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Introduction

Abstract

Plant growth-promoting rhizobacteria are commonly found in the rhizosphere
(adjacent to the root surface) and may promote plant growth via several diverse
mechanisms, including the production or degradation of the major groups of
plant hormones that regulate plant growth and development. Although rhi-
zobacterial production of plant hormones seems relatively widespread (as
judged from physico-chemical measurements of hormones in bacterial culture
media), evidence continues to accumulate, particularly from seedlings grown
under gnotobiotic conditions, that rhizobacteria can modify plant hormone sta-
tus. Since many rhizobacteria can impact on more than one hormone group,
bacterial mutants in hormone production/degradation and plant mutants in
hormone sensitivity have been useful to establish the importance of particular
signalling pathways. Although plant roots exude many potential substrates for
rhizobacterial growth, including plant hormones or their precursors, limited
progress has been made in determining whether root hormone efflux can select
for particular rhizobacterial traits. Rhizobacterial mediation of plant hormone
status not only has local effects on root elongation and architecture, thus
mediating water and nutrient capture, but can also affect plant root-to-shoot
hormonal signalling that regulates leaf growth and gas exchange. Renewed
emphasis on providing sufficient food for a growing world population, while
minimising environmental impacts of agriculture because of overuse of fertilis-
ers and irrigation water, will stimulate the commercialisation of rhizobacterial
inoculants (including those that alter plant hormone status) to sustain crop
growth and yield. Combining rhizobacterial traits (or species) that impact on
plant hormone status thereby modifying root architecture (to capture exist-
ing soil resources) with traits that make additional resources available (e.g.
nitrogen fixation, phosphate solubilisation) may enhance the sustainability of
agriculture.

important to recognise that the rhizosphere (the area of
the soil adjacent to the root surface) is biologically diverse,

Improving the resource use efficiency of the world’s major
crops is clearly key to deliver a safe, secure food supply to
a rising global population. A recent report has advocated
the ‘sustainable intensification of agriculture” while min-
imising harmful impacts on cropping ecosystems (Royal
Society, 2009), and it is incumbent on plant scientists
to deliver this goal. One major area of crop improve-
ment that has hitherto been comparatively neglected is
the role of the plant root system in maximising resource
(water, nutrients) capture (Lynch, 2007). However, it is
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and that rhizosphere organisms can play a major role in
plant resource capture (see other papers in this volume).
Most attention has focussed on certain bacterial genera
that can fix atmospheric nitrogen within a specialised host
organ (the legume nodule), and certain fungal genera
(mycorrhizae) whose hyphal networks ramify through-
out the soil and within the plant and seem particularly
important in plant acquisition of relatively immobile
nutrients such as phosphorus (P). Rhizosphere bacteria
can also play important roles in plant resource capture.
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Plant growth-promoting rhizobacteria (PGPR) are com-
monly found in the rhizosphere and can also be isolated
from internal plant tissues, the so-called ‘endophytic
bacteria’. Often a species may be isolated both inter-
nally and externally, thus Azospirillum spp. are generally
assumed to be rhizosphere bacteria, but are also com-
monly found as endophytes, albeit sometimes at lower
densities (Rothballer et al., 2003). Similarly, Gluconaceto-
bacter (Acetobacter) diazotrophicus is often assumed to be
an ‘obligate endophyte’, but can occur in large numbers
on the surface of sugarcane roots (James & Olivares,
1998). Regardless of the localisation of PGPR, they may
promote plant growth via several diverse mechanisms
(although it is conceivable that bacterial niche may influ-
ence plant response). Firstly, biocontrol occurs when
PGPR decrease root pathogen infection by producing
antibiotics or competitively excluding other rhizosphere
organisms by consuming nutrients, or by inducing sys-
temic resistance to combat foliar disease (Lugtenberg &
Kamilova, 2009). Secondly, biofertilisation occurs when
PGPR improve plant nutrient status by associative nitro-
gen fixation, P solubilisation, producing siderophores thus
increasing Fe availability, directly stimulating plant ion
uptake and/or transport systems, increasing root pro-
ton efflux, altering the permeability and arrangement
of root cortical cells via pectinolytic activity and trans-
forming nutrients in the rhizosphere thus increasing their
bio-availability (Dobbelaere et al., 2003; Vessey, 2003;
Mantelin & Touraine, 2004). Thirdly, hormonal effects
occur when PGPR either produce or metabolise chemi-
cal signalling compounds that directly impact on plant
growth and functioning (Costacurta & Vanderleyden,
1995; Frankenberger & Arshad, 1995). Although hor-
monal mechanisms do not directly make more water or
nutrients available to the plant, they can alter root elon-
gation and architecture, thus increasing the volume of
soil explored by the plant and thus indirectly increase
the capture of plant resources already in the soil. This
has undoubtedly contributed to the recent proliferation
of articles on hormonal impacts of rhizobacteria on plants
(Fig. 1), as agronomists and plant scientists within both
private and public institutes aim to improve crop resource
use efficiency. While it is important to recognise that
the mechanisms outlined above are not mutually exclu-
sive (e.g. many hormone-producing rhizobacteria also
fix nitrogen and solubilise P) (Belimov et al., 2001; Dey
et al., 2004; Ahmad et al., 2008), this review focusses on
rhizobacterial impacts on plant hormone status and the
physiological consequences.

Plant hormones [abscisic acid (ABA), auxins, cytokinins
(CKs), ethylene, gibberellins (GAs), jasmonic acid
(JA), salicylic acid (SA)] regulate multiple physio-
logical processes including root initiation, elongation,
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Figure 1 Number of articles published per year in Web of Science for the
terms ‘rhizobacteria’ and ‘hormone’ where hormone refers to abscisic
acid (ABA), cytokinin(s), ethylene, gibberellin and indole-3-acetic acid
(IAA). Salicylic acid (SA) and jasmonic acid (JA) are omitted for the sake of
clarity.

architecture and root hair formation. They typically
operate in complex networks involving cross-talk and
feedback (Woodward & Bartel, 2005; Swarup et al., 2007;
Fukaki & Tasaka, 2009), thus it can be difficult to establish
the role of a particular hormone in plant response. Sim-
ilarly, many PGPR have the potential to affect multiple
plant hormone groups (Table 1), although it is not always
clear whether the capacity of bacteria to produce hor-
mones in vitro actually alters plant hormone concentration
in vivo. Although PGPR can directly affect rhizosphere
hormone concentrations (by uptake of hormones or their
precursors as carbon and nitrogen sources, and efflux of
hormones synthesised by the bacteria), there is increasing
evidence that PGPR affect root hormone concentrations
(Table 1), and can also alter root-to-shoot long-distance
signalling (Dodd, 2005; Belimov et al., 2009) to mediate
shoot hormone status.

