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103.1 INTRODUCTION

Phenotypic variation (Pv) is used by several bacterial species
to generate intrapopulation diversity that increases bacterial
fitness and is important in niche adaptation or to escape host
defenses (in the case of pathogens). Pv or phase variation
allows that the expression of a given phenotype is either
ON or OFF; these events are usually reversible but may
be irreversible and result from genetic or epigenetic alter-
ations at specific loci (van der Woude and Baumler, 2004;
Wisniewski-Dyé and Vial, 2008). In contrast to spontaneous
mutations, occurring at a frequency of approximately 10−8

to 10−6 mutations per growing cell per generation, Pv occurs
at frequencies higher than 10−5 events/switches per cell
per generation and always affects the same phenotype(s).
Pv is extensively studied in animal/human pathogens but has
also been reported for plant pathogens and plant beneficial
bacteria. In the case of the latter, various phenotypes, such as
motility, aggregation, pigmentation, synthesis of antifungal
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metabolites, and metabolic properties, appear to be regulated
through Pv.

In this review, the literature about the occurrence of Pv
in different species and strains of the plant growth-promoting
diazotrophic genus Azospirillum (see Chapter 90) is
summarized and complemented with examples of other
root-associated and plant growth-promoting bacteria.

103.2 PHENOTYPIC VARIATION IN
Azospirillum UNDER NORMAL
GROWTH CONDITIONS

Azospirillum lipoferum 4B, a strain isolated from a rice
rhizosphere in France (Thomas-Bauzon et al., 1982), was
reported to generate under normal growth conditions a stable
phase variant named 4VI at high frequencies [10−4 to 10−3

per cell per generation] (Alexandre and Bally, 1999). Variant
colonies were distinguishable fromwild-type colonies by the
differential absorption of dyes (such as bromothymol blue)
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incorporated into the growth medium: whereas wild-type
colonies were blue and opaque, variant colonies appeared
nearly white and translucent and usually smaller in diameter
(Vial et al., 2004). Under fully aerated conditions at 28 ∘C,
variant cells have been detected only when the parental
strain entered the exponential growth phase and their num-
ber increased proportionally to the total number of viable
cells and reached a maximum of about 2% at the end of the
exponential phase (Alexandre and Bally, 1999).

The 4VI variant exhibits pleiotropic modifications com-
pared to the wild-ype. First, it gained the ability to assimilate
certain sugars (xylose, galactose, α-methyl-mannoside,
5-ketogluconate) but lost the ability to assimilate others
(N-acetylglucosamine, tagatose, esculin); fermentation
of sorbitol, mannitol, and glucose was also abolished
(Alexandre and Bally, 1999). Second, the 4VI variant
was no longer able to reduce triphenyl tetrazolium chlo-
ride (Alexandre and Bally, 1999). Third, the 4VI variant
was unable to swim as it lacked a polar flagellum due
to a defect in flagellin synthesis, but it constitutively
expressed mechanosensing lateral flagella (Alexandre and
Bally, 1999; Alexandre et al., 1999b). Fourth, the 4VI
variant could no longer reduce nitrous oxide and deami-
nate 1-aminocyclopropane-1-carboxylic acid (ACC), the
immediate precursor of plant ethylene (Alexandre, 1998;
Prigent-Combaret et al., 2008).

From the 4VI variant that was unable to revert to the
parental phenotype, a second atypical stable form, named
variant 4VII, appeared under very specific conditions, that is,
growth at extremely low oxygen concentrations. This new
variant displayed laccase activity and the ability to produce
melanin and was also unable to revert to the parental pheno-
type (Alexandre and Bally, 1999). Laccases or laccase-like
multicopper oxidases (EC 1.10.3.2) catalyze the oxidation
of various substrates, such as phenols, diamines, and metals,
coupled with the reduction of molecular oxygen to water.
When oxidizing aromatic substrates, laccases generate
reactive species, such as semiquinones and quinones that
are powerful inhibitors of the electron transport system in
bacteria (Imlay and Fridovich, 1992).

