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Abstract

Free-living plant growth-promoting rhizobacteria (PGPR) can be used in a variety of ways when plant growth
enhancements are required. The most intensively researched use of PGPR has been in agriculture and horticul-
ture. Several PGPR formulations are currently available as commercial products for agricultural production. Re-
cently developing areas of PGPR usage include forest regeneration and phytoremediation of contaminated soils.
As the mechanisms of plant growth promotion by these bacteria are unravelled, the possibility of more efficient
plant-bacteria pairings for novel and practical uses will follow. The progress to date in using PGPR in a variety
of applications with different plants is summarized and discussed here.

Introduction

New and novel solutions for plant growth enhance-
ments are required to ease the burden imposed on our
environment and other resources. Here we look at
potential solutions to these issues by examining some
of the research conducted regarding the biological
applications of free-living plant growth promoting
rhizobacteria (PGPR). The major applications of bac-
teria for improved plant growth include agriculture,
horticulture, forestry and environmental restoration.
This review presents an overview of information
available on these various applications.

Indirect mechanisms used by PGPR include antibi-
otic protection against pathogenic bacteria, reduction
of iron available to phytopathogens in the rhizo-
sphere, synthesis of fungal cell wall-lysing enzymes,
and competition with detrimental microorganisms for
sites on plant roots. Direct mechanisms of plant
growth by PGPR include the provision of bioavail-
able phosphorus for plant uptake, nitrogen fixation for
plant use, sequestration of iron for plants by sidero-
phores, production of plant hormones like auxins, cy-

tokinins and gibberellins, and lowering of plant
ethylene levels (Glick 1995; Glick et al. 1999).

Applications of PGPR in Agriculture

The most intensively studied application for free liv-
ing PGPR is agriculture. Researchers in the former
Soviet Union and India conducted widespread tests in
the early to the mid part of the 20™ century studying
the effects of PGPR on different crops. Though results
from different experiments were not harmonized and
were often inconsistent, up to 50 to 70% yield
increases were reported. Inconsistency of results was
due to a lack of quality in experimental design and
analysis of results (Brown 1974; Cooper 1959).
Moreover, during this time an understanding of the
detailed mechanisms of plant growth promotion by
rhizobacteria was largely unknown. Nevertheless,
these field experiments provided clues concerning the
optimal conditions for bacterial colonization and
growth promotion of target crops (Brown 1974).
The results of many studies of the effect of free-
living rhizobacteria on various crop plants, conducted
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over approximately the last twenty-five years, are
summarized in Table 1. Plant growth benefits due to
the addition of PGPR include increases in germina-
tion rates, root growth, yield (including grain), leaf
area, chlorophyll content, magnesium content, nitro-
gen content, protein content, hydraulic activity, toler-
ance to drought, shoot and root weights, and delayed
leaf senescence. Another major benefit of PGPR use
is disease resistance conferred to the plant, sometimes
known as ‘biocontrol’.

The use of PGPR to increase crop yield has been
limited due to the variability and inconsistency of re-
sults between laboratory, greenhouse and field stud-
ies (Mishustin and Naumova 1962). Soil is an
unpredictable environment and an intended result is
sometimes difficult to obtain (Bashan 1998). For ex-
ample, in a study by Frommel et al. (1993), poor col-
onization of the PGPR on plant roots occurred at one
site due to adverse conditions, including high Verti-
cillum infection of the soil, low soil pH, high mean
temperature and low rainfall during the growing sea-
son. These undesirable growing conditions most
likely contributed to the low root colonization (Dob-
belaere et al. 2001; Klein et al. 1990; Parke 1991;
Suslow and Schroth 1982). Climatic variability also
has a large impact on the effectiveness of PGPR
(Okon and Labandera-Gonzalez 1994) but sometimes
unfavourable growth conditions in the field are to be
expected as a normal functioning of agriculture. In-
creased yields obtained with wheat inoculated by
Pseudomonas species in the growth chamber have
also been observed in the field (Weller and Cook
1986). Even though there is a possibility of great
variability in field results, if a positive effect of a
PGPR is seen on a specific crop in greenhouse stud-
ies, there is a strong likelihood that those benefits will
carry through to field conditions.