In this review, for each major hormone group, their
biosynthesis and impacts on root growth are considered
only superficially since comprehensive reviews on plant
hormone biosynthesis (Kende, 1993; Taylor et al., 2000;
Woodward & Bartel, 2005; Kudo et al., 2010) and molec-
ular mechanisms of regulating root growth (Casson &
Lindsey, 2003; Fukaki & Tasaka, 2009) already exist.
Instead, this review aims to link rhizobacterial mediation
of plant hormone status with changes in root growth
and architecture, and ultimately plant performance.
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Table 1 Examples of rhizobacterial effects on phytohormone concentrations of culture media and plants

Rhizobacteria and phytohormones

Culture In Planta In Planta
Rhizobacterial Species Filtrate In Vitro Ex Vitro References
Achromobacter xylosoxidans Cm3 0 IAAP Belimov et al. (2001)
Achromobacter xylosoxidans Ps27 1 ABA, GAs, IAAC Sgroy et al. (2009)
Achromobacter xylosoxidans SF2 1 JA, ABA® Forchetti et al. (2007)
Acinetobacter calcoaceticus SE370 1 GA1, 3,4, 9 12, GA1s, 20, 24, 539 Kang et al. (2009)
Agrobacterium radiobacter 10 4 IAAP Belimov & Dietz (2000)
Arthrobacter mysorens 7 1 IAAP Belimov & Dietz (2000)
Azospirillum brasilense Sp13t, SR2 1 1AA, GA, 728 Tienetal. (1979)
Azospirillum brasilense 200, 245 1 1AA® Kravchenko et al. (1993)
Azospirillum brasilense FT 326 1 1AAd 1 1AA (r/s)? Ribaudo et al. (2006)
1 CoHa (s)°
Azospirillum brasilense Az39 1 GAs3, IAAC Perrig et al. (2007)
VA Cassan et al. (2009)
Azospirillum brasilense Cd 1 GAs, IAAY Perrig et al. (2007)
A
Azospirillum brasilense Sp245 1 ABAY 1 ABAY Cohen et al. (2008)
Azospirillum lipoferum USA59b 1 ABAY Cohen et al. (2009)
Azospirillum lipoferum 137 1 1AAP Belimov & Dietz (2000)
Bacillus cereus MJ-1 'T GAL 3,4,7,9, GA12Y 19, 20, 24, Jooetal. (2004)
GA34, 36, 44, 53°
Bacillus licheniformis Ps14 1 ABA, GAz, IAA® Sgroy et al. (2009)
Bacillus licheniformis CECT 5106 1 1AA, 1 GA1, GAs3, GAy, GA® Gutierrez-Manero et al. (2001)
Bacillus macroides Ps19 1 GA1, 3,4 5,7, GAg 9,12, 19, 20, Joo et al. (2004)
GA24, 34, 36, 44, 53°
Bacillus pumilis CECT 5105 1 1AA, 1 GA1, GAs3, GAy, GA® Gutierrez-Manero et al. (2001)
Bacillus pumilus Ps19 1 ABA, GA3, IAA, 7¢ Sgroy et al. (2009)
Bacillus pumilus Cj-69 1 GA1 3,4 7,9, GA12, 19, 20, 24, Joo et al. (2004)
GAs4, 36, 44, 53°
Bacillus sp. 1 1AA, GAs© Islam et al. (2009)
Bacillus subtilis 1B22 M tZ, tZRC Arkhipova et al. (2007)
| ABAC
Bacillus subtilis Ps8 1 ABA, GA3, IAA, 7¢ Sgroy et al. (2009)
Brevibacterium halotolerans Ps9 1 ABA, GAs, ¢ Sgroy et al. (2009)
Brevundimonas sp. RFNB15, RFNB32 1 1AAC Islam et al. (2009)
Burkholderia cepacia Ral 3 4 DHZR, iPA, tZR¢ De Salamone et al. (2001)
Burkholderia sp. KCTC 11096BP 0 GA1,3,4d Joo et al. (2009)
Burkholderia sp. RFNB11, RFNB12, 1 1AAC Islam et al. (2009)
RFNB16
Corynebacterium sp. | ABAY Hasegawa et al. (1984)
Flavobacterium sp. L30 1 1AAP Belimov & Dietz (2000)
Herbaspirillum sp. RFNB20, RFNB26, 1 IAAC Islam et al. (2009)
RFNB30
Lysinibacillus fusiformis Ps7 1 ABA, GAs, IAA® Sgroy et al. (2009)
Methylobacterium extorquens 1 1AA, iPA, tZR¢ Madhaiyan et al. (2006)
CBMB120, CMBM130
Methylobacterium fujisawaense 1 1AA, iPA, tZR® 1 1AA, iPA, tZR® Madhaiyan et al. (2006)
CBMB20, CMBM110 1 ACCIC,H,¢
Paenibacillus polymyxa B2 1 ipd Timmusk et al. (1999)
Paenibacillus polymyxa Lp6, Pw2 1 IAAP NE DHZR® Bentet al. (2001)
1 IAAC
Paenibacillus sp. RENB4 1 1AAC Islam et al. (2009)
Pantoea agglomerans Z143 1P, IPAd Omer et al. (2004b)
Other CKs®
Pseudomonas brassicacearum Am3 1 1AAP Belimov et al. (2001)

Pseudomonas chlororaphis 63-28

4 DHZR, iPA, tZR°

De Salamone et al. (2001)
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Table 1 Continued

I.C. Dodd et al.

Culture In Planta In Planta
Rhizobacterial Species Filtrate In Pitro Ex Vitro References
Pseudomonas fluorescens M20 1 1AAP 4 DHZR® Bent et al. (2001)
NE IAA®
Pseudomonas fluorescens G20-18, G8-32, 1 DHZR, iPA, tZR® De Salamone et al. (2001)
GR12-2
Pseudomonas oryzihabitans Ep4 1 IAAP Belimov et al. (2001)
Pseudomonas putida Rs198 | ABA?, 1 |AAC Yao et al. (2010)
Pseudomonas putida GR12-2 1 DHZR, iPA, tZR® De Salamone et al. (2001)
Pseudomonas putida GR12-2 } ACC® Penrose et al. (2001)

Pseudomonas putida Ps30 1 ABA, IAA, Z¢
Rhodococcus sp. 4N-4 1 IAAP
Serratia sp. RFNB17, RFNB18, RFNB19 1 1AAC
Sphingomonas sp. RFNB22, RFNB28 1 1AAC
Variovorax paradoxus (8 strains) 1 IAAP
Xanthomonas sp. RENB24 1 1AAC

Sgroy et al. (2009)
Belimov et al. (2005)
Islam et al. (2009)
Islam et al. (2009)
Belimov et al. (2005)
Islam et al. (2009)

Effects are increases (1), decreases (|) or no statistically significant effect (NE) where (r/s) indicates roots and shoots, respectively.

Detection of phytohormones was via
@bioassay techniques,

bcolourimetric techniques,

“enzyme-linked immunosorbent assay (ELISA),

dgas chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass spectrometry (LC-MS), or

€high performance liquid chromatography-ultraviolet detection (HPLC-UV).

Phytohormones are as follows: ABA, abscisic acid; ACC, 1-aminocyclopropane carboxylic acid; CK, cytokinin; CoHg, ethylene; DHZR, dihydrozeatin
riboside; GAx, gibberellic acidy; IAA, indole-3-acetic acid; iP, isopentenyladenine; iPA, isopentenyladenine-9-riboside; JA, jasmonic acid; tZR, trans-zeatin

riboside; tZ, trans-zeatin; Z, zeatin.

Particular attention is given to the ability of PGPR to
affect plant growth via metabolising phytohormones in
the rhizosphere (Table 2; rhizobacteria degrading the
ethylene precursor ACC are summarised in Belimov,
2009 - supplementary Table S1 is available), since this
aspect of plant—bacteria interactions has received com-
paratively little attention in the literature.

Abscisic acid

Water stress dramatically stimulates plant ABA biosynthe-
sis (e.g. Dodd, 2007) and partially closes the stomata (an
adaptive response to conserve water), with ABA concen-
trations in a given plant compartment depending on local
synthesis (determined by cellular turgor), metabolism
and import (from either xylem or phloem). Abscisic
acid biosynthesis begins with the oxidative cleavage of
the carotenoids 9’-cis-violaxanthin or 9'-cis-neoxanthin to
xanthoxin by the plastid enzymes 9-cis-epoxycarotenoid
dioxygenases (NCEDs). Xanthoxin is converted to abscisic
aldehyde by xanthoxin oxidase, then abscisic aldehyde
oxidase catalyses conversion of abscisic aldehyde to
ABA (reviewed in Taylor efal., 2000). During water
stress, activities of the above-mentioned enzymes and
their mRNA transcript abundance increases in both
leaves and roots. In the roots, xanthophylls are in low
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abundance and zeaxanthin epoxidation to violaxanthin
via zeaxanthin epoxidase (ZEP) might be a further reg-
ulatory step of water stress-induced ABA biosynthesis
(Taylor et al., 2000).

