. Most cytokinins are produced in the meristem
of the roots and transported to the other parts of the plant through the xylem (vascu-
lar system) [46]. Cytokinins have been reported to be present in the culture filtrate
of a number of bacteria including Azotobacter sp., Rhizobium sp., Pantoea agglom-
erans, Rhodospirillum rubrum, Pseudomonas fluorescens, Bacillus subtilis, and
Paenibacillus polymyxa [2]. Although these bacteria have been documented as
endophytes of different plants, little evidence has been found to definitively link
bacterial cytokinin production with plant growth promotion. One study described
the isolation, identification, and characterization of bacterial endophytes that pro-
duce cytokinin-like molecules [47]. In this study, three bacterial endophytes were
isolated from Sambung Nyawa (Gynura procumbens (Lour.) Merr.) and identified
as Pseudomonas resinovorans, Paenibacillus polymyxa, and Acinetobacter calco-
aceticus. The ethyl acetate extract of bacterial culture media was used to inoculate
cucumber cotyledons in a greening bioassay. The assay indicated positive results
only for the strains Pseudomonas resinovorans and Paenibacillus polymyxa with
the suggestion that these bacterial endophytes might be used as plant growth-
promoting agents for Sambung Nyawa [47]. In a similar study, crude bacterial sus-
pensions of 115 bacterial isolates from 72 different plant species were screened
using the cucumber cotyledon greening bioassay to investigate if these endophytes
could produce cytokinins, but the study found that none yielded better results than
the control [48]. Recently, workers engineered a strain of Sinorhizobium meliloti to
overproduce cytokinin by expressing an Agrobacterium ipt gene under the control
of the E. coli trp promoter [49]. Following a period of severe drought stress, alfalfa
plants inoculated with the engineered S. meliloti strain were significantly larger than
plants inoculated with the parental strain. This experiment indicates, despite the fact
cytokinin-producing plant growth-promoting bacteria appear to be relatively
uncommon, that rhizobial strains synthesizing higher than normal levels of cytoki-
nin may improve plant tolerance to severe drought stress.

6.2.2 Endophytic ACC Deaminase Production

The microbial enzyme 1-aminocyclopropane 1-carboxylate (ACC) deaminase
(E.C. 4.1.99.4) has been studied by a large number of researchers including, but not
limited to [3, 13, 50-63]; and [64]. These researchers have discussed the enzymol-
ogy, biochemistry, mechanism, regulation, and potential use of this dynamic
enzyme in sustainable agriculture. Concisely, ACC deaminase is a multimeric
enzyme that requires pyridoxal 5’-phosphate as an essential cofactor for enzymatic
activity [50, 65] and cleaves ACC to a-ketobutyrate and ammonia, where ACC is
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the immediate precursor of the phytohormone ethylene. In this way, ACC deami-
nase lowers the levels of deleterious ethylene in higher plants [3, 59, 66-70].
Ethylene, like other phytohormones, is crucial for plant growth, development, and
stress signaling [3, 71-74]. Plant growth-promoting endophytes expressing the
enzyme ACC deaminase have been shown to help protect plants from a number of
different biotic and abiotic stresses and also promoted the growth of plants in the
absence of stressful conditions. For example, a group of 25 endophytes, originally
isolated from tomato plants, that contain ACC deaminase all demonstrated the abil-
ity to significantly promote canola seedling growth compared to uninoculated
canola seedlings [3]. Different studies have described the potential of ACC deami-
nase containing endophytes in promoting plant growth in tomato [75-77], rice
[78], and ginger [79]. Recently [80], the potential of the bacterial endophyte
Burkholderia phytofirmans PsIN was evaluated in a field study of switchgrass in
two different soil sites over 2 years. The inoculated switchgrass displayed enhanced
biomass production, increased root growth, tillering, and greater early-season plant
growth vigor than the untreated control plants. Moreover, the plants grown on a
low-fertility soil site performed better with the bacterial endophyte treatment.
These researchers suggested that the mechanism of this plant growth promotion,
especially at the poor soil site, might include the possession of ACC deaminase by
this endophyte and the interaction of auxins and ethylene in response to the action
of ACC deaminase [80]. In addition to this work, it has been previously shown that
a mutant of Burkholderia phytofirmans PsJN that lacks the ability to produce ACC
deaminase (i.e. acdS™) could not promote canola seedling growth in a growth pouch
root elongation assay [70]. Complementing the mutant with exogenous DNA car-
rying the ACC deaminase gene from the wild-type strain restored the ability of the
mutant to promote canola root elongation, therefore proving the importance of this
gene for the observed growth promotion [70]. More recently, it was found that B.
phytofirmans PsJIN specifically promoted the growth of a certain genotype of
switchgrass, which led to the isolation and characterization of another bacterial
endophyte, Pantoea agglomerans strain PaKM, from the surface of sterilized seeds
of switchgrass [81]. Strain PaAKM was able to promote the growth of at least eight
varieties of switchgrass in in vitro conditions; subsequently two of these varieties
were screened more extensively in the greenhouse and in the field environment,
and a significant difference in the biomass of the endophytic treated plants was
observed [81]. P. agglomerans strain PaKM was also able to protect switchgrass
under salt and drought stress in in vitro conditions; however, this endophyte does
not contain ACC deaminase [81].

