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Abstract Ethylene is a gaseous plant growth hormone
produced endogenously by almost all plants. It is also pro-
duced in soil through a variety of biotic and abiotic mecha-
nisms, and plays a key role in inducing multifarious
physiological changes in plants at molecular level. Apart
from being a plant growth regulator, ethylene has also been
established as a stress hormone. Under stress conditions
like those generated by salinity, drought, waterlogging,
heavy metals and pathogenicity, the endogenous production
of ethylene is accelerated substantially which adversely
aVects the root growth and consequently the growth of the
plant as a whole. Certain plant growth promoting rhizobac-
teria (PGPR) contain a vital enzyme, 1-aminocyclopro-
pane-1-carboxylate (ACC) deaminase, which regulates
ethylene production by metabolizing ACC (an immediate
precursor of ethylene biosynthesis in higher plants) into �-
ketobutyrate and ammonia. Inoculation with PGPR con-
taining ACC deaminase activity could be helpful in sustain-
ing plant growth and development under stress conditions
by reducing stress-induced ethylene production. Lately,
eVorts have been made to introduce ACC deaminase genes
into plants to regulate ethylene level in the plants for opti-
mum growth, particularly under stressed conditions. In this
review, the primary focus is on giving account of all
aspects of PGPR containing ACC deaminase regarding
alleviation of impact of both biotic and abiotic stresses onto
plants and of recent trends in terms of introduction of ACC
deaminase genes into plant and microbial species.
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Introduction

Plant growth promoting rhizobacteria (PGPR) are beneW-
cial soil bacteria, which may facilitate plant growth and
development both directly and indirectly [50]. Direct stimu-
lation may include providing plants with Wxed nitrogen,
phytohormones, iron that has been sequestered by bacterial
siderophores, and soluble phosphate, while indirect stimu-
lation of plant growth includes preventing phytopathogens
(biocontrol) and thus, promote plant growth and develop-
ment [47]. PGPR perform some of these functions through
speciWc enzymes, which provoke physiological changes in
plants at molecular level. Among these enzymes, bacterial
1-aminocyclopropane-1-carboxylate (ACC) deaminase
plays a well-understood role in the regulation of a plant
hormone, ethylene and thus, growth and development of
plants are modiWed [10, 48]. Bacterial strains containing
ACC deaminase can, in part, at least alleviate the stress-
induced ethylene-mediated negative impact on plants [48,
49, 120].

ACC deaminase has been widely reported in numerous
microbial species of gram negative bacteria [11, 142],
gram positive bacteria [16, 46], rhizobia [83, 139], endo-
phytes [105, 124] and fungi [66, 93]. It is extensively stud-
ied in numerous species of plant growth promoting
bacteria like Agrobacterium genomovars and Azospirillum
lipoferum [19], Alcaligenes and Bacillus [16], Burkholde-
ria [19, 105, 124], Enterobacter [107], Methylobacterium
fujisawaense [84], Pseudomonas [16, 19, 61], Ralstonia
solanacearum [19], Rhizobium [83, 139], Rhodococcus
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[133], and Sinorhizobium meliloti [14] and Variovorax
paradoxus [16].

The ACC deaminase metabolizes the root’s ACC into
�-ketobutyrate and ammonia and checks the production of
ethylene which otherwise inhibits plant growth through
several mechanisms [59]. The plants treated with bacteria
containing ACC-deaminase may have relatively extensive
root growth due to less ethylene [25, 126] and can better
resist various stresses [25, 120]. Very recently, utilization
of PGPR containing ACC deaminase activity in promoting
plant growth and development both under stress and nor-
mal conditions and genetic manipulation of cultivars with
genes expressing this enzyme has attracted much attention
among the scientists [15, 120, 123]. Emphasis would,
therefore, be laid in the following sections of this review
on recent developments in this extremely important area of
biotechnology.

Historical perspective of ethylene in plant physiology

Ethylene co-ordinates and regulates plant growth and func-
tions via several mechanisms. Initially, ethylene was
known as a ripening hormone but later investigations
revealed that it merits equal status with the other classes of
plant hormones due to its diverse eVects and eVective role
in plant growth and development [10]. The recognition of
ethylene as a plant growth regulator originated from obser-
vations of premature shedding of leaves, geotropism of eti-
olated pea seedlings when exposed to illuminating gas,
early Xowering of pineapples treated with smoke and ripen-
ing of oranges exposed to gas from kerosene combustion
[1, 10]. Neljubow [98] was credited to have been the Wrst to
demonstrate the involvement of ethylene in the tropistic
responses of plants. But later, intensive studies coupled
with the advent of highly sophisticated analytical tech-
niques like gas chromatography further elaborated its role
in plant growth and development. Ethylene-induced physi-
ological indicators of plant growth include release of dor-
mancy, shoot and root growth diVerentiation, adventitious
root formation, leaf and fruit abscission, induction of Xow-
ering and increased femaleness in dioecious plants, Xower
and leaf senescence, and fruit ripening [1, 68, 90]. Apart
from all these, overproduction of ethylene leads to abnor-
mal root growth, which imparts a visible dent on plant
growth and development. Ethylene production in plant
roots is accelerated in response to both biotic and abiotic
processes [1, 5–10, 45]. As higher concentrations of ethyl-
ene have inhibitory eVects on root growth and may lead to
abnormal growth of the plants, it is imperative to regulate
the ethylene production in the close vicinity of plant roots
for normal growth and development of the plants.