The role of ABA in mediating root elongation
depends on substrate (and thus plant) water potential,
W: ABA accumulation inhibits elongation of well-watered
roots (¥ = —0.03 MPa) and in hydroponics (Fig. 2), but
maintains elongation of roots growing in substrates at
low water potential (¥ = —1.6 MPa), at least partially
by suppressing excessive ethylene synthesis which can
inhibit growth (Sharp & LeNoble, 2002). Although
ABA-deficient mutants generally have lower root growth
rates and less root biomass (Munns & Cramer, 1996),
total root length of the ABA-deficient aba2-1 and aba3-1
mutants of Arabidopsis thaliana was fourfold higher than
wild-type (WT) plants in vitro, and the inhibition of lateral
root formation by osmotic stress (Vmr = —0.6 MPa) was
less in these mutants (Deak & Malamy, 2005). Exogenous
ABA application mimicked the inhibition of lateral root
development caused by osmotic stress (Guo et al., 2009),
although the exogenous ABA concentrations required to
elicit this inhibition (1 pM in A. thaliana, 10 UM in Arachis
hypogea) were several orders of magnitude higher than
typically found in the rhizosphere (1-10 nM, Hartung
etal., 1996). Detailed physiological and morphological

Ann Appl Biol 157 (2010) 361-379 © 2010 The Authors
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Table 2 Examples of in vitro phytohormone degradation by bacteria

Bacterial Species Hormone References

Alcaligenes sp. IAA Claus & Kutzner (1983)

Alcaligenes sp. IAA Libbert & Risch (1969)

Achromobacter sp. IAA Libbert & Risch (1969)

Arthrobacter sp. SN17, SA Plotnikova et al. (2001)
DF14, SF27

Arthrobacter sp. IAA Mino (1970)

Azospirillum brasilense Cd ~ GAy

Azospirillum lipoferum USA  GAyg

Bacillus sp. SN501 SA

Bacillus sp. IAA

Bradyrhizobium japonicum  |AA
TA3, TA5, TA11

Bradyrhizobium japonicum  1AA

Cassan et al. (2001)
Cassan et al. (2001)
Plotnikova et al. (2001)
Libbert & Risch (1969)
Egeboetal. (1991)

Jensen et al. (1995)

110
Burkholderia sp. 383 IAA Leveau & Gerards (2008)
Corynebacterium sp. K3 Ethylene Coleman et al. (2002)
Corynebacterium sp. ABA Hasegawa et al. (1984)
Flavobacterium sp. IAA Libbert & Risch (1969)
Mycobacterium sp. E3 Ethylene Elsgaard (1998)
Mycobacterium sp. E20, Ethylene De Bont (1976)
32,5,T1,T2
Mycobacterium sp. K1 Ethylene Coleman et al. (2002)
Mycobacterium sp. 1560, Ethylene Coleman et al. (2002)

JS61, 15616, 15617
Marinomonas sp. MWYL1 IAA
Nocardioides sp. 15614 Ethylene
Pseudomonas butanovora ~ SA
Pseudomonas fluorescens SA

HK44
Pseudomonas putida 1290 1AA
Pseudomonas putida GB-1 IAA
Pseudomonas putida g15f,  SA

g20f, g24f, NS7,NS11,

NS12, NS15,NS17, NS18,

NS20, NS22, NS24

Leveau & Gerards (2008)
Coleman et al. (2002)
Kesseri et al. (2005)
Silva et al. (2007)

Leveau & Lindow (2005)
Leveau & Gerards (2008)
Sasonova et al. (2008)

Pseudomonas savastanoi IAA Roberto et al. (1990)
PIAAT
Pseudomonas sp. SN11, SA Plotnikova et al. (2001)

SN21, SN101, G51

Pseudomonas sp. DL1b Ethylene Coleman et al. (2002)
Pseudomonas spp. IAA Libbert & Risch (1969)
Pseudomonas spp. (27 SA Grishchenkov et al. (2003)
different strains)
Rhodococcus sp. RHA1 IAA Leveau & Gerards (2008)
Rhodococcus sp. SN31, SA Plotnikova et al. (2001)
DB11,G10
Serratia marcescens SA Jaiswal & Thakur (2007)
Serratia proteamaculans BA, 8-OHBA  Taylor et al. (2006)
B1
Sphingomonas wittichii IAA Leveau & Gerards (2008)
RW1
Unidentified bacterium RD4  Ethylene Elsgaard & Andersen
(1998)

Phytohormones are as follows: ABA, abscisic acid; BA, N°-benzyladenine;
IAA, indole-3-acetic acid; 8-OHBA, 8-hydroxy-N°-benzyladenine; SA,
salicylic acid.
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Figure 2 Primaryrootelongation ofnon-nodulated fababean (Vicia faba),
pea (Pisum sativum) and wheat (Triticum aestivum) inhydroponic solutions
containing abscisic acid (ABA) (V), 1-aminocyclopropane-carboxylic acid
(ACC) (@), GA; (V), indole-3-acetic acid (IAA) (A, A) and zeatin (], ).
Data were redrawn from El-Antably and Larsen (1974) (V. faba — V, Vv,
A), Bertell and Eliasson (1992) (P. sativum — ), Eliasson et al. (1989)
(P. sativum — @, /) and Stenlid (1982) (T. aestivum — [J). Arrow on
the x-axis indicates representative rhizosphere ABA concentrations (from
Hartung et al., 1996).

studies are required to establish whether the inhibition
of lateral root development in drying soil is a direct
response to increased endogenous ABA accumulation, or
an indirect effect of slower primary root elongation.

Several rhizobacteria produce ABA in culture media
or mediate plant ABA status (Table 1). Although the
biochemical mechanisms by which ABA is produced in
planta have been well characterised (Taylor et al., 2000),
as has fungal ABA production (Siewers etal., 2006),
the biochemical mechanism of bacterial ABA production
does not appear to have been investigated. Neverthe-
less, the existence of bacterial genome sequences for
carotenoid cleavage oxygenase homologues (Marasco &
Schmidt-Dannert, 2008) provides a possible mechanism
for bacterial ABA production.

Various Azospirillum brasilense strains such as Az 39
and Cd (Perrig etal., 2007) and Sp245 (Cohen etal.,
2008) produced ABA in vitro when grown on defined
media. Abscisic acid production of strain Sp245 increased
eightfold [per colony-forming unit (CFU)] when the
osmotic potential of the medium (¥x) was lowered
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from —0.2 to —0.7 MPa by the addition of 100 mM Nacl
(Cohen et al., 2008). Furthermore, three endophytic sun-
flower (Helianthus annuus) bacteria (including one iden-
tified as Achromobacter xylosoxidans) increased the ABA
concentration of the culture medium when Wr was
lowered from 0 to —2.03 MPa by adding polyethylene
glycol (Forchetti et al., 2007). While medium Wx obvi-
ously determines bacterial ABA production, there may be
residual effects of the growth environment, since Azospir-
illum isolates from water-stressed conditions produced
more ABA in vitro than strains isolated from well-watered
plants (Ilyas & Bano, 2010) although the underlying
mechanisms remain unclear.