The electron transport systems of the laccase-positive
4VII variant and its parental laccase-negative forms have
been compared. During exponential (but not stationary)
growth under fully aerobic (but not under microaerobic)
conditions, the laccase-positive variant lost a respiratory
branch that is terminated in a cytochrome c oxidase of the
aa3 type (Alexandre et al., 1999a); this observation was most
likely due to a defect in the biosynthesis of a heme compo-
nent essential for the oxidase. Moreover, the 4VII variant was
significantly less sensitive to the inhibitory action of quinone
analogs and fully resistant to inhibitors of the bc1 complex,
apparently due to the rearrangements of its respiratory
system. Thus, loss of the cytochrome c oxidase-containing
branch in the variant might be an adaptive strategy to the

presence of intracellular oxidized quinones, the products of
laccase activity (Alexandre et al., 1999b).

The occurrence of Pv under normal growth conditions
has been investigated in a collection of Azospirillum strains
belonging to various species [amazonense, doebereinerae,
halopraeferens, irakense, and lipoferum]. Five strains
out of 27 generated variant colonies exhibiting the same
phenotypes as the 4VI variant: they could no longer fix bro-
mothymol blue and reduce triphenyl tetrazolium and were
nonmotile (Vial et al., 2006). Interestingly, the stabilities of
the variants differed: whereas A. brasilense WN1, a strain
isolated from wheat in Pakistan, engendered a stable phase
variant, subculturing variant colonies from A. brasilense
Wb1 (wheat, Pakistan) and A. irakense KBC1 (rice, Iraq)
produced a mixture of wild type and variant colonies (at a
ratio of about 10 : 1), suggesting that a reversion event had
occurred. For strains A. brasilense PH1 (rice, France) and
A. lipoferum MRB16 (rice, Bangladesh), subculturing of
variants yielded almost only wild-type colonies, and thus,
variants from these strains were considered highly unstable
(Vial et al., 2006). The ability to generate variants could
not be correlated to a particular Azospirillum species or to a
specific plant host, and hence, the adaptive significance of
Pv in Azospirillum remains to be established.

In a recent study, exopolysaccharide overproducing vari-
ants of A. brasilense Sp7 were examined in further detail
(Table 103.1) (Volfson et al., 2013).

Variant colonies with a much increased mucoid
morphology occurred spontaneously with a frequency
of about 1 in 5000 cells per generation on fructose-based
mineral medium. The variants produced exceedingly mucoid
colonies [Figure 103.1] that contained about 8 times more
exopolysaccharides.

In addition, the exopolysaccharides of the variants were
also different in the relative composition of monosaccharides
and showed improved tolerance to heat [55 ∘C] andUV expo-
sure (Volfson et al., 2013).

103.3 PHENOTYPIC VARIATION
IN Azospirillum UNDER
STARVATION AND STRESS
CONDITIONS

During exposure of A. brasilense Sp7 to NaCl stress,
colonies with resistance toward 3,4-dehydroproline (DHP),
an antimetabolite of the osmoprotectant proline (Csonka,
1981), could be isolated. In the presence of 80 μgml−1

DHP and salt stress (0.5M NaCl) in mineral medium,
DHP-resistant mutants appeared at a frequency of 10−1 per
generation (Hartmann et al., 1992). These DHP-resistant
isolates were then stable in the absence of salt stress and
retained their osmotic stress tolerance. A similar high
frequent selection of isolates with the ability to grow at
severely iron-limiting conditions could be achieved using the
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Table 103.1 Exopolysaccharide (EPS) Production, Cell Aggregation, and Partial EPS Monosaccharide Composition of
Azospirillum brasilense Sp7 and Three of Its Phenotypic Variants

Monosaccharide Composition of EPS (%)†

Strain EPS/Cell Dry Weight∗ (g g−1) Cell Aggregation (%)∗ Glucose Galactose Rhamnose Mannose

Sp7-parental strain 0.20 b 5.0 c 12.7 24.1 17.6 25.5
Variant phv1 1.50 a 18.0 b 57.9 1.5 32.1 8.4
Variant phv2 1.60 a 18.5 b 32.7 56.2 3.5 7.4
Variant phv3 1.60 a 27.0 a 33.1 44.2 9.9 6.1

∗Values represent averages from three independent experiments, each with five replicates for each parameter. Different letters in each column indicate
significant differences (p= 0.05).
†EPS were purified after 72 h of growth in d-fructose minimal medium. Results represent average± standard deviation (SD) of the relative presence of each
sugar (percentage) from two independent experiments.