When the bacterial endophyte Pseudomonas migulae 8R6, an ACC deaminase-
containing bacterium, was utilized as a biocontrol agent against yellow disease of
grapevines caused by phytoplasma, it significantly protected periwinkle, a model
plant hosting phytoplasma. The results have shown that the density of the phyto-
plasma inside the leaf tissue was unaffected by this bacterial endophyte; however,
the symptoms of the disease were significantly reduced in the plants treated with
the wild-type bacterium compared with the plants either untreated or treated with
an ACC deaminase minus mutant (acdS-) of strain 8R6 [82]. These experiments
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suggest that the ACC deaminase played a key role in protecting plant from the
biotic stress of phytoplasma infection. Moreover, ACC deaminase-containing
endophytes have also been found to protect plants from salinity and other abiotic
stress. The rice endophyte Pseudomonas stutzeri A1501 has demonstrated rice
seedling growth promotion in moderate (0.12 M) and high (2 M) salt (i.e., NaCl)
and in the presence of 0.3 mM heavy metals (i.e., Cu, Co, Ni, and Zn) [83]. In the
above-mentioned experiments, the bacterial treatment was given to surface-steril-
ized rice seeds and the plant biometrics were collected after 7 days. In order to vali-
date that the ACC deaminase activity is the main driving force in protecting and
facilitating rice seedling growth in the presence of these abiotic stresses, a mutant
of the acdS gene was constructed. It was observed that the seeds treated with wild-
type P. stutzeri A1501 displayed significantly longer roots and higher fresh and dry
weights compared to the plants either untreated or treated with the mutant [83]. In
a similar study, endophytic bacteria isolated from date palm were assayed for
growth promotion of canola roots in the presence and absence of 100 mM salt. The
majority of the endophytes tested in this study exhibited canola root elongation
under salt stress compared to uninoculated control plants in gnotobiotic condi-
tions; however, the researchers pointed out that these endophytes, in addition to
ACC deaminase, could also produce IAA and increase the uptake of nutrients that
enable them to benefit the host under stress [84]. Brachybacterium paraconglom-
eratum is an ACC deaminase-producing salt-tolerant bacterial endophyte, which
was isolated from the surface-sterilized roots of a medicinal plant, Chlorophytum
borivilianum [85]. This bacterium promoted host plant growth by reducing oxida-
tive and osmotic damages caused by salinity (150 mM). Moreover, biochemical
analysis of bacterially treated and untreated plants, both grown in the presence of
salt, revealed that there were high amounts of ACC, proline, malondialdehyde
(MDA), and abscisic acid (ABA) found in the untreated control plants. Increased
levels of proline and MDA indicate osmotic and oxidative stress, respectively,
whereas increased ABA and ACC levels are thought to be the consequence of
osmo-oxidative damage [85]. However, plants treated with the wild-type endo-
phyte (containing ACC deaminase) show reduced levels of proline, MDA, ABA,
and ACC, and increased total chlorophyll contents, IAA levels, and plant biomass
compared to untreated control plants [85].