Addition of a concentrated A. brasilense suspension
(10 uL of a bacterial suspension containing 10° CFU
mL~!) to A. thaliana seedlings grown in vitro approxi-
mately doubled tissue ABA concentrations (Cohen et al.,
2008), indicating that ABA-producing PGPR can poten-
tially augment plant ABA concentrations. Similarly,
aseptic inoculation of maize (Zea mays) seedlings with
Azospirillum lipoferum USA59b doubled tissue ABA con-
centrations when well-irrigated pot-grown plants were
harvested 45 days after inoculation (Cohen et al., 2009).
The persistence of this increased ABA concentration was
attributed to endophytic colonisation of the maize plants
by Azospirillum. To what extent the differences in bac-
terial colonisation between root and shoot (two orders
of magnitude lower bacterial colonisation of plant aerial
parts) resulted in differences in tissue ABA concentration
is unknown, although shoot growth promotion (11%)
was less than root growth promotion (48%) of inocu-
lated plants under well-watered conditions (Cohen et al.,
2009). Higher leaf water potential and relative water
content (RWC) of wheat (Triticum aestivum) plants inocu-
lated with A. brasilense Sp245 than uninoculated controls,
when exposed to drought (Creus et al., 2004), may result
from bacterial ABA production partially closing the stom-
ata thus attenuating water deficit. However, it will be
important to determine whether effects of Azospirillum
inoculation on plant water relations are attributable to
bacterial ABA production, or whether inoculation alters
the sensitivity of physiological processes (e.g. stomatal
closure) to soil drying.

Improved growth of Azospirillum inoculated plants has
also been attributed to bacterial gibberellic acid (GA)
production (Perrig et al., 2007). The relative importance
of ABA and GA production was assessed by foliar spraying
of maize seedlings with fluridone (ABA biosynthesis
inhibitor) or prohexadione (GA biosynthesis inhibitor)
or their combination (Cohen etal., 2009). A. lipoferum
restored (or increased) both root and shoot growth of
well-irrigated fluridone-treated plants, and root (but not
shoot) growth of prohexadione-treated plants, but could
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not restore growth of plants sprayed with both inhibitors.
At least part of this growth recovery of inoculated
plants may be attributed to increased leaf RWC, but
hydraulic mechanisms cannot be solely responsible
for growth recovery as plants sprayed with both
inhibitors had a normal RWC (Cohen et al., 2009). Paired
measurements of leaf water relations, photosynthesis and
phytohormones in the same leaf (Dodd, 2007) will be
essential to dissect the role of bacterial ABA production
in the improved growth of Azospirillum inoculated plants.

The relative ease with which ABA can be measured
using immunological techniques and its importance in
controlling plant water loss and growth (Dodd etal.,
2009a) has allowed its routine measurement in other
experiments with PGPR, even when there may appear
no a priori reason (such as hormonal analyses of liquid
culture media) to suggest that a rhizobacterial species
may alter plant ABA relations. Soil inoculation with the
1-aminocyclopropane-carboxylic acid (ACC) deaminase-
containing rhizobacterium Variovorax paradoxus 5C-2
increased pea (Pisum sativum) growth and yield in both
well watered and drying soil, but also increased xylem
ABA concentrations in drying soil (Belimov et al., 2009).
However, xylem ABA concentration of both inoculated
and uninoculated maize plants increased similarly as leaf
water potential decreased, and hormone flow modelling
of well-watered maize plants showed that inoculation
decreased phloem flow of ABA to the root (Dodd et al.,
2009b). It was suggested that the enhanced xylem ABA
concentration in the pea experiments was not a direct
rhizobacterial impact per se, but resulted from increased
shoot growth (and hence transpiration) of inoculated
plants likely causing additional soil drying (Belimov
et al., 2009). When rhizobacterial inoculation accelerates
plant development, including a developmental control is
valuable to allow comparisons of plant hormone relations
in similarly sized plants. Since one of the functions of ABA
is to restrict ethylene synthesis (Sharp & LeNoble, 2002;
Dodd etal.,, 20094), the decreased ethylene evolution
of plants inoculated with ACC deaminase (ACCd)-
containing rhizobacteria (Mayak et al., 2004) might cause
feedback regulation of ABA levels. This proposition
should be more thoroughly evaluated, especially in view
of interest in using ACCd-containing rhizobacteria to
ameliorate plant responses to soil drying (Dey et al., 2004;
Mayak et al., 2004; Belimov et al., 2009).

Another unsuspected effect of PGPR inoculation on
plant ABA relations occurred when the CK-producing
PGPR Bacillus subtilis IB-22 was applied to sand-grown let-
tuce (Lactuca sativa) seedlings: this doubled both shoot CK
and ABA concentrations of well-watered plants, but pre-
vented any increase in shoot ABA accumulation induced
by soil drying (Arkhipova et al., 2007). However, bacterial

Ann Appl Biol 157 (2010) 361-379 © 2010 The Authors
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inoculation had no effect on stomatal conductance or leaf
RWC or root hormone concentrations. The greater impact
of rhizobacterial inoculation on shoot than root hormone
concentrations suggests considerable root-to-shoot sig-
nalling of phytohormones in inoculated plants, but more
detailed measurements of xylem hormone concentration
or hormone flow modelling studies are required to sub-
stantiate that systemic ABA signalling is altered by Bacillus
inoculation. Alternatively, exposure of A. thaliana in vitro
to the volatiles generated by B. subtilis GBO3 downreg-
ulated shoot (but not root) ABA concentrations, and
the ABA biosynthetic transcripts AtZEP, AtNCED3 and
AtNCED4 in the shoots without plant—bacterial contact
(Zhang et al., 2008). While this decreased ABA concen-
tration increased photosynthetic efficiency (apparently
independently of any stomatal effects), the extent to
which these mechanisms operate ex vitro requires further
work.

Immersing cotton (Gossypium hirsutum) seeds in suspen-
sions of Pseudomonas putida Rs-198 (10° CFUmL™! for 6 h)
prior to planting increased seedling biomass accumulation
by 10 and 19% in saline and non-saline soil, respectively,
and prevented any salinity-induced ABA accumulation
in cotton seedlings (Yao et al., 2010). However, the phys-
iological impact of this change in ABA accumulation
remains to be resolved, especially since growth promo-
tion was also associated with a 30—-50% increase in leat
indole-3-acetic acid (IAA) concentration, irrespective of
salinity. Furthermore, other strains of P. putida contain
ACCd (Glick etal., 1994) and/or produce exopolysac-
charides that can improve root-soil contact (Sandhya
etal., 2009), potentially attenuating root water stress. It
is therefore difficult to unequivocally establish whether
these rhizobacterial changes in plant ABA relations are
involved in mediating plant responses to drought or salt
stress.

Although plant-associated bacteria can apparently syn-
thesise ABA (Table 1), less is known about microbial
metabolism of this phytohormone (Frankenberger &
Arshad, 1995). To the best of our knowledge, a solitary
report indicated bacterial ABA degradation in a Corynebac-
terium sp. isolated from ABA-amended soil, which
converted ABA to dehydrovomifoliol [(£)-1'-hydroxy-
4'-keto-a-ionone] in vitro (Hasegawa et al., 1984). This
provides a possible biochemical mechanism for a 30-40%
degradation of radioactive ABA after its introduction to
soil (Hartung et al., 1996). Recently, we have also iso-
lated several ABA-degrading bacterial strains from the
rice (Oryza sativa) rhizosphere via incubation of root sam-
ples on a selective nutrient media (Belimov & Dodd,
unpublished data). Further work will investigate the pos-
sible role of these ABA-utilising rhizosphere bacteria in
plant-bacteria interactions.
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In conclusion, an increasing number of rhizobacterial
strains appear capable of synthesising ABA in defined
culture media, especially when exposed to osmotic stress.
To what extent this occurs in nature (where changes in
the water relations of bacterial niches will occur more
slowly than in batch culture), and whether this alters
ABA concentrations in planta requires further work. The
dependence of plant ABA concentrations on both soil
water content and leaf water potential (Dodd, 2007)
requires 2 (£ irrigation) by 2 (& rhizobacteria, and prefer-
ably their ABA-deficient mutants) experiments to resolve
not only whether rhizobacteria affect plant ABA rela-
tions, but also whether they affect the sensitivity of
plant response to ABA. These experiments are neces-
sary to resolve whether ABA production/degradation by
rhizobacteria, or indirect rhizobacterial alteration of plant
ABA synthesis and metabolism, will have positive or neg-
ative impact on plants experiencing environmental stress.