Enzymes involved in regulation of ethylene level 
in plants

The knowledge of biosynthetic pathways of ethylene pro-
duction in plants has made it possible for the plant physiol-
ogists to elucidate the mechanisms by which plants regulate
the endogenous ethylene level for their normal growth and
development. Mainly, the enzymes that degrade S-adeno-
sylmethionine (derived from L-methionine) or ACC, have
been shown to eVectively reduce ethylene levels without
drastically altering the physiology of the plant [62, 116,
117]. In this context, a number of enzymes have been
investigated which help in lowering ethylene levels in the
plants. Among these, the enzymes S-adenosylmethionine
(SAM) hydrolase and SAM decarboxylase have been
investigated to a lesser extent in relation to regulation of
ethylene in plants [44, 75] while ACC synthase and oxidase
have been studied extensively in numerous plant species
[56, 76, 119, 127].

ACC-deaminase and its biochemistry

A pyridoxal 5-phosphate (PLP)-dependent polymeric
enzyme, ACC deaminase was Wrst studied in a soil bacte-
rium Pseudomonas sp. strain ACP that degrades a cyclo-
propanoid amino acid, ACC to -ketobutyrate and ammonia
[59]. Karthikeyan et al. [69, 70] have comprehensively
described a scheme of structure for the ACC deaminase
while providing an insight into the mechanism of unique
pyridoxal-5-phosphate dependent cyclopropane ring-open-
ing reactions of this enzyme in Pseudomonas sp. Recently,
Hontzeas et al. [60] has thoroughly reviewed the reaction
mechanisms involved in the functioning of ACC deami-
nase. Apart from all these, the biochemical and physical
aspects of ACC deaminase have been investigated exten-
sively by numerous researchers and summarized in Table 1.
Glick [48] reported that there is a wide range (>100-fold) in
the level of ACC deaminase activity among diVerent organ-
isms and those organisms that express high ACC deami-
nase typically bind non-speciWcally to a variety of plant
surfaces. This group includes most, if not all, rhizosphere
and phyllosphere organisms as well as endophytes, all of
which can act as a sink for ACC produced as a consequence
of plant stress. Moreover, these organisms display little
preference for one particular plant over another [48]. On the
other hand, low deaminase-expressing organisms bind only
to speciWc plants or are expressed only in certain tissues,
and they do not lower the overall level of ethylene in the
plant, but rather prevent a localized rise in ethylene levels
[48]. According to Glick [48] this group includes most, if
not all, rhizobial as well as plants’ ACC deaminases [48].
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Mode of action of bacterial ACC deaminase

The model description of the mode of action of PGPR con-
taining ACC deaminase was precisely elaborated originally
by Glick et al. [49]. They comprehensively addressed the
question, how bacterial ACC deaminase having a low aYn-
ity for ACC, can eVectively compete with the plant
enzyme, ACC oxidase, which has a high aYnity for the
same substrate, with the result that the plant’s endogenous
ethylene concentration is reduced. They argued that the bio-
logical activity of PGPR relates to the relative amounts of
ACC deaminase and ACC oxidase in the system under con-
sideration [49]. For PGPR to be able to lower plant ethyl-
ene levels, the ACC deaminase level should be at least 100-
to 1,000-fold greater than the ACC oxidase level. This is
likely to be the case, provided that the expression of ACC
oxidase has not been induced [49].

PGPR synthesize and secrete indole-3-acetic acid (IAA),
which gets adsorbed on the seed or root surface of the
plants [42, 57] from tryptophan and other small molecules
present in seed or root exudates [145]. Some of the newly
synthesized IAA is taken up by the plant and, in conjunc-
tion with the endogenous plant IAA can further stimulate
plant cell proliferation and elongation. In the meanwhile,
IAA stimulates the activity of the enzyme ACC synthetase
to convert SAM into ACC [71]. According to the model
outlined by Glick et al. [49], a signiWcant portion of ACC
may be exuded from plant roots or seeds and taken up by
the soil microbes or hydrolyzed by the vital microbial
enzyme ACC deaminase to yield ammonia and �-ketobuty-
rate. The uptake and subsequently hydrolysis of ACC by
microbes decreases the amount of ACC outside the plant
[49]. Furthermore, the equilibrium between the internal and
the external ACC levels is maintained through exudation of
more ACC into the rhizosphere. Soil microbial communi-
ties containing ACC deaminase activity cause plants to bio-
synthesize more ACC than the plant would otherwise need
and stimulate ACC exudation from plant roots, while pro-
viding microorganisms with a unique source of nitrogen