There is a great deal of contradictory information
on the effectiveness of PGPR on plants in soils under
various conditions of fertilization, especially with
Azospirillum species. In the past, the main mechanism
of plant growth promotion by Azospirillum was
thought to occur by providing the plant with fixed ni-
trogen. In fact, it has been reported that the plant
growth promotion effect of Azospirillum only occurs
in nitrogen-limited conditions (Dobbelaere et al.
2001; Fallik and Okon 1996). However, in other
cases, much greater increases in plant growth promo-
tion have been observed after the addition of fertiliz-
ers (Okon and Labandera-Gonzalez 1994). Another
way in which Azospirillum species improve plant

growth is through the production of indole acetic acid
(TAA), a plant hormone (Dobbelaere et al. 1999;
Okon and Labandera-Gonzalez 1994).

Different soil types can influence the effectiveness
of PGPR (e.g., Kloepper et al. 1980). In a study with
wheat and a pseudomonad, results suggested that the
less fertile the soil, the greater the plant growth stim-
ulation by the PGPR (De Freitas and Germida 1990).
This is similar to observations in studies conducted
with Azospirillum species, despite the fact that
pseudomonads fix little or no nitrogen. On the other
hand, growth promotion of maize with a strain of
Azospirillum lipoferum has been reported to be inde-
pendent of cultivar or soil type in the field (Fages
1994). When choosing an effective PGPR for a plant
at a specific site, it is imperative to consider the nu-
trient level in the soil and how the intended PGPR
would perform at that location.

Soil moisture content affects the colonization of the
plant rhizosphere by the PGPR after inoculation (Burr
et al. 1978). Studies in the Soviet Union suggested
that optimum results were obtained when the soil
moisture was 40% (Brown 1974; Cooper 1959).
However, this may be a function of the type of bac-
terium utilized since high moisture content may de-
crease the oxygen content of the soil.

In some instances, specific strains of bacteria may
promote bacterial growth only in certain crops. In one
example, it was found that out of four Pseudomonas
strains that promoted the growth of radish, only one
was effective in promoting the growth of potato
(Kloepper et al. 1980). It has also been observed that
maximum increases in germination and yield often
occur in crops inoculated with PGPR strains isolated
from the plants native rhizosphere (Fages and Arsac
1991; Favilli et al. 1987).

During the initial stages of testing in the laboratory,
PGPR survival in a microcosm of the field environ-
ment should be determined. This is to ensure that any
manipulations conducted on the bacteria are not det-
rimental to their growth promotion effect and their
competitiveness in the field (Tang et al. 1995). In the
field, the number of PGPR cells applied to the plant
is often vital for proper growth promotion (Boddey
and Dobereiner 1988). Many researchers (Table 1)
have applied up to 10® colony forming units (CFU)
per seed (De Freitas and Germida 1991; Di Ciocco
and Rodriguez-Caceres 1994; Fages 1994; Okon et al.
1988; Tran Van et al. 2000; Weller and Cook 1986)
or up to 10° CFU/g of inoculant (Barrios et al. 1984;
De Freitas and Germida 1990a, 1990b; Fallik and
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Okon 1996; Lalande et al. 2002; Paredes-Cardona
1988). While there may be a threshold number of
bacteria that should be inoculated on a given plant,
excessively large numbers of bacteria could be detri-
mental to the germination and growth of seeds or
plants (Chanway 1997). However, growth promotion
effects can still occur even with lower bacterial popu-
lations (Jacoud et al. 1998). It has been shown under
controlled experimental conditions, that initial bacte-
rial binding to seed, not necessarily the roots after
germination, is most important for enhanced plant
root elongation (Hong et al. 1991).

The over-wintering ability of PGPR is fundamen-
tal when considering uses in colder climates. There is
evidence that Pseudomonas species are able to over-
winter in sufficient quantities on the roots of winter
wheat (De Freitas and Germida 1990b). It has also
been argued that antifreeze protein activity of many
bacterial species may contribute to their survival in
colder climates (Sun et al. 1995; Xu et al. 1998). On
the other hand, strains of Azospirillum often have low
survival rates in soils that are colder (Lifshitz et al.
1986).