(Modified from Volfson et al., 2013).

artificial iron chelator dipyridyl and the fungal siderophores
ferrichrysin and coprogen (siderophores which cannot be
used by the A. brasilense Sp7 wildtype for iron acquisition)
(Hartmann, 1988). It has been proven that these isolates were
no contaminants, because they showed identical restriction
patterns as the wildtype in restriction analysis/pulsed-field
gel electrophoresis (Hartmann et al., 1992). Although no
detailed studies of genetic alterations were reported on these
isolates, they can be considered as phenotypic variants in the
light of the present knowledge. These observations indicated
very early that there is a potential of considerable phenotypic
plasticity in A. brasilense Sp7, which may be used applying
specific selection pressure conditions to achieve more stress
tolerant strains/variants.

More recently, the phenomenon of Pv was studied
in more detail in spontaneous aggregation mutants of
A. brasilense Sp7. This mutant, Sp7-, devoid of aggregation
properties, was exposed to carbon starvation for 12 days.
Colonies differing in pigmentation (pig), cell aggregation
(agg) and EPS overproduction (EPSop) were examined, as
these phenotypes have been often associated with increased
survival to different stresses in A. brasilense (Hartmann and
Hurek, 1988; Hartmann et al., 1992; Fibach-Paldi et al.,
2012; Lerner et al., 2010). Three different phenotypes
were repeatedly observed, although with no indication of
frequencies: agg-pig+ (variant Sp72), agg+pig- (variant
Sp73), and agg-pig+EPSop (variant Sp7E). No differences
were observed between LPS patterns of strains Sp7 and
Sp7- and the variants Sp72 and Sp73; as for variant Sp7E, it
lacked the typical high-molecular-weight LPS commonly
observed in LPS profiles of A. brasilense strains and showed
instead modified forms of LPS with lower molecular
weights (Lerner et al., 2010). Variant Sp7E showed sig-
nificantly higher EPS concentrations (∼threefold increase)
than the parental strain and the other variants. All variants
exhibited modifications in the content of monosaccharide
composition of the EPS, the most dramatic changes being
observed for Sp7E. Variant Sp7E formed significantly more

PS

PV

Figure 103.1 Phenotypic variant of A. brasilense Sp7. The parental
strain (PS) forms a slightly mucoid colony, while isolated phenotypic
variants (Pv) generally form exceedingly mucoid colonies as
compared with the PS.

biofilm on glass than the parental strain, notably in high
C/N ratio. As LPS and EPS contribute to protection against
different stresses, variant Sp7E was further assessed for its
ability to respond to several stresses. Variant Sp7E showed
higher survival than the parental strain following expo-
sure to heat (55 ∘C), osmotic pressure, and desiccation but
higher sensitivity to UV radiation and hydrogen peroxide
(Lerner et al., 2010). Differences in outer membrane protein
(OMP) patterns were noticed between variant Sp7E and
the parental strain Sp7-; interestingly, the OMP pattern of
variant Sp7E displayed similarity with that of a Sp7 mutant
altered in LPS biosynthesis (mutated in noeJ encoding
mannose-6-phosphate isomerase) (Lerner et al., 2009). One
can anticipate that such stress-induced events might occur in
other Azospirillum strains too.
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103.4 GENOMIC
REARRANGEMENTS ASSOCIATED
WITH PHENOTYPIC VARIATION IN
Azospirillum