(ACC), and consequently, the growth of microorganism
containing ACC deaminase is accelerated in the close
vicinities of plant roots as compared to the other soil micro-
organisms [49]. By doing so, not only the ACC level is
lowered within the plant but also the biosynthesis of the
stress hormone ethylene is inhibited [49]. A schematic rep-
resentation of this model is shown in Fig. 1. Thus, a plant
inoculated with bacteria containing ACC deaminase exhibits

Table 1 Biochemical 
characterization of ACC 
deaminase from some selected 
microorganisms

Microorganism Pseudomonas sp. 
strain ACP

Hansenula 
saturnus

P. putida 
GR12-2 

Penicillium 
citrinum

P. putida 
UW4

Molecular mass (Da) 104–12,000 69,000 105,000 68,000 a

Sub unit molecular mass (Da) 36,500 40,000 35,000 41,000 41,800

Estimated number of subunits 3 2 3 2 a

Optimum pH 8.0–8.5 8.5 8.5 8.5 8.0

Optimum temperature (°C) a a 30 35 a

Km for ACC (mM) 1.5–9.2 2.6 a 4.6 3.4

Kcat (min¡1) 290 a a a 146

Melting temperature (°C) a a a a 58–60

Reference [58, 59] [59, 93] [64] [66] [61]a  Not known

Fig. 1 Schematic representation of how a plant growth promoting rhi-
zobacterium (PGPR) bound to either a seed or plant root lowers the
ethylene concentration and thereby prevents ethylene inhibition of root
elongation. Source: Ref. [49] with permission. Key: IAA Indole acetic
acid, ACC 1-aminocyclopropane 1-carboxylic acid, SAM S-adenosyl-
methionine, �-kB �-ketobutyrate
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more root growth. In a number of studies, inoculation with
PGPR containing ACC deaminase has been unequivocally
shown to alter the endogenous levels of ethylene, which
subsequently leads to changes in plant growth. Some exam-
ples of plants inoculated with ACC deaminase containing
bacteria and the physiological eVects of the latter have been
described in Table 2.

Chemical inhibitors of ethylene synthesis and bacterial 
ACC deaminase

Several diVerent chemicals such as amino-ethoxyvinylglycine
(AVG), aminooxyacetic acid (AOA) and 1-methylcyclopro-
pene (1-MCP) have been successfully used to lower ethylene
levels in plants or to alter a plant’s sensitivity to ethylene espe-
cially during fruit ripening and Xower wilting [1, 131]. In
most cases these chemicals are expensive, less feasible or
potentially harmful to the environment. On the other hand, use
of PGPR containing ACC deaminase activity is more eco-
nomical, environmental friendly and feasible in a natural soil
and plant system. Moreover, the use of PGPR containing
ACC deaminase activity is advantageous because ACC deam-
inase trait is common among a number of PGPR species,
which are native to the rhizosphere and consequently possess
a vast array of survival potential in the rhizosphere and rhizo-
plane. In addition, PGPR possess several other traits like syn-
thesis of auxins, gibberellins, cytokines and/or polyamines,
which directly promote plant growth [45, 106, 135, 149].

These characteristics make the selection of PGPR containing
ACC deaminase more reliable than any other alternative.

Role of bacterial ACC deaminase in stress agriculture

The overproduction of ethylene in response to abiotic and
biotic stresses leads to inhibition of root growth and conse-
quently growth of the plant as a whole. Ethylene synthesis
is stimulated by a variety of environmental factors/stresses,
which hamper plant growth [1]. As described earlier, PGPR
containing ACC deaminase regulate and lower the levels of
ethylene by metabolizing ACC; a precursor of plant pro-
duced ethylene. These ACC deaminase PGPR boost plant
growth particularly under stressed conditions by the regula-
tion of accelerated ethylene production in response to a
multitude of abiotic and biotic stresses like salinity,
drought, waterlogging, temperature, pathogenicity and con-
taminants. Applications of PGPR containing ACC deami-
nase in relation to the nature of stress are described below.