Additionally, the expression of five genes involved in the stress response
(i.e., CaACCO, CaLTPI, CaSARS82A, and putative PSCR and P5CS) in pepper
plants (Capsicum annuum L.) was investigated. These plants were given a mild
osmotic stress in the presence and absence of two plant growth-promoting bac-
terial endophytes, Arthrobacter spp. EZB4 and Bacillus spp. EZB8 [86]. The
pepper plant gene, CaACCO, which encodes the enzyme ACC oxidase that
catalyzes the final step in the biosynthesis of ethylene, was strongly upregu-
lated in noninoculated stressed plant root and leaf tissue. This gene was signifi-
cantly less upregulated in leaf tissue, unaffected in plant roots treated with
strain EZB4, and unaffected in the leaf and root tissue of plants treated with
strain EZB8. The pepper plant gene CaLTPI encodes a lipid transfer protein
that may be induced by ethylene in addition to a number of other stress factors
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[87]. The gene expression of CaLTPI was significantly upregulated under
osmotic stress in noninoculated plants, unaltered in plants (leaves and roots)
treated with strain EZB4 and the leaf tissue of plants treated with strain EZBS,
and significantly downregulated in the roots treated with strain EZB8. The
putative P5CR and P5CS are involved in proline biosynthesis and were signifi-
cantly downregulated in the leaves of plants treated with both endophytic
strains under stress conditions and remained unaffected in the roots of stressed
plants. The expression of the pepper plant gene CaSARS2A, which is also a
stress-inducible gene, was not consistent under stress conditions in either leaf
or root tissues with bacterial treatments, but was significantly upregulated in
noninoculated stressed plants [86]. Altogether, it was speculated that because
ethylene can act as signaling molecule and subsequently could regulate the
gene expression under stress conditions, the addition of endophytes that can
lower stress ethylene levels by the functioning of ACC deaminase could ame-
liorate the damage caused by such stress. Nonetheless, independent of the lev-
els of altered gene expression of the above-mentioned genes, all of the pepper
plants treated with the bacterial endophytes Arthrobacter spp. EZB4 and
Bacillus spp. EZB8 showed significant increases in biomass compared to the
noninoculated control plants, under mild osmotic stress [86].

In addition to plant growth facilitation under stressful environmental conditions,
ACC deaminase has also been documented to help endophytic colonization within
plants [13]. Ethylene levels in plant tissues modulate plant colonization by endo-
phytes [13, 88]. The bacterial endophyte Klebsiella pneumoniae strain 342 can
establish endophytic relationships with Medicago truncatula; however, the coloni-
zation of plants by this endophyte was found to be under the control of ethylene. In
an ethylene-insensitive mutant of Medicago truncatula, this endophyte hypercolo-
nizes the plant compared to the wild-type [88] Medicago truncatula, which dis-
played a low level of endophytic colonization in the presence of ACC, and an
increase in endophytic colonization was observed when the ethylene inhibitor,
I-methylcyclopropene, was introduced to the plant [88]. Since ACC deaminase is
able to lower the levels of ethylene by cleaving ACC, it may help some endophytes
to efficiently colonize plant tissues, thereby giving those endophytes an additional
advantage in their interaction with plants.

6.3 A Model of Endophytic Plant Growth Promotion

A detailed model of some of the key aspects of plant growth promotion by PGPB
has been presented [50, 51, 67]. That model (Fig. 6.1), which is essentially the
same for both endophytes and rhizosphere bacteria, presents the mechanism that
an ACC deaminase and IAA-producing bacterium uses in order to facilitate plant
growth, especially under abiotic or biotic stress conditions. These stresses
include salinity, drought, flooding, soil toxicity with heavy metals and organics,
and various bacterial and fungal pathogens. Endophytes are better adapted within
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Fig. 6.1 A proposed model of plant growth promotion by endophytes that possess ACC deami-
nase and are able to produce IAA within a host plant. This figure shows a plant tissue harboring an
endophyte and the interactions between them

the plant environment and interact with plants quicker and more promptly over
their rhizospheric counterparts [3, 13]. As discussed earlier, ACC deaminase is
an inducible enzyme and is expressed only at a low level in the absence of its
substrate and inducer, ACC. Being inside of plant tissue, an ACC deaminase-
expressing endophyte will have the following: it can (1) take up and utilize small
nutrient molecules that are synthesized by the plant, (2) be easily affected by the
stress a plant may face, and (3) help to protect its host plant immediately follow-
ing a stress and even before the onset of damaging symptoms that occur as a
consequence of such a stress. The increased levels of IAA, which can be pro-
duced and transported to plant tissues by residential endophytes, in addition to
promoting plant growth, also trigger the synthesis of ACC. This occurs because
IAA induces the transcription of the mRNA encoding the plant enzyme ACC
synthase that converts S-adenosyl methionine (SAM) to ACC [50]. The increased
levels of ACC induce the synthesis of the enzyme ACC deaminase in the endo-
phyte, and in response, a large portion of the ACC (but not all of it) is broken
down to ammonia and a-ketobutyrate. In this way, the ACC levels (either the
plant endogenous ACC or the IAA-induced ACC, or a combination of both)
within the plant tissue are decreased. Thus, endophytes that contain ACC deami-
nase rescue plants from producing deleterious ethylene levels [89]. Since ACC
oxidase, which is responsible for the biosynthesis of ethylene in the plant, has a
lower K, value for ACC than ACC deaminase [51, 67], it is imperative that ACC
deaminase function before any significant induction of plant ACC oxidase occurs;
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otherwise plant inhibitory levels of ethylene will result [50]. The interaction
between ACC deaminase, IAA production, and stress response factors has been
described in a microarray study of the ACC deaminase-producing rhizospheric
bacterium P. putida UW4 inoculated onto canola seeds [63]. In this study it was
shown that wild-type P. putida UW4 upregulated plant genes involved in auxin
signal transduction and downregulated plant genes that encode proteins that pro-
tect the plant from a variety of environmental stresses, since these latter proteins
are no longer needed under lowered ethylene concentrations [50]. In summary,
this model predicts that a bacterium that produces both ACC deaminase and IAA
promotes plant growth by dint of lowering ethylene levels in the plant and thereby
allowing a greater flux of IAA signal transduction; therefore growth promotion
per se is a consequence of IAA functioning.