As Pv is often associated with genomic DNA rearrange-
ments (van der Woude and Baumler, 2004; Wisniewski-Dyé
and Vial, 2008), the occurrence of such rearrangements has
been investigated in variants obtained from Azospirillum
strains. Pulsed-field gel electrophoresis (PFGE) follow-
ing restriction with different enzymes did not reveal any
differences between A. brasilense Sp7- and its variants
(Lerner et al., 2010). However, repetitive PCR (rep-PCR;
Rademaker et al., 2000) did reveal differences between
wild-type Sp7, Sp7-, and variants obtained from Sp7-. The
three rep-PCR techniques (ERIC-, BOX-, and REP-PCR)
employed clearly discriminated between strains/variants
differing in their aggregation ability but not in pigmentation,
suggesting that loss of aggregation involves DNA rearrange-
ments. Variant Sp73 (agg+pig-) showed identical rep-PCR
patterns than that of wild-type Sp7, suggesting that this vari-
ant could be a spontaneous revertant of Sp7 (agg-pig-) to Sp7
(agg+pig-) (Lerner et al., 2010). Variant Sp7E displayed a
different plasmid profile from its parental strain, but whether
these modifications in plasmid composition are linked to
phenotypic alterations of Sp7E remains to be established. In
addition, the genetic elements involved in DNA rearrange-
ments are still to be characterized. In the EPS-overproducing
variants of Sp7 obtained on fructose medium, different
genetic alterations using ERIC- and BOX-PCR as well as
RAPD analysis could also be evidenced (Volfson et al.,
2013).

As for variants of A. lipoferum, a recA mutant of strain
A. lipoferum 4B was first shown to keep the ability to gen-
erate variants in vitro. The variants from 4BrecA exhibited
all morphological and biochemical features characteristic of
the 4VI variant (Vial et al., 2004). However, the frequency
of variants generated by 4BrecA appeared to be increased by
up to 10-fold, contrasting with many studies demonstrating
the abolition or a large reduction of the frequency of Pv
in recA mutants. To assess whether genomic rearrange-
ments take place during Pv of A. lipoferum 4B, RAPD
profiles were obtained for the parental strain and the 4VI
variant: differential bands were obtained, providing the
first evidence for DNA rearrangements (Vial et al., 2006).
Using probes targeting the differential RAPD bands, it was
shown that the genome of the 4VI variant had undergone
a deletion event. PFGE analysis with adapted conditions
of migration and hybridization experiments revealed that
a 750-kb replicon was missing in the 4VI genome. The
same rearrangements took place during Pv of 4BrecA.
Large-scale genomic rearrangements during Pv were

demonstrated for two additional strains. In A. brasilense
WN1, generation of stable variants was correlated with
the disappearance of a replicon of 260 kb. For A. irakense
KBC1, emergence of the unstable variant coincided with the
formation of a new replicon of 160 kb, whereas the revertant
recovered the parental genomic architecture (Vial et al.,
2006).

The genome sequence of A. lipoferum 4B later revealed
that the 750-kb replicon lost in the 4VI variant was a chro-
mid (AZOLI_p2), representing 11% of the genome and
harboring 640 genes (Wisniewski-Dyé et al., 2011). Several
genes or operons, lost during the process of Pv, can account
for the phenotypic modifications observed in the 4VI variant
or the strain 4T such as acdS encoding ACC deaminase
activity and the nosRDZFYL operon which catalyzes the
reduction of nitrous oxide to dinitrogen (i.e., the last step
of denitrification). A gene cluster consisting of five genes
(napABCDE) which encode a periplasmic nitrate reductase
is also present on the 750-kb replicon suggesting that the 4VI

variant is also affected in nitrate reduction to nitrite, a feature
observed for strain 4T. Interestingly, several genes located
within the 750-kb replicon are predicted to be involved in
flagellin biosynthesis and are possibly the genetic deter-
minants underlying the difference of motility observed
between 4B and 4VI variant. Finally, gene content analysis
of the 750-kb replicon highlights numerous clusters of genes
likely involved in siderophore production and iron and
siderophore transport (e.g., a 14-kb region, AZOLI_p20158
to AZOLI_p20165 is predicted to be involved in pyochelin
synthesis) (Wisniewski-Dyé et al., 2012). This observation
may explain the slow growth rate of A. lipoferum 4T (and
probably that of 4VI variant) under low iron concentrations
(Alexandre, 1998).