Salinity stress

Salinity stress boosts endogenous ethylene production in
plants, which in most cases serves as a stress hormone [21,
32, 43, 101]. It is very likely that reducing salinity-induced
ethylene by any mechanism could decrease the negative
impact of salinity onto plant growth. Recent studies have
revealed that plants inoculated with PGPR containing ACC

Table 2 Inoculation with PGPR containing ACC deaminase and subsequent physiological changes in plants

Plant species PGPR Comments References

Brassica campestris Methylobacterium fujisawaense Bacterium promoted root elongation in canola. [84]

Brassica campestris Bacillus circulans DUC1, Bacillus Wrmus 
DUC2, Bacillus globisporus DUC3

Bacterial inoculation enhanced root and 
shoot elongation.

[46]

Brassica napus Alcaligenes sp.
Bacillus pumilus
Pseudomonas sp.
Variovorax paradoxus

Inoculated plant demonstrated more vigorous 
growth than the control (uninoculated).

[16]

Brassica napus Enterobacter cloacae A signiWcant increase in the root and shoot 
lengths was observed.

[121]

Dianthus caryophyllus L. Azospirillum brasilense Cd1843 Inoculated cuttings produced longest roots. [79]

Glycine max Pseudomonas cepacia Rhizobacterium caused an early soybean growth. [26]

Pisum sativum L. Rhizobium leguminosarum bv. viciae 128C53K Bacterium enhanced nodulation in plants. [82]

Vigna radiata L. Pseudomonas sp.
Bradyrhizobium sp.

Bacterium promoted nodulation in mung bean. [125]

Vigna radiata L. Pseudomonas putida The ethylene production was inhibited 
in inoculated cuttings.

[88]

Zea mays L. Enterobacter sakazakii 8MR5
Pseudomonas sp. 4MKS8
Klebsiella oxytoca 10MKR7

Inoculation increased agronomic 
parameters of maize.

[11]

Zea mays L. Pseudomonas sp. Bacterium caused root elongation in maize. [125]
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deaminase were better able to thrive through the salinity
stress while demonstrating a normal growth pattern. In this
direction, Mayak et al. [86] reported that Achromobacter
piechaudii having ACC deaminase activity signiWcantly
increased the fresh and dry weights of tomato seedlings
grown in the presence of NaCl salt (up to 172 mM). The
bacterium reduced the production of ethylene by tomato
seedlings, which was otherwise stimulated when seedlings
were challenged with increasing salt concentrations. How-
ever, the sodium content of the plant was not decreased
whereas the uptake of phosphorous and potassium were
slightly increased, which might have contributed in part, to
the activation of processes involved in the alleviation of the
adverse eVect of salt on plant growth. The bacterium also
increased the water use eYciency (WUE) in saline environ-
ment and helped in alleviating the salt suppression of pho-
tosynthesis. Recently Saravanakumar and Samiyappan
[122] reported that Pseudomonas Xuorescens strain TDK1
containg ACC deaminase activity enhanced the saline resis-
tance in groundnut plants and increased yield as compared
with that inoculated with Pseudomonas strains lacking
ACC deaminase activity. Very recently, Cheng et al. [29]
have also conWrmed that ACC deaminase bacteria con-
ferred salt tolerance onto plants by lowering the synthesis
of salt-induced stress ethylene and promoted the growth of
canola in saline environment. We too have observed almost
similar results in the case of maize growth under salt stress
in response to inoculation with ACC deaminase PGPR [95,
96].

Drought stress

Drought aVects virtually all climatic regions of the world
[146] and more than one-half of the earth is susceptible to
drought every year [55, 74]. Drought is one of the major
environmental stresses that limit the growth of plants and
the production of crops. Plants respond to drought stress at
cellular and molecular levels [23, 62, 129]. Like many
other environmental factors, drought also induces acceler-
ated ethylene production in plant tissues which leads to
abnormal growth of a plant [85]. Mayak et al. [87] reported
that ACC deaminase PGPR Achromobacter piechaudii
ARV8 signiWcantly increased the fresh and dry weights of
both tomato and pepper seedlings exposed to transient
water stress. In addition, the bacterium also reduced the
production of ethylene by tomato seedlings exposed to
water stress. During water scarcity, the bacterium did not
inXuence the water content of plants; however, it signiW-
cantly improved the recovery of plants when watering was
resumed. Interestingly, inoculation of tomato plants with
the bacterium resulted in continued plant growth both dur-
ing water stress as well as when watering was resumed.
Similarly, Dodd et al. [37] investigated the physiological

responses of pea (Pisum sativum L.) to inoculation with
ACC deaminase bacteria Variovorax paradoxus 5C-2
under moisture stress and watering conditions. The bacte-
rial eVects were more pronounced and more consistent
under controlled soil drying (moisture stress conditions). In
short term experiments, positive eVects of ACC deaminase
bacteria on root and shoots biomass, leaf area and plant
transpiration was also observed. In case of long-term exper-
iments, plants inoculated with ACC deaminase bacterium
gave more seed yield (25–41%), seed number and seed
nitrogen accumulation than uninoculated plants. Moreover,
bacterial inoculation also restored nodulation in droughted
pea plants to the levels of well-watered uninoculated plants.
Very recently, we have also observed similar results. The
inoculation with ACC deaminase bacteria partially elimi-
nated the eVects of water stress on growth, yield and ripen-
ing of Pisum sativum L. both in pot and Weld trials [3].