There are a few other points of interest that relate
to agricultural uses of PGPR. For example, it has been
shown that some PGPR strains are able to counteract
irrigation problems by reducing the negative effect of
irrigation of crops with highly saline water (Hamaoui
et al. 1996). This may reflect the lowering of plant
ethylene levels elevated by salt stress by means of
1-amino-cyclopropane-1-carboxylate (ACC) deami-
nase-containing PGPR (S. Mayak, T. Tirosh, B.R.
Glick, unpublished results). Also, it has been ob-
served that PGPR numbers decline rapidly in the
rhizosphere after inoculation (Jacoud et al. 1998), al-
though their effects last throughout the growing sea-
son. Several studies show that growth promotion
effects are seen early in plant development, and these
subsequently translate into higher yields (Glick et al.
1997; Hoffmann-Hergarten et al. 1998; Kloepper et
al. 1988; Polyanskaya et al. 2000). Evidence of late-
season grain weight increases have also been reported
in studies with PGPR and rice (Tran Van et al. 2000).

Free living PGPRs can be administered to crops in
some formulations that are available commercially
(Table 2). The majority of these products are biocon-
trol agents which contribute indirectly to the growth
promotion of crops (Chet and Chernin 2002; Glick et
al. 1999). Commercial free living PGPR inoculants
provide a possible alternative to the use of pesticides

and fertilizers on various crops, though they are not
used widely at present (Glick et al. 1999).

A broad array of methods and materials exist for
the delivery of bacteria to crops in the field. Presently
the non-free living symbiotic Rhizobium spp. are most
commonly incorporated into peat as inoculant carri-
ers. Peat carriers, although cheap and easily used,
have many disadvantages. Peat is generally used as a
non-sterile medium and holds a large contaminant
load. Also, peat quality can be variable and peat itself
is not necessarily readily available worldwide. Heat
sterilization of peat can release substances toxic to the
chosen bacteria. Some peat is known to inhibit plant
growth, probably a reason for some of the negative
effects of inoculation by PGPR seen in Table 1. Fi-
nally, bacteria in peat formulations are vulnerable to
temperature fluctuations and have a limited shelf life
(Bashan 1998).

Understanding the mechanisms of plant growth
promotion is important when deciding what type of
bacteria to use with a plant in a given situation. For
example, Pseudomonas putida GR12-12 contains the
gene for ACC deaminase, which inhibits ethylene
synthesis, ethylene being a product of stress. This
mechanism is most effective on plants that are more
susceptible to the effects of ethylene, such as dicoty-
ledonous plants (Hall et al. 1996) especially under
such stress conditions as flooding (Grichko and Glick,
2001) drought (S. Mayak, T. Tirosh, B.R. Glick, un-
published results) and phytopathogens (Wang et al.
2000).

More recent knowledge of indirect mechanisms of
plant growth promotion by soil bacteria may aid the
agricultural production of certain legume crops. The
hydrogen gas that is produced as a by-product of ni-
trogen fixation by rhizobia within legume nodules
may be recaptured and recycled by those rhizobial
strains that contain a hydrogen uptake system (Evans
et al. 1987). It is clearly beneficial to the plant to ob-
tain its nitrogen from a symbiotic diazotroph that has
a hydrogen uptake system; however, this trait is not
common in naturally occurring rhizobial strains
(Evans et al. 1987). The lack of an endogenous hy-
drogen uptake system notwithstanding, many soils
contain large numbers of free living microorganisms
that can capture some of the hydrogen gas produced
during nitrogen fixation and thereby indirectly pro-
mote the growth of the rhizobia-treated plants (Dong
and Layzell 2001; McLearn and Dong 2002). In these
instances, the organisms responsible for this plant
growth promotion effect have not been characterized.
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In other cases, free living bacteria that promote the
rhizobial-legume symbiosis have been identified and
characterized (e.g., Andrade et al. 1998; Marek-
Kozaczuk et al. 2000; Xu et al. 1994). In these cases,
the free living bacteria are thought to act by decreas-
ing the interference in the nodulation process by other
soil microorganisms.