Several other studies have shown that plasmids of
A. brasilense were involved in frequent and major genomics
rearrangements; the resulting strains, although sometimes
called variants, might simply be the result of genetic drift
or mutations induced by stress. Interestingly, differences in
genomic architecture of A. brasilense Sp245 strains obtained
from different laboratories collections could be attributed
to plasmid plasticity (number and size, integration in other
replicons) (Pothier et al., 2008; see also Chapter 25). For A.
brasilense Sp245, spontaneous mutants characterized by the
loss of 2 plasmids of 85 and 120MDa and the generation of a
new replicon of more than 300MDa have also been observed
(Katsy et al., 2002). A. brasilense Sp7 also generated in vitro
spontaneous mutants with altered plasmid composition,
notably a modification of the size of the pRhico plasmid
(Petrova et al., 2005).
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103.5 OCCURRENCE OF
PHENOTYPIC VARIATION IN
NATURAL ENVIRONMENTS AND
POTENTIAL IMPACT ON
RHIZOSPHERE COMPETENCE AND
PLANT GROWTH-PROMOTING
PROPERTIES OF Azospirillum

It has been discussed almost since the rediscovery of
A. brasilense in the 1970s by Tarrand et al. (1978) that some
of the strains deposited in culture collections are very closely
related, like the type strain A. brasilense Sp7T, a strain
initially isolated from rhizosphere soil of Digitaria decum-
bens in Brazil (Tarrand et al., 1978), with the strain A.
brasilense Cd. The strain Cd was originally isolated from
roots of plants [Cynodon dactylon] which had been inocu-
lated with A. brasilense Sp7. Strain Cd has a characteristic
red pigmentation, while colonies of strain Sp7 are only
slightly pink. In the meantime, isolates with different
carotenoid pigment content could be quite frequently
derived from A. brasilense Sp7. The high carotenoid content
resulted in increased oxygen tolerance of the variants (Hart-
mann and Hurek, 1988). It was demonstrated that a point
mutation in the antisigma factor (Thirunavukkarasu et al.,
2008) is responsible for this phenotypic alterations, which
has implications for the oxygen tolerance of the bacterium
(Hartmann and Hurek, 1988). Thus, the strain Cd could be a
phenotypic variant of Sp7 generated in the rhizosphere.

During the course of isolating variants from strain
A. brasilense Sp7- (agg-pig-), a variant has been isolated
after colonization of maize roots in a gnotobiotic system;
this variant displayed the phenotype agg-pig+EPSop, with
a significant higher EPS concentrations than the parental
strain and a modified pattern for LPS. This indicates that
Pv of A. brasilense may occur after inoculation and one
might anticipate that overproduction of EPS could con-
tribute to improved colonization of plant roots. When
EPS-overproducing phenotypic variants of Sp7 were
inoculated to maize, wheat, soybean, and peanuts in pot
experiments with sterilized and nitrogen-free sand in the
greenhouse, the EPS-overproducing variants showed in most
cases the same extent of plant growth promotion effects as
compared to the Sp7 wild-type strain (Volfson et al., 2013).

A. lipoferum 4B has been isolated simultaneously from
the same rice rhizosphere and at the same frequency than
A. lipoferum 4T, a nonmotile strain displaying laccase
activity (Bally et al., 1983), and both strains displayed
identical 16S rDNA sequences (Haurat et al., 1994). The
plasmid profile of A. lipoferum 4T was compared to that
of A. lipoferum 4B and revealed only two discrepancies:
absence of the 750-kb replicon [like in the 4VI variant] and
presence of an additional replicon of 400 kb unrelated to the
750-kb replicon (Vial et al., 2006). Thus, A. lipoferum 4T
could in fact be a variant of strain 4B generated within the

soil ecosystem. Interestingly, after inoculation of rice roots
with A. lipoferum 4B, nonmotile forms appeared in high
numbers. However, no analysis of other specific phenotypes
has been undertaken to identify these nonmotile forms
(Alexandre et al., 1996).

Loss of swimming ability in the 4VI variant and in
strain 4T was directly linked to enhanced swarming motility
(Alexandre et al., 1999b). Thus, the nonswimming Azospir-
illum strains are expected to keep the ability to move along
plant roots. Whereas swimming motility is thought to play
a role in chemotaxis of bacteria to plant root exudates,
swarming across the surfaces of the roots may be important
for long-term colonization. Interestingly, A. lipoferum 4T
was shown to retain the ability to efficiently colonize rice
roots (such a data is not available for the 4VI and 4VII
variants) (Alexandre et al., 1996).