6.4 Hormonal Based Endophytic Environmental Stress
Control

Since the increased levels of ethylene could lead plants to enter stress, the endo-
phytes that express ACC deaminase have been known to help host plants to over-
come environmental stresses that they face over the span of their life. Below are
some examples of such interactions.

6.4.1 Flower Wilting

Flowers undergo senescence events as part of their natural growth cycle. Bacterial
endophytes have been shown to be able to prolong flowers’ shelf life [10]. In this
study, two bacterial endophytes belonging to the genus Pseudomonas were used to
evaluate their effects on mini carnation flower wilting. Both of the endophytes
express high levels of ACC deaminase, produce IAA and siderophores, and solu-
bilize inorganic phosphate in vitro [3]. Carnation flowers undergo rapid senes-
cence after the production of high levels of ethylene and hence are considered as
ethylene-sensitive plants [90]. ACC deaminase-expressing bacterial endophytes
can provide protection to carnation cut flowers preventing the production of stress
ethylene by lowering ACC concentrations in the tissues and thereby delaying
flower senescence for 2—3 additional days over untreated control flowers or flowers
treated with acdS-deficient bacterial mutants [10]. Commercially, many cut flow-
ers, including carnations, are treated with a chemical inhibitor of ethylene (i.e.,
silver thiosulfate) to extend the flowers’ shelf life [91]; therefore, the environmen-
tally friendly use of nonhazardous bacterial endophytes could be an environmen-
tally attractive alternative to the use of chemicals in the multibillion dollar cut
flower industry [10, 50].
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6.4.2 Salinity Stress

Salinity is one of the major growing problems that the agriculture sector is facing.
Bacterial endophytes have been successfully used to protect a variety of plants
under salt stress [9, 83, 85]. Plants under salinity stress typically produce higher
levels of ethylene, which can be prevented by the action of the enzyme ACC deami-
nase [50]. Two bacterial endophytes Pseudomonas fluorescens YsS6 and
Pseudomonas migulae 8R6, isolated from tomato plants, can provide protection and
growth promotion to tomatoes under a very high level (185 mM) of salt stress [9].
These bacterial endophytes produce ACC deaminase, IAA, siderophores, and solu-
bilize phosphate in vitro [3]. In order to eliminate the growth-promoting contribu-
tions from other traits, ACC deaminase-deficient mutants were constructed for both
endophytes. Surface-sterilized tomato seeds were incubated with wild-type or
mutant endophytes, or no added bacteria (as a control). Under salinity stress, plants
treated with wild-type bacterial endophytes illustrated significantly higher chloro-
phyll contents, higher biomass, more fruits, and lower sodium contents compared to
plants treated with ACC deaminase minus mutants or no bacteria [9]. This work,
along with the other studies presented here, clearly demonstrates the ability of bac-
terial endophytes containing ACC deaminase to facilitate plant growth under
ethylene-induced stress conditions.

6.5 Summary and Conclusions

Plants harbor and interact with a variety of microbial populations at various stages
of their lifetime; these dynamic interactions may be harmful, benign, or beneficial
to plants. Endophytism is a mutualistic plant-microbe interaction where plants
provide a safe home and secure supply of food to microbes, and microbes, in
return, benefit the plants enormously. A number of researchers have studied these
beneficial interactions where endophytes have been shown to provide nutrients
and growth regulators, fixed nitrogen, antibiotics, and other secondary metabo-
lites, and overall the ability to protect plants from both abiotic and biotic stresses.
Moreover, endophytes are thought to be superior to their rhizospheric counter-
parts in facilitating plant growth as they have the ability to colonize the interior of
plants where they can rapidly sense any changing environment and quickly
respond to their own and the plant’s needs. Since endophytes are generally not
host specific, endophytes with a desired set of plant growth-promoting activities
can be readily introduced into plants other than their natural host. In addition, a
number of attempts have been made to genetically engineer bacterial endophytes
in an effort to make them more efficient plant colonizers and better plant growth
promoters [7]. In light of these considerations, the use of endophytes in agricul-
ture can offer an economic means of achieving high crop productivity and hence
sustainable agriculture.
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