What is currently missing from the research of
PGPR in agriculture is a lack of comparative studies
between crop types and different species or strains of
rhizobacteria. For example, when Pseudomonas
putida GR12-2 is inoculated on various crops, there
are dissimilarities in the plant stimulation between
monocot and dicot plants (Hall et al. 1996). There are
also significant differences in yield between summer
versus winter crops following inoculation with
Azospirillum brasilense Cd (Okon et al. 1988). Nev-
ertheless, as noted by Okon et al. (1994), the positive
effects of PGPR shown for several rhizobacterial
types on many economically important crops is a
valid phenomenon, and these results can act as a ba-
sis for the effective utilization of PGPR in a variety
of applications.

Applications of PGPR in Forestry

Research on the use of PGPR in forestry is much less
widespread than for agricultural applications. PGPR
and their effect on angiosperms were the initial
research focus through the 1980s, however from the
1990s to the present there has been more research of
PGPR on gymnosperms (Chanway 1997). A wider
scope of studies of both of these tree types and PGPR
could benefit the commercial forestry sector, as well
as reforestation efforts worldwide. Table 3 summa-
rizes many of the studies that have been conducted
with different PGPR and tree species.

There are different considerations that must be
taken into account when evaluating the performance
of the inoculation of PGPR on tree species, in con-
trast to agricultural crops. Fruit and grain yield
increases are obviously not an imperative aspect of
tree growth but biomass increases due to inoculation
are quite important. Aspects such as seedling emer-
gence and reduction in seedling transplant injury dur-
ing the transfer from nursery to field are also
significant (Shishido and Chanway 2000). While
some tree types are very good at rapid and effective
germination, without inoculation, many have diffi-
culty in getting established to grow into an adult tree
(Zaady and Perevoltsky 1995). Soil type may also be

a major consideration when testing PGPR in a forest
environment. Many forest soils are acidic, especially
those of conifer forests, and some PGPR are sensitive
to low pH conditions (Brown 1974).

Winter survival of PGPR is imperative, especially
with trees intended for the colder regions of the world
(e.g., Canada, Scandinavia, Russia) and also particu-
larly since trees are perennial plants in contrast to
most agricultural crops. Chanway et al. (2000) has
shown that there is promise for many PGPR, such as
strains of Bacillus polymyxa and Pseudomonas fluo-
rescens to over-winter on the roots of field-planted
trees. In that study, from one year to the next, there
was a decrease of approximately two orders of mag-
nitude in the inoculated bacterial populations; how-
ever, the benefits of inoculation were seen the next
year (Chanway et al. 2000).

The medium in which a bacterial strain is prepared
preceding inoculation may affect the root colonization
pattern of the inoculated bacteria (Zaady et al. 1993).
This study showed that malate-grown bacteria were
better able to promote the growth of oak, than bacte-
rial cells of the same strain grown in fructose-based
media. It was found that malate-grown cells have a
tendency to aggregate, while the fructose cells
disperse through the soil substrate. Fructose-grown
cells may be adequate for growth promotion of sur-
face-rooted plants like maize, however, they were not
sufficient for the growth promotion of trees such as
oak with deep tap roots (Zaady et al. 1993).

Similar to the specificity observed in agricultural
crops, a specific bacterial strain may promote growth
only in certain tree species. (Enebak et al. 1998; Sh-
ishido and Chanway 2000). Sometimes even the tree
ecovar is important. For example, while a strain of
bacteria was effective at promoting growth in one
type of pine species it was not effective with another
pine species (Chanway 1995). Ecotypes, or trees of
the same species from different regions or altitudes,
also show differential responses to bacterial inocula-
tion (Chanway 1995). For example in one case, Hy-
drogenophaga pseudoflava consistently promoted the
growth of only one of two spruce ecovars (Chanway
and Holl 1993). However, there are also some broad-
range bacterial strains, such Bacillus polymxa L6,
which consistently promote the growth of many pine
varieties and other tree species (Chanway 1995; Holl
and Chanway 1992). It is interesting to note that this
strain of bacteria was originally isolated from the
rhizosphere of perennial ryegrass, and not a tree spe-
cies (Holl and Chanway 1992).