Bacterial laccases are considered as an advantageous
trait for a rhizosphere bacterium as they are involved in
various functions such as copper resistance, manganese
oxidation, pigmentation, oxidation of toxic compounds, and
destruction of reactive oxygen species (Sharma et al., 2007).
Interestingly, the first report of a prokaryotic laccase is from
the nonmotile isolate A. lipoferum 4T (Givaudan et al.,
1993), where it was shown to play a role in melanization and
utilization of plant phenolic compounds (Faure et al., 1994;
1996). Moreover, laccase-positive strains are less sensitive
to the inhibitory action of quinone analogs due to rearrange-
ments of their respiratory chain, a feature that might be a
competitive advantage in the rhizosphere (Alexandre et al.,
1999a).

The 750-kb chromid lost by the 4VI variant carries
genes that are relevant for interaction with plants, notably
acdS that has been acquired by horizontal gene transfer
(Prigent-Combaret et al., 2008; Wisniewski-Dyé et al.,
2011). AcdS, by deaminating ACC, the immediate precursor
of plant ethylene, is a key activity involved in the modulation
of the plant hormonal balance by rhizobacteria. Because
ethylene inhibits root growth and may be produced in too
large amounts during plant stress response, bacterial ACC
deamination can enhance both root system development and
plant stress tolerance (Glick et al., 2007). acdS elimination
might be useful to fine-tune the effect of Azospirillum on the
plant hormonal balance; however, this hypothesis remains to
be investigated. The plant hormonal balance might also be
modulated by nahG, a gene located onto the 750-kb chromid
(AZOLI_p20435) and contributing to the degradation of
salicylate into catechol (Wisniewski-Dyé et al., 2012). As
for nitrogen fixation, the relevant genes are all located onto
the chromosome of strain 4B (see Chapter 25), suggesting
the same nitrogen fixation capacity for 4B and 4VI variant.

The question whether Pv modifies soil survival, rhizo-
sphere competence, and plant growth-promoting properties
of Azospirillum spp. deserves intense attention. Most
recently, the EPS-overproducing variants of strain Sp7 were
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shown to display higher stress resistance, and its coloniza-
tion abilities to plant roots and plant growth-promoting
effects were not influenced as compared to the wild type
(Volfson et al., 2013). Nevertheless, from an applicative
point of view, one can wonder if Pv of Azospirillum could
be associated with some inconsistencies in plant growth
promotion observed in the field. Also whether Pv could be
manipulated to improve the fitness and thus the quality of
the inoculants of this bacterium remains an open question.
However, the occurrence of Pv has to be shown convincingly
in field situation at many different sites and seasons.

103.6 PHENOTYPIC VARIATION
IN NON-DIAZOTROPHIC
ROOT-ASSOCIATED BACTERIA

The occurrence of phenotypic and phase variation in rhizo-
sphere colonizing Pseudomonas bacteria has been reviewed
previously (van den Broek et al., 2005). Pseudomonas sp.
bacteria show Pv quite frequently, based on spontaneous
mutation of the gacA and gacS genes. It was clearly demon-
strated that site-specific recombinases are implicated in the
initial genetic event of creating mutations in the gacA/gacS
genes. In the case of the biocontrol bacterium Ps. fluorescens
F113, a mutation in site-specific recombinases encoded by
the sss and xerD genes generated phenotypic variants at
a very low frequency compared to the wild type strain,
both under laboratory conditions and after plant inocula-
tion (Sánchez-Contreras et al., 2002; Martínez-Granero
et al., 2005). In addition, these phenotypic variants were
severely impaired in competitive root colonization. Most
interestingly, it could be demonstrated that the expression of
these recombinases was induced in the presence of the plant
(Martínez-Granero et al., 2005).

Pv in Pseudomonas brassicacearum, a major root-
colonizing population in Arabidopsis thaliana, has a major
role in the root-colonizing strategy. During the colonization
of A. thaliana and Brassica napus, bacteria can be retrieved
with different colony appearance (Achouak et al. 2004).
While wild-type cells (phase I cells) were located at basal
parts of the roots, bacteria from translucent colonies (phase II
cells) were essentially localized at young roots and root tips,
a result obtained using differentially fluorescence-labeled
phase I and phase II cells. Accordingly, phase II cells showed
a higher ability to swim and to swarm, due to an overproduc-
tion of flagellin (Achouak et al., 2004). Comparison of the
transcriptomes of these phase I and II cells revealed several
genes relevant for secondary metabolism and small RNAs.
In addition, it turned out that point mutations in the gacA and
gacS genes accounted for the observed phenotypic switching
to phase II cells. This was accompanied by downregulation
of antifungal secondary metabolites, indole acetate, and
exoenzyme (lipase and protease) production. Interestingly,