Auxins

The most important natural auxins seem to be IAA,
indole-3-butyric acid and phenoxyacetic acid, with most
IAA stored as conjugated (probably inactive) forms such
as ester conjugates (predominantly in monocotyledonous
plants) or amide conjugates (predominantly in dicotyle-
donous plants) (Woodward & Bartel, 2005). Indole-3-
acetic acid can be synthesised via tryptophan-dependent
and tryptophan-independent pathways, although the
significance of the latter pathway continues to be
debated (Cohen efal., 2003). Bacterial IAA production
was recently comprehensively reviewed (Spaepen et al.,
2007) with at least five independent pathways identified,
although some pathways were reported only in indi-
vidual bacterial species. Typically, PGPR synthesise IAA
via the indole-3-pyruvate pathway utilising the enzyme
indole-3-pyruvate decarboxylase encoded by ipdC, with
ipdC expression and TAA production occurring in the sta-
tionary phase, induced by exogenous tryptophan (Ryu
& Patten, 2008). A microbial biosensor demonstrated
higher rhizosphere tryptophan concentrations 12—-16 cm
from the root tip of Avena barbata in the zone of lateral
root proliferation (Jaeger et al., 1999). Spatial separation
of high populations of TAA-producing bacteria from the
primary root elongation zone implies that some bacteri-
ally supplied auxin is transported towards the root tip to
moderate growth.

Effects of auxin on root development are highly depen-
dent on the particular auxin applied and the respon-
siveness of the genotype to auxin. Addition of 200 or
5000 nM TAA to the nutrient solution of hydroponically
grown common bean (Phaseolus vulgaris) increased root
dry weight and the number of basal roots by 1.9- and
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1.4-fold, respectively, in one genotype, but had no effect
on another (Remans etal., 2008). In other legumes,
inhibition of primary root elongation by TAA was dose-
dependent (Fig. 2) with stimulation of faba bean (Vicia
faba) root elongation at IAA concentrations <100 nM, but
growth inhibition at concentrations >500 nM (El-Antably
& Larsen, 1974) while pea (P. sativum) primary root elon-
gation was inhibited by IAA concentrations between 10
and 500 nM (Eliasson et al., 1989).

Of the major groups of plant hormones, there has
been more interest in rhizobacterial production of auxins
than any other (Frankenberger & Arshad, 1995; Fig. 1).
While auxin production is clearly a widespread bacte-
rial property (with up to 80% of species within some
rhizobacterial genera producing auxin) (Ahmad et al.,
2008), this interest has undoubtedly been stimulated by
the adoption of a standardised colourimetric assay for
indole production (Ehman, 1977) in the presence of the
auxin precursor, tryptophan, in the medium. Although
this assay also detects intermediates of the TAA biosyn-
thetic pathway (Glickmann & Dessaux, 1995), a survey
of 15 bacterial species revealed that colourimetric and gas
chromatography-mass spectrometry assays of bacterial
auxin production were correlated and that both variables
were correlated with endogenous IAA concentration of
wheat seedlings (Ali ef al., 2009). Consequently, charac-
terising rhizobacteria for their plant growth-promoting
properties usually includes assays of indole production
(Cattelan etal., 1992; Belimov etal., 2001; Dey etal.,
2004) and a wide range of rhizobacterial species have
been identified as auxin producers (Table 1).

The role of auxin in plant—bacteria interactions has
been addressed using bacterial genotypes with higher
or lower IAA production. Although the auxin pro-
ducer P. putida GR12-2 stimulated canola (Brassica juncea)
root elongation, genotypes with higher levels of bacte-
rial TAA production (up to four times higher than WT)
had no additional effect on root elongation or lost their
growth-promoting effects (Xie et al., 1996). Similarly, an
TIAA-deficient mutant of P. putida GR12-2 constructed by
insertional mutagenesis lost its growth-promoting effect
on canola primary root elongation even though it had
similar root colonisation as the WT strain (Patten & Glick,
2002), suggesting an optimal level of bacterial IAA pro-
duction to stimulate root elongation. Similar approaches
have investigated the role of IAA in the wheat root growth
response to A. brasilense Sp245. An TAA-deficient mutant
with 10% of WT auxin production abolished a dose-
dependent inhibitory effect on wheat root elongation
(Dobbelaere et al., 1999) while enhancing IAA produc-
tion (1.5-fold in culture media) by upregulating ipdC
expression using constitutive or plant-inducible promot-
ers further inhibited wheat root length at lower inoculum
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concentrations than the WT strain (Spaepen et al., 2008).
Furthermore, strains of the auxin-producing PGPR Bacil-
lus amyloliquefaciens FZB42 with knockout mutations in
genes probably involved in TAA metabolism (putative
TAA transacetylase, putative nitrilase) were less efficient
in promoting plant growth (Idriss ef al., 2007). Thus, while
the absolute effect of auxin on plant response depended
on the plant—-microbe combination, moderating auxin
production within a given rhizobacterial genotype had
dose-dependent effects on plant growth.

An alternative evaluation of plant responses to
bacterial-produced auxin used auxin-resistant plants.
Pseudomonas thivervalensis MLG45 inhibited root length
of WT A. thaliana seedlings by 70%, but did not inhibit
root growth of the auxin-resistant mutant awuxI-100
(Persello-Cartieaux et al., 2001). In contrast, a range of
other hormonal mutants (ABA-insensitive abil, abi2 and
abi3; CK-insensitive mutants cddl, ceil and cicl; ethylene-
insensitive ein2-1 and etrl-3; gibberellin-insensitive gai;
jasmonic-acid-insensitive jarl-1) showed a WT response
to inoculation with P. thivervalensis, indicating the speci-
ficity of auxin-mediated root growth inhibition by this
bacterium. Similar approaches have been used to investi-
gate the interaction of other rhizobacteria with A. thaliana,
due to the range of hormone-insensitive mutants in this
plant species.

Although bacterial auxin production was associated
with decreased wheat root length, the same bacteria
increased lateral root number (Ali efal., 2009). Despite
the inhibitory effect of auxin on root growth, auxin-
producing bacteria often stimulate shoot growth. For
example, upregulating bacterial auxin production in
A. brasilense Sp245 increased leaf length and shoot dry
weight at least 10% more than the WT strain (Spaepen
etal., 2008). Across a range of PGPR, leaf TAA concen-
tration of 14-day-old-wheat seedlings grown in vitro was
correlated with shoot fresh weight in pot trials (Fig. 3,
Ali et al., 2009). Thus, bacterial auxin production remains
a desirable trait in screening for PGPR activity, although
inhibition of root length by auxin may be an undesirable
side-effect.