Waterlogging stress

Waterlogging enhances the biosynthesis of ethylene in
roots and stem of plants. In Xooding, ACC, which is syn-
thesized in roots, is transported to plant shoots where it is
converted to ethylene by ACC oxidase [22, 40]. The molec-
ular basis for the increase in ethylene production observed
in shoots of Xooded tomato plants is due to an increase in
the activity of both ACC synthase in the submerged roots
and ACC oxidase in the shoots [27, 104]. The accelerated
production of ethylene in the shoots of Xooded tomato
plants is responsible for the phenotype to demonstrate
abnormal growth under Xooding conditions [63]. Grichko
and Glick [52] studied the eVect of inoculation with ACC
deaminase PGPR on tomato subjected to Xooding. Seeds of
wild-type tomato plants were inoculated either with Pseu-
domonas putida UW4, Enterobacter cloacae CAL2, P. put-
ida (ATCC17399/pRKACC) or P. putida (ATCC17399/
pRK415); the Wrst three of these bacterial strains were car-
rying and expressing the gene for ACC deaminase. Tomato
plants (55-day-old) were Xooded for nine consecutive days
before a number of physiological and biochemical parame-
ters were recorded. Tomato plants inoculated with ACC
deaminase PGPR showed substantial tolerance to Xooding
stress implying that bacterial ACC deaminase lowered the
eVects of stress induced ethylene.

Temperature stress 

In nature, plants are sensitive to changes in temperature,
and respond both to seasonal variations and more so to
diurnal changes in the season. The heat stress in terms of
so-called global warming is a serious threat to world agri-
culture [92, 115]. A Xuctuation in temperature leads to hor-
monal imbalances in plants and thus their growth is
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signiWcantly aVected [28]. Like many other abiotic and
biotic factors, accelerated ethylene production under high
and chilling temperatures has widely been reported by
researchers both in plant tissues and microbial species in
the rhizosphere [134, 143]. Plants with ACC deaminase
expression may cope with this unfavorable situation by
lowering ethylene level like that under other environmental
stresses. Bensalim et al. [18] revealed that a plant growth
promoting rhizobacterium Burkholderia phytoWrmans
strain PsJN helped potato plants in maintaining normal
growth under heat stress. Recently, Barka et al. [12]
reported ACC deaminase activity in vitro and inoculation
of grapevine (Vitis vinifera L.) cv. Chardonnay explants
with the same bacterium (Burkholderia phytoWrmans strain
PsJN) enhanced plant growth and physiological activity at
both ambient (26 °C) and low (4 °C) temperatures. Inocula-
tion also increased root growth (11.8- and 10.7-fold
increases at 26 and 4 °C, respectively) and plantlet biomass
(6- and 2.2-fold increases at 26 and 4 °C, respectively).
Moreover, the bacterium also signiWcantly improved cold
tolerance of plantlet compared to that of the nonbacterized
control, which was more sensitive to exposure to low tem-
peratures. Very recently, Cheng et al. [29] has also reported
that a psychrotolerant ACC deaminase bacterium P. putida
UW4 promoted canola plant growth at low temperature
under salt stress. These few studies clearly demonstrated
the potential of ACC deaminase in normalizing plant
growth exposed to temperature extremes by lowering the
accelerated ethylene induced by temperature stress.

Pathogenicity stress 

Pathogenic microorganisms are a major and serious threat
to food production and ecosystem stability worldwide.
There has been a large body of literature describing poten-
tial uses of plant associated bacteria as agents for stimulat-
ing plant growth and conducive to soil and plant health [35,
36, 65, 137]. The widely recognized mechanisms of
bio-control mediated by PGPR are competition for an
ecological niche or a substrate, producing inhibitory allelo-
chemicals, and inducing systemic resistance (ISR) in host
plants to a broad spectrum of pathogens [20, 30, 80, 141].