15

100 e 10 sefoy
‘700z umS[oH pue uvyseq

7002 'Te 1° ezURQOI]

8661 PESEI PUE PIWWEYOIN

9861 ‘Te 10 Kepueq

8561

BAOYRISAUS pue OYI_WOIYNY
S661 Asyordrd

pue Apeez ‘¢661 ‘e 10 Apeez

1661
‘Te 32 0donLeg-Zan3LIpoy

7861 'Te 10 [orzpmg-eysfoyoq

661 1[OH pue Aemuey)

Juowdo[aAap Jea] pasearour
jueld ojur uonesodioour udgoniu jo Jurqnop

Jualu0d udgontu juerd pasearour
pajoaye jou Juawdo[oAdp wISAS J0oI —
yImoi3 jueld [eLIoe Ul 9seaIoul JuedyIugis A[eonsne)s —

%%t 01 dn JO SOSBAIOUT SSBWOI] —

98¢ 01 dn jo sasearour sseworq —

997 0) €] JO SISBAIOUI SSLWOIq —

9S0JONIJ JOU pue de[ew Ul paIn)
-[N2 S[[99 YIM A[Uo paalesqo uonowold yimoIsd asay) —
9 0L 0} dn Jo saseaIdul y3mois 1001 —

906 JO 9SBAIOUT SSBWOIq —
%69 03 dn sasearour ySua| J00ys —

uorn

-e[noout 0) sadA1099 1y jJo asuodsal ur AJI[IGELIBA QWOS —

SIYSToM JOOI pUB YOURIQ PISBIIOUT OS[E —
9,89 03 dn Jo sasearour ssewolq pue Y3y —

ASNOYUID)

ASNOYURID)

SIOOPINO
juowtadxa jued panod

S$I00pINO

juowtadxa juerd panod

IoquIeyd YIMOID

snoyuRIn)

ASNOYUID)

Kesse qe

PIeY pue 2snoyudIn)

QAOITUBIA

Qonids IOATIS

smdAeong

BJRIIDS Sno1ang)

yse “yeQ

AeO

YeO 1oATy

aulg

1 se[SnoQq

Qonads Y
‘ourd yoer

“ds winiia1onq
-0]8yq Smiofiuayor) snjovg

901S LOHD sipiund snjjrong
S01¢

1OHD stutofiuaydi) snjjong
wm2I3au sNjJong
uns2020044d .\muuGQSQNQ

WNII0200413 12]ODGOJO2Yy

UNI202004Yd 12190q0I0ZY

PD 2suajisv.aq wnjpidsozy

2SUI]ISDAqQ WN]]LIdSOZY

“ds uaponqoayrry

SUDIODJ02ND SDUOUOPNIS ]
SUDPLXO 1210DqOAYILY

vpuynd spuowopnasg
SU20s210N) SDUOWIOPNIS

6861 Suiddiy, pue [eog PILISUOWAP SISBAIOUT SSEWOIQ pue JYSIoy — ASNOYUAID) oonids yoerg SN2AILD 421ODGOLYLLY
%G1 01 dn Jo sosearoul ssewolq aurd — ourd ya00g

6861 UI[PYIRG pue [BAKST %Gz 01 dn JO SOSEAIOUT SSBWOIQ 099q — ASNOYUAID) ‘YoRg  4219DqOIPDL WINLIIIDGOLSY

Q0UQIRJY jueld 03 eLIR)OEQ JO UONIPPE JO S)NSOY SuUOnNIpuO) Jued eLoloRyg

'so10ads a1 snoLeA uo palsa) eLR)oeqoziyl sunowold yymois juerd Surar-o13 jJo soidwexy ‘¢ gy



16

7661 Aemuey) pue [[OH

1661 1I0H pue Aemuey)