However, the impact of bacterial auxin production on
plant root growth likely depends not only on endoge-
nous root auxin levels, but also on the existence of
other bacterial characteristics (such as ACCd, see discus-
sion under Ethylene section) that may mitigate auxin’s
impact. Auxin increases ethylene synthesis by upregulat-
ing activity of the rate-limiting enzyme [ACC synthase
(ACS)] in the ethylene biosynthetic pathway (Kende,
1993). Recently, this hypothesis was substantiated with
the TAA-producing PGPR A. brasilense FT 236, which
almost doubled tomato shoot ethylene production, ACS
activity and LeACS2 gene expression (Ribaudo et al., 2006)
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Figure 3 Correlation between endogenous indole-3-acetic acid (IAA)
content of wheat and shoot fresh weight under axenic conditions. Each
point represents a different bacterial species and a linear regression was
fitted in SigmaPlot for Windows 2.01 (plotted from data in Ali et al., 2009).

and increased root hair development without inhibiting
root elongation. Exogenous ethylene application mim-
icked the effects of A. brasilense FT 236 on root hair
development, whereas blocking ethylene action with
1-methylcyclopropane decreased the positive effects of
PGPR inoculation in root development. Bacterial mutants
of this strain (in auxin production) are required to confirm
auxin-mediated upregulation of plant ethylene status.
Biodegradation of IAA in soils was repeatedly studied
(reviewed by Frankenberger & Arshad, 1995), suggest-
ing that bacterial TAA metabolism is a widespread trait
(Table 2). Gene clusters regulating TAA catabolism were
identified in various bacterial families like Burkholderia,
Marinomonas, Pseudomonas, Rhodococcus and Sphingomonas
(Leveau & Gerards, 2008). As highlighted previously
(Leveau & Lindow, 2005), the ecological significance
of bacterial TAA catabolism has received little atten-
tion although the regulation of plant—bacteria symbio-
sis formation and function by IAA (Pii etal., 2007;
Spaepen etal., 2007) clearly indicates that bacterial
auxin metabolism may play important roles in medi-
ating interactions with plants. It has been suggested
(Leveau & Lindow, 2005) that (a) IAA-producing and
TAA-degrading bacteria can interact in the rhizosphere to
establish specific TAA concentrations outside and inside
the plant; (b) the plant may regulate the composition
of the rhizobacterial community by secreting IAA into
the rhizosphere; (c) IAA-degrading bacteria may protect
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the plant from pathogen infection by ‘mopping up’ root
surface IAA, a known signal molecule in phytopathogene-
sis. Indeed, co-inoculation with the TAA-degrading strain
P. putida 1290R reduced inhibition of radish (Raphanus
sativus) root growth caused by the IAA-overproducing
Rahnella aquaticus and Pseudomonas syringae (Leveau &
Lindow, 2005). The relative activity of IAA-producing and
TAA-degrading bacteria may prevent extreme rhizosphere
TAA concentrations thus mediating plant growth and pre-
venting pathogen attack. Moreover, the same bacterial
strain may possess both TAA biosynthesis and degrada-
tion traits (Egebo et al., 1991; Leveau & Lindow, 2005)
allowing bacterial modulation and tuning to specific IAA
concentrations in plant roots depending on partner geno-
types and environmental conditions. Future experiments
with mutant bacteria with altered IAA degradation are
needed to establish the physiological significance of these
hypotheses.

In conclusion, while rhizobacterial auxin production is
clearly a widespread trait, its impacts have been difficult
to assess as IAA-producing bacteria often produce other
plant hormones. Creating bacterial mutants with altered
IAA production, and using auxin-resistant plant mutants,
have confirmed the importance of auxin in selected
plant—bacteria interactions. While IAA-producing bac-
teria clearly alter root elongation and root architecture,
it is not clear whether impacts of these bacteria on shoot
growth are because of direct long-distance IAA signalling,
or indirect effects of altered root system performance on
water and nutrient capture. Further investigation of the
role of bacterial IAA degradation as a potential mechanism
of both positive and negative plant—bacteria interactions
seems warranted.

Cytokinins

Most naturally occurring CKs are N°®-substituted adenine
molecules with a branched 5-carbon side chain, such
as cis-zeatin (cZ), trans-zeatin (tZ) and isopentenylade-
nine (iP). Although the importance of various pathways
of CK biosynthesis varies according to plant tissue and
environmental conditions, the formation of N°-(AZ2-
isopentenyl)adenosine-5'-monophosphate (iP ribotide)
from dimethylallyl diphosphate (DMAPP) and adenosine-
5’-monophosphate catalysed by isopentenyltransferase
(IPT), with subsequent hydroxylation to tZ ribotide, are
important steps (Kudo et al.,, 2010). Biosynthesis of cZ
from tRNA and DMAPP is catalysed by tRNA-IPTs (Kudo
etal., 2010). Cytokinins are produced in plant meristem-
atic regions including the roots, with different IPT genes
showing different spatial regulation (Takei ef al., 2004),
and are transported in both the xylem and the phloem.
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Experiments with exogenous applications of both nat-
ural and synthetic CKs (often in much higher concentra-
tions than expected in the rhizosphere) to growing media
(Fig. 2), and the creation of transgenic plants with altered
CK biosynthesis or metabolism, have led to the general
conclusion that CKs inhibit root growth. At least part
of this growth inhibition may be via CK stimulation of
ethylene production (Cary et al., 1995), since 1 uM benzy-
laminopurine (BAP) in vermiculite significantly increased
root ethylene evolution and 15 uM BAP decreased pea
primary root elongation and lateral root number by about
20% (suggesting the latter is dependent on the former)
and lateral root elongation by 50% (Lorteau et al., 2001).
Constitutive transgenic overexpression of IPT decreased
root mass resulting in transient wilting (Hewelt et al.,
1994). Furthermore, constitutive overexpression of CK
oxidase increased root biomass by 60% even though shoot
biomass was decreased by 30% (Werner et al., 2001).

Prior to the isolation of plant IPT genes for de novo
CK synthesis, it was argued that plant CK status was
maintained by endophytic bacteria known as pink-
pigmented facultative methylotrophs or PPFMs (Holland,
1997). The bacterial endophyte M. extorquens produced
adenine and adenine derivatives (Pirttild et al., 2004)
but not other commonly produced hormones (IAA,
GA, Z were all below detection limit). In contrast,
Korean isolates of both Methylobacterium extorquens and
M. fujisawaense produced TAA in culture (independently
of the presence of tryptophan) and both tZ and iPA,
which increased total cytokinin concentrations of canola
seedlings threefold (Madhaiyan efal., 2006). Bacterial
TIAA production by such endophytes (Omer et al., 2004a;
Madhaiyan et al., 2006) indicates their impacts on plant
growth are not only by altering CK homeostasis.

Several PGPR increased CK concentrations of culture
media (Table 1). Using immunoatffinity chromatography
of culture media before and after inoculation, Paenabacil-
lus polymyxa B2 was shown to produce iP after the
late stationary phase of growth, and to metabolise iPA
present in the culture medium up to the logarithmic
growth phase (Timmusk efal., 1999). Although other
strains of P. polymyxa (L6, Pw2) had no impact on root
dihydrozeatin riboside (DHZR) concentration of lodge-
pole pine seedlings, Pseudomonas fluorescens M20 increased
root DHZR concentration by 2.7-fold. However, all three
bacterial strains increased pine root growth, perhaps sug-
gesting that bacterial TAA production (found in all three
rhizobacteria in vitro) may have had a dominant effect on
root growth (Bent et al., 2001).

However, in some cases, CK-producing PGPR neg-
atively affected root growth. Although no significant
changes in root CK concentrations were detected
following inoculation with the CK-producing PGPR

370

I.C. Dodd et al.

B. subtilis 1B-22, lettuce root length was decreased by
20% (Arkhipova et al., 2007), potentially threatening the
long-term productivity of plants in soil inoculated with
this organism. However, in these short-term (2 weeks)
experiments with plants grown under nutritionally opti-
mal conditions but with constrained root systems, the
negative impact of CKs on root elongation did not pre-
vent a stimulatory effect of CKs on shoot growth, probably
mediated by increased cell division and cell wall exten-
sibility (Rayle efal.,, 1982). Root growth inhibition by
CKs may be partially attributed to increased ethylene
production (Lorteau et al., 2001), thus bacterial mecha-
nisms of decreasing root ethylene production (discussed
below) may determine whether a CK-producing PGPR
has positive or negative impact on root growth. Since co-
occurrence of bacterial CK production and ACCd activity
has yet to be identified (Table 1), it would be desirable to
screen CK-producing rhizobacteria for ACCd activity.