Mostly, plant ethylene synthesis is enhanced with sever-
ity of pathogenic infection. In the meanwhile, some ethyl-
ene synthesis inhibitors are known to decrease the severity
of pathogen infections in plants signiWcantly [13, 39].
There are several reports, which support the hypothesis that
ACC deaminase rhizobacteria have antagonistic eVects
against microbial pathogens. Yuquan et al. [148] reported
isolation of ACC deaminase bacteria that showed very
strong antagonism against plant pathogen Fusarium oxy-
sporum (http://www.wanfangdata.com.cn/qikan/periodical.
articles/shjtdxxb/shjt99/shjt9902/990223.htm (Accessed at

June 11, 2007). To determine the potential use of PGPR
containing ACC deaminase in biological control of various
diseases, Wang et al. [142] conducted a series of experi-
ments. Two biocontrol bacterial strains were genetically
modiWed with the P. putida UW4 ACC deaminase gene to
determine the eVect of the transformed and non-trans-
formed bacteria on a cucumbers disease caused by Pythium
ultimum. The results of this study revealed that ACC deam-
inase containing bacterial strains were more eVective in
biocontrol than those without this enzyme. Similarly
Donate-Correa et al. [38] have also reported the positive
eVect of ACC deaminase bacterium Pseudomonas Xuores-
cens on Chamaecytisus proliferus (tagasaste) in antagoniz-
ing the growth of Fusarium oxysporum and Fusarium
proliferatum in growth medium. Pandy et al. [105] reported
that an ACC deaminase containing endophyte belonging to
Burkholderia sp. exhibited antagonistic activity against
Rhizoctonia solani and Sclerotinia sclerotiorum. Con-
trarily, Rasche et al. [109] found no antagonistic eVect of
ACC deaminase bacteria against bacterial pathogen
Erwinia carotovora sp. atrospetica (Eca). Interestingly, in
another study, Rasche et al. [110] reported that ACC deam-
inase bacteria were also capable of antagonizing at least
one of the two potato pathogens Ralstonia solanacearum
and Rhizoctonia solani. It is also very likely that ACC
deaminase bacteria, apart from directly antagonizing patho-
gens, support the plant’s resistance against pathogen attack.
They suggested that further research is needed to disclose
the relationship between bacterial ACC deaminase and
pathogenic antagonism. Moreover, it is very likely that
ACC deaminase genes may also be present among a vast
variety of pathogenic bacteria. Recently many researchers
have reported ACC deaminase activity in plant pathogenic
bacteria [19, 67, 130]. However, it is not clear that the pres-
ence of ACC deaminase in pathogenic bacteria could mask
the pathogenic eVects of these bacteria and promote plant
growth. Very recently, a novel work was conducted by
Belimov et al. [17] who concluded that bacterial ACC deam-
inase of Pseudomonas brassicacearum Am3 (pathogenic
bacteria) can promote growth in tomato by masking the
phytopathogenic properties of this bacterium only at lower
concentration (inoculum size). Such evidences may imply
that bacterial ACC deaminase could play a potential role in
inducing disease tolerance in plants, however intensive
future research work is needed for further understanding of
this mechanism.

Contaminants stress

Heavy metals stress

Some but not all metals are essential or beneWcial micronu-
trients required by plants for growth and development.
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However, when present in excess, they may act as toxicants
and suppress the plants growth [41]. In addition to this, high
metal concentrations in the soil have also been shown to cause
increased ethylene production [118, 120] and inhibition of
root and shoot development, to reduce CO2 Wxation and limit
sugar translocation [108]. Arshad et al. [4] have critically
reviewed the application of PGPR containing ACC deaminase
activity in phytoremediation of heavy metal contaminated soil
environment. Some selected examples of the improved plant
growth due to inoculation with ACC deaminase rhizobacteria
under heavy metal stress are summarized in Table 3.

Organic contaminants stress

Organic pollutants in the soil environment, if present above
permissible limits, hinder plant growth via several mecha-
nisms including abnormal growth of aVected plant species
[2]. This abnormal growth of the plant root system might be
partially due to accelerated ethylene production in plants
grown in polluted soil environment. A few studies have
revealed an accelerated production of ethylene in soil and
plants treated with organic contaminants [31, 33, 63].
Recently, Reed and Glick [113] have studied the growth of
canola (Brassica napus) seeds treated with PGPR in cop-
per-contaminated and creosote-contaminated soil. In creo-
sote-contaminated soils, the native bacterium was the least
eVective, and the transformed encapsulated ACC deami-
nase bacterium was the most eVective in growth promotion.
Arshad et al. [4] have recently reviewed the signiWcance of
PGPR containing ACC deaminase activity in improving the
growth of plants in the presence of organic contaminants.

Air pollutants stress

The anthropogenic emission of CO2, CO, SO2 (sulfur dioxide),
NOx, CH4, and O3 is playing havoc with agricultural and
other ornamental plants in the close vicinities of industrial
colonies. Air pollution, in addition to damaging plants, inhib-
its many enzyme systems and metabolic processes of plants
[89]. Increased ethylene evolution by plants exposed to vari-
ous environmental stresses i.e. air contaminants has been
well documented [94, 138, 140, 144] and this hormone is
now considered a major regulator of plant defense reactions,
including cell death, in response to pathogen attack and air
contaminant stresses, i.e. O3 exposure. Many researchers
reported that the inhibition of ethylene biosynthesis resulted
in a signiWcant reduction of O3-induced leaf lesion formation
[91, 94]. In this direction, the role of ACC deaminase in alle-
viation of air contaminants stresses has not been studied. It is
very likely that PGPR can be utilized as a gene source for
genetic modiWcation of plants expressing the enzyme ACC
deaminase against plant damage by air pollutants.