661 I8 19 [I'PN.O

000 T¢ 1 Aemuey)

8661 'Ie 19 Jeqauy

S661 Aemuey)

1661 ‘T2 10 Aemuey)

9G¢ 01 dn paseaIour s)YITOM JOOI PUE JOOYS UL —
ymois juerd jo syoom
0 J© SSBWOIq SUI[PIIs UT SASLAIOUT JUBOYIUSIS A[[eonsne)s —

SASBOIOUI SSBWIOIQ JOOI PUE JOOYS —
QUOTR $MJJ19DG YIIM J0JJJ0 OU —
QRZIYLIOOAW )M PAJB[NOOUI-0 STUI[PAIS WOS —

%65 01 dn asearour YimoI3 juedyrugis —

SOJIS QWIOS JB
UONR[NOOUT 0} NP PIJOAAP uonIqryur YImoiIs juefd swos —
SJIS QUIU )

Jo 1noj je 2onids Jo 1ySrom AIp dseaIour surens 1sd) e —
S)1S 159 QuIu Jo dAY Je sjued sonids pajernoourun

AA0Qe 9,16 01 dn JySrom A1p Surpaas onids jo asearour —

surens awos yIm YJus 1001 pasearour sey durd A[jojqof —
soroads ourd

(10q JO SSBWOIQ JO UOTIONPAI MOUS SUIBNS [BLI3JOBq 0M) —
quid Ajjorqo ur peonpar jjo Jurdwep oousdrowe-jsod —
SSBWIOIq [B)0} puE

QouaFIowe uI[pads Jo paads Ay UI SISBAIOUT JUBIYIUTIS —

SOPMINI[E JUAIQJJIP WOI) SIBA
-01q 10j JuaIoyjip uonowoid y1moIs yoojowdy Jo 22I13p —
A1oanoadsar

PIOJ-0€'T PUE GI'] Jo sosearour Jysom pue jySroy juerd

0} anp ‘g,0¢ 01 dn sseworq pue JYSAY JuIPIas pasearour —

Qonids AIYM J0J SISBAIOUT OUATIOW FUI[PIDs —

BIPOW O[LI)S-UOU SNSIOA 91

-19)s Ul umoi3 sjued J1oj Juasald soseaIour IOJOWRIP IB[[0d
joo1 ySrom pue YS1oY ‘0ouddIowd ‘Yimois joor ‘ourd ur —
(A1oanoadsar ‘ploj-z6'1 pue poj-y4'1) sloor Are

-puo29s Jo YIFuQ] pue IquInu Ay} pue (P[oJ-G¢'1) WIrom
K1p joo1 ur sesearour jueoyrudis ‘ourd ojoda3poy 10§ —

Ioquieyd YIMoID)

ASNOYUID)

([os proy Juisn) asnoyuaaln)

PRI

ASNOYURID)

snoyuRIH)

asnoy
-uQ2I3 pue JoquILyd [IMOID)

aulq 9jode3poT

auig 9[odadpo

donids pLgAH

donids pLgAH

ouid ysers
‘ourd AJjo[qoy

NOooTway UISIM

donids YA\
‘auid ojodagpoT ‘11 se[Snoq

971 vxwcjod snjjong

91 vx&wdjod snjjovg

snuoy sn22020]8ydpig
pxwcjod snjjong

SU2IS2.00NY SPUOUWIOPNISJ
vx&wjod snjjong

SU2IS2LONY SVUOUWIOPNISJ
vx&wjod snjjong

vxwkjod snjjong

vx&wjod snjjong

AOUAIRJY

juerd 0) BLI9)OBQ JO UONIPPE JO SINSAY

suonIpuo)

we[d

[acikldde

"panunuo) ¢ 2qny



Table 3. Continued.

Reference

Results of addition of bacteria to plant

Conditions

Plant

Bacteria

Shishido and Chanway 2000

Greenhouse plants outplanted — significant increases of plant biomass by inoculation

to field

Hybrid spruce

Bacillus subtilis

with Pseudomonas strain of 10 to 234% at all sites with

typical increases of 28 to 70%

Pseudomonas spp.