To our knowledge, only one report relates to rhi-
zobacterial CK metabolism: Serratia proteamaculans B1
metabolised the synthetic CK N°-benzyladenine as a
carbon source via the enzyme xanthine dehydrogenase
(Taylor et al., 2006). Surprisingly, this organism was the
only one among 60 000 clones of soil/rhizosphere bacteria
screened for utilisation of N°-benzyladenine in vitro. This
unlikely result may be because of the ‘enrichment’ pro-
cedure applied: before bacterial isolation, soil suspensions
were amended with milled plant materials (but not with
pure cytokinins!) and shaken for 2 weeks. This procedure
might enrich non-target microorganisms and eliminate
CK-degrading bacteria. Further attempts should be made
to isolate CK-degrading rhizobacteria, in view of the gen-
erally negative impacts of CKs on root growth. From
a historical standpoint of plant—-microbe interactions, it
might be speculated that such rhizobacteria may stimu-
late CK exudation into the rhizosphere, thus minimising
the impact of CK-producing rhizobacteria.

Ethylene

The gaseous hydrocarbon ethylene, most popularly asso-
ciated with fruit ripening, is involved in multiple physio-
logical roles in planta and like most other plant hormones
can promote or inhibit growth depending on the cell type
and plant species (Pierik efal., 2006). Typically, plant
ethylene production is upregulated in response to envi-
ronmental stresses such as waterlogging, excess heavy
metals and soil compaction (Morgan & Drew, 1997).
In planta, the first step of ethylene biosynthesis is the
conversion of S-adenosylmethionine to the immediate
ethylene precursor ACC, catalysed by the enzyme ACS.
1-aminocyclopropane-carboxylic acid can be conjugated
to malonyl-ACC (Peiser & Yang, 1998), de-aminated
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(McDonnell etal., 2009) or oxidised (catalysed by the
enzyme ACC oxidase) to give ethylene, carbon diox-
ide and cyanide (Yang & Hoffman, 1984). The relative
importance of these pathways varies according to the
plant tissue and environmental conditions.

Although ethylene is usually regarded as an inhibitor of
primary root elongation (Swarup et al., 2007) and lateral
root formation (Negi ef al., 2010), it has positive impacts
on root hair formation and aerenchyma formation (Pierik
etal., 2006). Ethylene-insensitive mutants have been
used to investigate plant—bacteria interactions: stimula-
tion of root hair length by ACCd-containing rhizobacteria
was comparable in both WT and the ethylene-insensitive
ein2-1 A. thaliana mutant, suggesting that stimulation of
root hair length was independent of ethylene (Contesto
et al., 2008). Similar root growth of ein2-1, etrI-3 and WT
A. thaliana seedlings in response to the IAA-producing
P. thivervalensis discounted a role for ethylene in root
growth inhibition (Persello-Cartieaux et al., 2001). Like-
wise, similar promotion of shoot biomass and lateral root
number, and inhibition of primary root length, of ein2-1,
etrl-3 and WT A. thaliana seedlings in response to Bacil-
lus megaterium discounted a role for ethylene in these
responses (Lépez-Bucio et al., 2007).

Although rhizobacteria can produce ethylene when
supplied with methionine in culture media, recent atten-
tion has focussed on rhizobacterial mediation of plant
ethylene status via the enzyme ACCd that degrades the
ethylene precursor ACC (Klee etal., 1991; Glick et al.,
1998). Defined protocols for the isolation of ACCd-
containing organisms (Glick et al., 1995; Penrose & Glick,
2003), coupled with their generally positive impacts on
plant growth (Glick et al., 2007) has undoubtedly stimu-
lated the isolation of these bacteria (Fig. 1). ACC deami-
nase has been identified in 34 bacterial genera (Belimov,
2009) including such well-known PGPR as A. brasilense
Sp245 (Blahaet al., 2006). Since a dynamic equilibrium of
ACC concentration exists between root, rhizosphere and
bacterium, bacterial uptake of rhizospheric ACC (for use
as a carbon and nitrogen source) decreases root ACC con-
centration and root ethylene evolution and can increase
root growth in vitro (Glick etal., 1998; Penrose etal.,
2001). Inoculation with the ACCd-containing organism
M. fujisawaense not only decreased root ACC concentra-
tion, but also upregulated canola root ACS activity and
decreased root ACC oxidase activity (Madhaiyan et al.,
2006). A short-term (3 weeks) trial indicated that inocu-
lation of pepper and tomato gnotobiotic seedlings with the
ACCd-containing bacteria Achromobacter piechaudii ARV8
decreased stress-induced whole plant ethylene evolution
and improved recovery of plants when watering was
resumed (Mayak et al., 2004). It now appears that effects
of ACCd-containing bacteria are not restricted to the
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root system, as the ACCd-containing bacteria V. paradoxus
5C-2 attenuated a drought-induced increase in xylem
ACC concentration in pea, thus increasing plant yield
and water use efficiency by promoting vegetative growth
(Belimov et al., 2009).

The importance of bacterial ACCd in plant growth
promotion has been demonstrated by experiments show-
ing ACCd-containing bacteria stimulated plant growth
while mutants in the same genetic background but
lacking ACCd did not, for canola primary root elon-
gation under gnotobiotic conditions (Glick et al., 1994,
1997; Li et al., 2000; Madhaiyan et al., 2006) and canola
(Glick et al., 1997) and pea (Belimov et al., 2009) seedling
root and shoot growth in pot trials. An ACCd-deficient
mutant (T8-1) of Pseudomonas brassicacearum Am3 had
a dose-dependent negative impact on tomato (Lycopersi-
con esculentum) primary root growth in vitro, but the WT
strain did not (Belimov et al., 2007). However, WT- and
ACCd-deficient mutants of four different bacteria (Phyl-
lobacterium brassicacearum STM196, P. putida UW4, Rhi-
zobium leguminosarum bv. viciae 128C53K, Mesorhizobium
loti MAFF303099) had similar effects on primary root
length, total lateral root length and lateral root num-
ber of A. thaliana seedlings grown in vitro (Contesto
etal., 2008). Although all these bacteria stimulated root
hair length by two- to three-fold, the ACCd-deficient
mutants further stimulated root hair length by 15-40%
(Contesto et al., 2008) indicating a negative impact of
bacterial ACCd on root hair elongation. Similar results
were obtained in a gnotobiotic system of tomato and
P. brassicacearum Am3 and its mutant T8-1 (Belimov &
Dodd, unpublished data). The functional significance of
these contrasting effects of bacterial ACCd on root elon-
gation (stimulation or no effect) and root hair elongation
(inhibition) on total nutrient uptake requires further
evaluation, especially since increased root hair length
can improve P uptake (Gahoonia & Nielsen, 2004). Fur-
thermore, ACCd-containing bacteria failed to promote
root elongation of P-deficient rape seedlings having a
low ethylene evolution rate, and positive bacterial effects
on plant growth decreased in P-deficient soil (Belimov
etal., 2002).

Although effects of ACCd-containing organisms on
plant growth have been well studied, impacts of ethy-
lene metabolising microorganisms on plant growth have
received little attention. While ethylene is actively
metabolised in soils (Abeles etal., 1971; Smith etal.,
1973; Cornforth, 1975; Arshad & Frankenberger, 1991),
there are few reports on the isolation and characteri-
sation of ethylene-degrading bacteria (Table 2). Of five
Mycobacterium strains isolated from soil (De Bont, 1976),
Mycobacterium sp. E20 converted ethylene to ethylene
oxide, which was metabolised via acetyl-CoA to epoxide
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(De Bont & Harder, 1978). Soil inoculation with the
unidentified ethylene-degrading bacterium RD-4 rapidly
decreased exogenous ethylene concentrations surround-
ing potted Begonia elatior plants to below the detection
limit, and thus lowered bud drop of the ethylene-treated
plants (Elsgaard & Andersen, 1998). Since this strain was
also successfully used in a biofilter for ethylene removal
from soil, the role of such rhizobacteria in mediating
plant tolerance to environmental stresses (that stimulate
ethylene production) seems worthy of further study.