Wilting of Xowers

The wilting of ornamental Xowers caused by ethylene pro-
duction is a major impediment in the success of Xowering
business. Ethylene production in Xowers drastically
decreases their shelf life. Ethylene and its precursor ACC
have been shown to have a potential role in senescence and
wilting of Xowering species [114, 147]. An important char-
acteristic of PGPR containing ACC deaminase activity has
been shown to be the enhancement of shelf life of Xowers
incubated in suspension form [97]. On a commercial scale,
shelf life of Xowers could be increased to manifold by treat-
ing them with suspensions of PGPR containing ACC deam-
inase activity, which portends great prospects for the
application of this biotechnological approach to commer-
cial Xoriculture.

Nodulation

During the process of nodulation, the infection of roots
with microsymbiont imposes biotic stress and results in
increased ACC level in the infected roots. It has been well
established that ethylene and its precursor ACC are the neg-
ative regulator of nodulation in numerous plant species [77,
100, 103]. The latest evidence has demonstrated that PGPR
containing ACC deaminase activity promotes nodulation in
legumes through inhibition of ethylene biosynthesis and
consequently, they enhance symbiosis and nitrogen Wxation
in plants [102]. Cattelan et al. [26] reported that ACC
deaminase rhizobacteria caused early growth and promoted
nodulation in soybean (Glycine max (L.) Merr). Ma et al.
[82] found that ACC deaminase rhizobacterium Rhizobium
leguminosarum bv. viciae 128C53K enhanced the nodula-
tion in Pisum sativum L. cv. Sparkle by modulating ethyl-
ene levels in the plant roots during the early stages of
nodule development. Contrarily, inoculation with ACC
deaminase minus mutants strains resulted in decreased nod-
ulation compared with ACC deaminase bacteria. Dey et al.
[34] reported increased number of nodules in peanut
(Arachis hypogaea L.) plants treated with Pseudomonas
Xuorescens exhibiting ACC deaminase activity. In a Weld
study, inoculation of Arachis hypogaea L. plants with ACC
deaminase bacterium Pseudomonas Xuorescens enhanced
nodule number and dry weight.. Uchiumi et al. [139] reported
that an up-regulated gene in bacteroids, mlr5932, and encod-
ing ACC deaminase activity was involved in enhanced nod-
ulation in Lotus japonicus plants. Pandey et al. [105]
isolated an endophytic ACC deaminase bacterium capable
of modulating nodulation in Mimosa pudica. We have also
found that co-inoculation with Bradyrhizobium plus ACC
deaminase rhizobacteria increased nodulation in mung bean
compared to inoculation with Bradyrhizobium only [125].
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 Recent advances at molecular level

In the present scenario, agriculture sector is confronted to
many stress(es) and calls for eVorts towards biotechnologi-
cal revolution (gene revolution) after green revolution. It is
highly likely that biotech revolution may better address the
long lasting challenges like drought, salinity, pest attack
and pollution. Recently, eVorts have been made to intro-
duce speciWc genes into plants to enable them to cope with
multifaceted environmental stresses. In the same direction,
introduction of speciWc genes responsible for the expres-
sion of particular enzymes like ACC deaminase from
microbial species directly into crop plants has received
great attention in the last few decades. Some recent
advances at molecular level have been described in the fol-
lowing sections.

Genetically engineered bacteria expressing 
ACC deaminase genes

Genetic manipulation of ACC deaminase trait in bacteria
has not been much attempted. This is most likely due to (1)
ACC deaminase trait is widely found among soil indige-
nous microbial species, (2) survival and functioning of wild
type microbial species containing ACC deaminase is better
than genetically engineered microorganism expressing
ACC deaminase genes and/or (3) degree of success in
transforming the ACC deaminase in plants has been quite
successful [4, 10]. However, the genetically modiWed bac-
teria could be useful for developing better understanding of
mechanisms responsible for induction of tolerance in plants
inoculated with ACC deaminase bacteria against both
biotic and abiotic stresses [47, 128]. Recent studies have
also demonstrated that genetic modiWcation of PGPR
expressing ACC deaminase genes helped in modulation of
nodulation in legumes and biological control of plant dis-
ease [81, 142].