— reduction in seedling shoot injury after transplant

— Bacillus strain ineffective

Chanway and Holl 1993

— H. pseudoflava increased seedling biomass and root

Field

Hydrogenophaga pseudoflava Hybrid spruce

Pseudomonas putida

branch numbers up to 49% in two spruce ecotypes tested
— one ecotype shows root growth promotion

— P. putida increases seedling biomass in two trials and

has inhibitory effect in other trials

Caesar and Burr 1987

— growth increases of seedlings up to 65% and of root-

stocks 179%

Greenhouse and field

Apple

Pseudomonas spp.

— some biocontrol seen against pathogenic fungi

17

Sterility of the bacterial inoculant carrier can have an
impact on the amount of plant growth promotion.
Chanway et al. (1991) demonstrated that pine trees
inoculated with PGPR in sterilized peat-vermiculite
carrier material promoted growth to a greater extent
compared to when they were inoculated with PGPR
in non-sterilized material (Chanway et al. 1991).
Also, many researchers tend to inoculate seedlings or
older plants. This is in contrast to the agricultural use
of PGPR, where there is a tendency to inoculate
seeds, or the substrate surrounding the seed. This may
have to do with differential practices in these two
disciplines, since many trees in the forestry industry
have their beginnings in a nursery and are long lived,
while crop plants are usually started in the field and
are relatively short lived.

There are currently very few research groups
working in the area of forestry PGPR research. As a
consequence, there is currently no field data for de-
ciduous trees and still comparatively little field data
for coniferous trees (Chanway 1997).

Applications of PGPR for Environmental
Remediation

An extension of PGPR technology is the emerging
use of the bacteria with plants for environmental ap-
plications. Recent studies in this area include many
different uses: for growth promotion of soil stabiliz-
ing plants (Bashan et al. 1999); to counteract flood-
ing stress of plants (Grichko and Glick 2001); to aid
plant growth in acidic conditions (Belimov et al.
1998a); to counter high temperature stress (Bensalim
et al. 1998); and the use of PGPR in phytoremedia-
tion technologies (Burd et al. 1998; Burd et al. 2000;
Huang et al. 2000; Huang et al. 2003a, b). Besides
environmental uses, some of the outcomes of these
studies may also have an impact on agricultural or
forestry applications.

Phytoremediation is the use of plants to extract,
degrade or stabilize hazardous substances present in
the environment. (Cunningham and Berti 1993; Cun-
ningham et al. 1995; Cunningham and Ow 1996).
Plants used for phytoremediation should be able to
accumulate high amounts of the contaminant, and
also be able to produce a large biomass. However,
very often plants can be compromised by growing on
contaminated sites due to the inherent toxicity, so
adding PGPR can aid plant growth (Burd et al. 2000).
Clearly, when plants used for phytoremediation are
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able to grow well, the site detoxification will be
greatly enhanced.

Table 4 shows examples of research that has been
conducted using free-living rhizosphere bacteria with
plants and contaminants, to study their potential for
use in phytoremediation technologies. The bacteria
listed in this Table include both bacteria with estab-
lished plant growth promoting properties as well as
bacteria with previously unknown credentials as plant
growth promoters. Table 4 includes examples of
rhizobacteria which are beneficial to plants by mobi-
lization of soil contaminants as well as those which
promote plant growth. There also exist rhizosphere
bacteria that degrade contaminants but are not neces-
sarily PGPR. In this case, plant roots serve only as a
site for contaminant breakdown by the rhizobacteria
(Anderson et al. 1993) and these examples have not
been included in Table 4.

The plant properties that are improved by PGPR
during phytoremediation include biomass, contami-
nant uptake, and plant nutrition and health. Grain
yield was measured by Belimov et al. (1998b) as an
indication of plant health and growth, however this
attribute is obviously not important in plants used for
phytoremediation.