Gibberellins

Gibberellins (GAs) are diterpenes constituted of four
isoprene units derived from ent-kaurene formed by
cyclisation of geranylgeranyl pyrophosphate (Bomke &
Tudzynski, 2009). Many plants contain a mixture of
different GAs, and at least 130 gibberellins have been
isolated from natural sources. Cleavage of the ring system
results in loss of activity. The biochemical mechanisms
for bacterial gibberellin production are largely similar to
those in plants, although fewer biochemical steps have
been unequivocally demonstrated (Bottini et al., 2004).
Mutant plants that are GA-deficient generally show
decreased lateral root number and length, a phenotype
that is apparently independent of photo-assimilate supply
from the shoot and increases in severity as root GA levels
decrease (Yaxley ef al., 2001). These mutational analyses
support more classical studies of GA addition to intact
roots, which show promotion of primary root elongation
across a wide concentration range (Fig. 2, El-Antably &
Larsen, 1974). It is therefore not surprising that bacterial
GA production has been viewed as a growth-promoting
trait, and a number of PGPR produce GAsin culture media
(Table 1). Rhizobacterial production and metabolism of
GAs was recently comprehensively reviewed (Bottini
et al., 2004), thus this section aims only to highlight key
results, and the in planta effects of GA-producing rhizobac-
teria. Rhizobacterial GA production was first suggested by
incubating lettuce hypocotyls in the culture medium of
A. brasilense Spl3t SR2 (grown under stationary condi-
tions for 7 days in nitrogen-free medium): this bioassay
suggested concentrations of 0.05 ug mL~! of GA; equiv-
alents, while concentrations of authentic GAs; an order
of magnitude lower increased lateral root number in
pearl millet (Tien et al., 1979). Gas chromatography—mass
spectrometry unequivocally identified GA; and GAs in
culture media of A. lipoferum (Bottini et al., 1989) and A.
brasilense (Janzen et al., 1992), with the levels detected
depending on the culture medium. Culture media of the
auxin-producing rhizobacteria Bacillus pumilis and Bacil-
lus licheniformis also contained high levels of GA;, GAs;,
GA4 and GA,, and topical application of concentrated
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culture media to the shoot apex of alder (Alnus glutinosa)
partially reversed the inhibition of stem elongation and
leaf expansion induced by the GA biosynthesis inhibitor
paclobutrazol (Gutierrez-Manero et al., 2001). Similarly,
A. lipoferum USASb and A. brasilense Cd promoted sheath
elongation of GA-deficient dwarf rice, when the inoc-
ulated seedlings had been supplied with glucosyl ester
GA precursors (Cassan et al., 2001). Despite this long his-
tory of research into rhizobacterial GA production, and
more recent discoveries of new bacterial species producing
physiologically active GAs (Table 1), unequivocal demon-
stration that rhizobacteria can increase plant GA levels is,
somewhat surprisingly, lacking. In addition, although rhi-
zobacteria such as Azospirillum are capable of metabolising
GAs in vitro and in association with plants (reviewed by
Bottini et al., 2004) there is no evidence that they use
these substances as a nutrient source, suggesting that
the biochemical mechanisms underlying biodegradation
of GAs in soil requires further attention.

Jasmonic acid

Despite intense interest in PGPR triggering plant induced
systemic resistance (ISR) to insect attack and plant dis-
ease via JA-dependent pathways (reviewed in Van der Ent
et al., 2009), ISR is not always associated with enhanced
plant JA concentrations (Pieterse et al., 2000). This sug-
gests that effects of ISR-producing PGPR are mediated by
altered JA sensitivity as supported by numerous studies
with JA-insensitive mutants (reviewed in Van der Ent
etal., 2009). Despite this, certain PGPR can produce JA
(and its precursor 12-oxo-phytodienoic acid) in culture
media at very low water potential (Forchetti et al., 2007),
although it is not certain how widespread this trait is. It
will be interesting to determine whether JA-producing
bacteria can increase plant JA concentrations and/or
affect ISR responses, and whether rhizobacteria can
metabolise JA.

Salicylic acid

Analogous to the role of JA in plant—bacteria interactions,
induction of ISR by PGPR via SA-dependent pathways
seems to be independent of rhizobacterial SA produc-
tion (Press et al., 1997; Ran et al., 2005). Although initial
work revealed that nanogram amounts of SA produced
by Pseudomonas aeruginosa 7NSK2 triggered ISR in com-
mon bean (De Meyer efal., 1999), a mutant strain of
the same organism unable to produce SA also triggered
ISR in A. thaliana, while three pseudomonad species were
still able to trigger ISR in SA non-accumulating trans-
genic plants (Ran ef al., 2005). Furthermore, mutants of
Serratia marcescens 90-166 that did not produce detectable
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amounts of SA still retained ISR, while a mutant that
did not induce ISR still produced SA, confirming that
bacterial SA biosynthesis was not the primary mediator
of ISR (Press et al., 1997). Many naphthalene-degrading
bacteria of the genus Pseudomonas catabolise SA to cate-
chol and then cleave it via the meta- or ortho-pathway,
or oxidise it through the gentisic acid pathway to Krebs
cycle intermediates (Yen & Serdar, 1988). However, the
role of these bacteria in mediating plant SA status during
plant—microbe interactions has not been studied.

Conclusions

As discussed above, elucidating the role of individual phy-
tohormones in plant responses to PGPR has used plant
mutants that are hormone insensitive, bacterial mutants
with altered capacity for phytohormone synthesis and/or
fractionation of bacterial culture filtrates to determine
whether physiological effects can be explained by partic-
ular fractions (corresponding to known plant hormones).
Despite these efforts, the abundant evidence that PGPR
produce (Table 1) or metabolise (Table 2) phytohormones
in vitro has not always been translated into measure-
ments of hormone concentrations (or sensitivity) in planta
(Table 1), in part since multi-analyte plant hormone anal-
ysis (a necessity since many PGPR produce more than one
plant hormone, and synergistic or antagonistic hormone
interactions exist in plants) is time-consuming. Future
research should aim to link root colonisation by PGPR
(bacterial quantification) in the field, with rhizosphere
and plant hormone concentrations, to determine whether
the potential for rhizobacterial mediation of plant hor-
mone status (Table 1) and growth is actually expressed
following soil inoculation with PGPR. Although rhizobac-
terial hormone production has received more attention,
the role of rhizobacterial hormone degradation may be
particularly important, and may partially account for
unsuccessful attempts in applying hormone-producing
PGPR to stimulate plant growth.

Further research efforts are required in this area, to
allow the sustainable intensification of agriculture despite
decreasing availability of water (because of the climate
change and competition from other users) and nutrients
(because of unacceptable environmental pollution result-
ing from nutrient leaching). Consequently, many authors
have advocated the use of PGPR, including those that
mediate plant hormone status reviewed here, to sustain
crop vields despite decreased nutrient (Adesemoye et al.,
2009) and water (Dodd, 2009) inputs. In spite of con-
siderable (arguably misplaced) optimism that PGPR could
contribute additional nitrogen resources to the plants, as
distinct from ‘mining’ existing soil resources (reviewed
in Andrews et al., 2003), it seems that PGPR that impact
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on plant hormone status will most likely be used in con-
junction with ‘proven technologies’ such as mycorrhizae
(to augment plant P uptake) and nodulating bacteria
(to fix nitrogen). Despite some successes from such
co-inoculation (Gamalero ef al., 2008; Adesemoye et al.,
2009), developing compatible microbial mixtures will
remain an academic and commercial challenge, because
of its usual empirical methodology and the prospect of
microbial antagonism. Nevertheless, experiments demon-
strating that application of ACCd-containing rhizobacteria
to field soils enhanced legume nodulation by indigenous
rhizobia (Belimov et al., 2009) suggest that rhizobacteria
that mediate plant hormone status may prove a viable
technology as independent inocula.
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