also the production of three N-acyl-homoserine lactone
(AHL; see Chapter 37) molecules was drastically reduced
(Lalaouna et al., 2012). Since these are key regulators of the
quorum-sensing response, some of the observed differences
in phase II cells, like diminished biofilm formation, alginate
biosynthesis, or expression of the type VI secretion machin-
ery, could be a consequence of the altered AHL levels.
Thus, in many Pseudomonas, the GacA/GacS regulatory
system is of key importance for phenotypic/phase variation.
While screening the published genomes of Azospirillum, no
indication of a gacA/gacS similar genetic system has been
found (Wisniewski-Dyé et al., 2011). Therefore, a similar
mechanism as basis of phenotypic switching is not expected
in Azospirillum.

The β-proteobacterium Acidovorax radicis N35,
which was isolated from surface-sterilized roots of wheat,
was shown to have growth-promoting effects on barley
(Li et al., 2011). When plated on NB agar, phenotypic vari-
ants occurred with a high frequency of 3.2× 10−3 per cell per
generation (Li et al., 2012). While the wild type had a rough
colony type, variant colonies (N35v) were characterized
by their smooth appearance. Most strikingly, the variants
showed almost no cell aggregation and had lost their flagella
and swarming ability; moreover, the variants were no longer
effective as plant growth-promoting bacteria in barley pot
experiments in the greenhouse (Li et al., 2012). Inoculation
of roots with a mix of differently fluorescence-labeled
wild-type N35 and variant N35v cells demonstrated that the
variant had lost its competitive root colonization abilities.
When the genome sequences of the N35 wild type and the
N35v variant were compared, one deletion could be found
in all tested variants. The mutL gene which plays a key role
in mismatch repair was affected by a 16-nucleotide deletion
resulting in the expression of a truncated, nonfunctional
MutL protein. The shift from root to laboratory conditions
may have triggered this mutation by a hitherto unknown
mechanism. This led to increased mutation frequency which
resulted in an accumulation of point mutations, as could be
shown in the comparison of the genome sequences of the
wild type and the variant strain. Thus, this is an example
that during laboratory cultivation of root-associated or
rhizosphere bacteria, the potential of plant growth promo-
tion can be lost. Therefore, Pv could be considered as one
reason for less efficient PGPR performance after cultivation
under laboratory conditions or during biotechnological
cell mass production to obtain large inoculum biomass. Pv
also occurs in plant pathogenic bacteria. Interestingly, in
a recent study, Pv was observed in the A. radicis-closely
related species A. citrulli, a serious pathogen of cucurbit
plants (Burdman and Walcott, 2012). Pv in this pathogen
was shown to be associated with loss of the ability to pro-
duce type IV pili [T4P] and with a significant reduction in
virulence (Kumar Shrestha et al., 2013).
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103.7 CONCLUSIONS

The occurrence of Pv has to be considered, when bacteria
are isolated from their natural habitat, like the root environ-
ment. While some bacterial isolates may keep their original
properties well under laboratory conditions, others undergo
quite rapidly major changes, because genetic mutations and
rearrangements may occur at high frequency. This genome
plasticity may be considered as intrinsic genetic mechanism
to improve plant growth promotion as well as challenge to
preserve optimized rhizosphere competitivity (Terzaghi and
O’Hara, 1990). In laboratory and biotechnological mass
production, this dynamics of the genome should be taken
into account and kept under control as much as possible.
However, the genome plasticity could also be considered as a
chance to preselect for strains optimized for specific niches.
The “training” of candidate strains for biotechnological
applications in the “rhizosphere school” could also be seen
as a case of Pv and adaptive mutations towards optimized
properties. Future studies in the fields will show whether
this adaptation and optimization approach taking advantage
of Pv is a possible way for strain improvement to specific
plant and soil requirements. Furthermore, extensive com-
parative genome sequencing experiments of wild type and
phenotypic variants will bring much more insights into the
underlying molecular and genetic mechanisms in different
bacterial species.
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