Some plants like barley, tomato, canola (Brassica
campestris) and Indian mustard (Brassica juncea) do
not accumulate more contaminants (namely metal)
per gram of plant material with the addition of PGPR,
even though the total biomass increases (Belimov et
al. 1998c; Burd et al. 2002; Burd et al. 1998; Nie et
al. 2002). However, Hoflich and Metz (1997) and
Whiting et al. (2001) have shown that bacterial
inoculation of maize and Thlaspi caerulescens in-
creases the uptake of heavy metals by these plants. In
addition, de Souza et al. (1999) found increased sele-
nium accumulation by Brassica juncea after inocula-
tion. Upon closer examination, it appears that the very
low level of contaminants used in some studies have
probably influenced the amount of uptake so that in-
creased contaminant accumulation in the presence of
PGPR occurs only at low contaminant concentrations
and not at the higher levels that inhibit plant growth.

When choosing a PGPR to increase metal uptake
by plants, it is important to ensure that the bacteria
used do not cause a reduction in metal uptake. With
barley, the addition of Azospirillum lipoferum 137
significantly reduced the amount of radiolabelled ce-
sium uptake per gram of plant dry weight (Belimov
et al. 1998¢).

Survival and PGPR success is essential for use in
phytoremediation. It has been shown that high con-
taminant levels can have inhibitory effects on the
growth of PGPR. For example, Enterobacter cloacae
CAL2 growth was inhibited by 50% in 20 mM arsen-
ate contaminated soils, but was only inhibited by 2%
in 2 mM arsenate contamination (Nie et al. 2002).
Also, some bacteria are sensitive to one contaminant,
but not another. In a study by Belimov et al. (1998b),
it was shown that Flavobacterium sp. is very sensi-
tive to cadmium, but not to lead. In practice, it is es-
sential that the bacteria used are at least somewhat
resistant to the levels of contaminants endogenous to
the environment to be cleaned up. Thus, preliminary
selection of resistant strains, as performed by Burd et
al. (1998) for nickel on Kluyvera ascorbata, is
imperative for the practical use of these organisms.

Pairing of PGPR with transgenic plants may be a
good way of increasing the efficacy of phytoremedia-
tion. In the presence of arsenate, fresh root and shoot
weights of canola plants were greatly increased due
to the concerted action of the PGPR Enterobacter
cloacae CAL2 and the canola plants which express
the stress tolerance gene ACC deaminase (Nie et al.
2002).

Plant exudates are essential for the association of
bacteria with the rhizosphere of the plant as shown
by Belimov and Dietz (2000) who demonstrated that
the addition of an alternate carbon source to the soil
caused an abolition of plant growth promotion in a
contaminated site.

PGPRs in association with plants have an impor-
tant role in the phytoremediation of soils but the re-
search in this area has been limited. As seen in Table
4, there have been no field studies of this work and
only controlled studies in greenhouses and/or growth
chambers have been conducted. Also, only rudimen-
tary inoculation procedures have been used. In addi-
tion, only a few known PGPR and plants types have
been tested. Despite the lack of extensive data, PGPR
inoculation technology has a great deal of potential
in the area of phytoremediation.

Conclusions

PGPR present an alternative to the use of chemicals
for plant growth enhancement in many different ap-
plications. Extensive research has demonstrated that
PGPRs could have an important role in agriculture
and horticulture in improving crop productivity. In
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addition, these organisms are also useful in forestry
and environmental restoration purposes, though re-
search in these areas is minimal. PGPR have been
shown to cause very real and positive effects when
matched correctly to the right plant and the right en-
vironmental situation.

What is needed for the future is a clear definition
of what bacterial traits are useful and necessary for
different environmental conditions and plants, so that
optimal bacterial strains can either be selected or
constructed. Also, it would be very useful to have a
better understanding of how different bacterial strains
work together for the synergistic promotion of plant
growth. Additional studies need to be conducted on
the effectiveness of different and novel inoculant de-
livery systems such as alginate encapsulation. In ad-
dition, a better understanding of the factors that
facilitate the environmental persistence of the PGPR
strains would be very useful. Finally inoculant strains
should be labelled (e.g., with lux of gfp genes), so
they can be readily detected in the environment after
their release.
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