Genetically engineered plants expressing ACC deaminase 
activity 

The plant growth promotion observed in response to inocu-
lation with bacteria containing ACC deaminase provoked
scientists to develop transgenic plants with the expression of
ACC deaminase genes [10]. Of late, an extensive work has
been going on exploiting the potential of ACC deaminase
genes in regulation of ethylene level in plants exposed to
various kinds of stresses like salinity, drought, waterlogging,
pathogenicity, heavy metals, etc. alongwith its potential role
in phytoremediation of contaminated soil environment. Dur-
ing last decade, an intensive work has been conducted on
this aspect. Some recent examples of transformed plants
expressing ACC deaminase and subsequently changes in

their physiological responses have been summarized in
Table 4.

Conclusion

The present day agriculture is confronted with a hydra-
headed stress induced by both biotic and abiotic factors.
The various kinds of stresses discussed in this review
accentuate the biosynthesis of ethylene, which in most
cases inhibits plant growth through several mechanisms at
molecular level. In the present scenario, the application of
PGPR containing ACC deaminase is vital to regulate the
plant ethylene. However, some beneWcial aspects of PGPR,
i.e. their role in salinity, drought, waterlogging, biocontrol,
temperature and nutritional stresses and in cut-Xowers
industry and nodulation in legumes have not been thor-
oughly exploited. On a commercial scale, application of
PGPR containing ACC deaminase in agriculture might
prove beneWcial and could be a sound step towards sustain-
able crop production and conservation. While genetic mod-
iWcation of all plant species is however not possible due to
many handicaps i.e. proprietary rights and international
trade agreements on genetically modiWed (GM) crops and
limitations in DNA recombinant technology in some
regions of the world, the use of PGPR containing ACC
deaminase activity alongwith other innovations could prove
to be a cost eVective and environment friendly strategy to
ensure sustainable agriculture.

Acknowledgments The Wnancial support for this study was pro-
vided by Higher Education Commission (HEC), Islamabad, Pakistan.
We are also thankful to Dr. Maria L.W. Sels for editing this
manuscript.

References

1. Abeles FB, Morgan PW, Saltveit ME (1992) Ethylene in Plant
Biology. Academic Press, San Diego

2. Adam G, Duncan HJ (1999) EVect of diesel fuel on growth of se-
lected plant species. Environ Geochem Health 21:353–357

3. Arshad M, Shaharoona B, Mahmood T (2007) Inoculation with
plant growth promoting rhizobacteria containing ACC-deami-
nase partially eliminates the eVects of water stress on growth,
yield and ripening of Pisum sativum L. Pedosphere (in press)

4. Arshad M, Saleem M, Hussain S (2007) Perspectives of bacterial
ACC deaminase in phytoremediation. Trends Biotechnol (in press)

5. Arshad M, Frankenberger WT (1990) Ethylene accumulation in
soil in response to organic amendments. Soil Sci Soc Am J
54:1026–1031

6. Arshad M, Frankenberger WT (1990) Production and stability of
ethylene in soil. Biol Fert Soils 10:29–34

7. Arshad M, Frankenberger WT (1991) EVects of soil properties
and trace elements on ethylene production in soils. Soil Science
151:377–386

8. Arshad M, Frankenberger WT (1991) Microbial production of
plant hormones. In: Keister DL, Cregan PB (eds) The rhizosphere
123



J Ind Microbiol Biotechnol (2007) 34:635–648 645
and plant growth. Kluwer Academic Publishers, Dordrecht, pp
327–334

9. Arshad M, Frankenberger WT (1998) Plant growth regulating
substances in the rhizosphere: microbial production and func-
tions. Advances in Agronomy 62:146–151

10. Arshad M, Frankenberger WT (2002) Ethylene: agricultural
sources and applications. Kluwer Academic / Plenum Publishers,
New York

11. Babalola OO, Osir EO, Sanni AI, Odhaimbo GD, Bulimo WD
(2003) AmpliWcation of 1-aminocyclopropane-1-carboxylic
(ACC) deaminase from plant growth promoting rhizobacteria in
Striga-infested soils. Afr J Biotechnol 2:157–160

12. Barka EA, NowakJ, Clément C (2006) Enhancement of chilling
resistance of inoculated grapevine plantlets with a plant growth-
promoting rhizobacterium, Burkholderia phytoWrmans Strain
PsJN. Appl Environ Microbiol 72:7246–7252

13. Bashan Y (1994) Symptom expression and ethylene production
in leaf blight of cotton caused by Alternaria macrospora and
Alternaria alternata alone and combined. Can J Bot 72:1574–
1579

14. Belimov AA, Hontzeas N, Safronova VI, Demchinskaya SV, Pil-
uzza G, Bullitta S, Glick BR (2005) Cadmium-tolerant plant
growth-promoting bacteria associated with the roots of Indian
mustard (Brassica juncea L. Czern.). Soil Biol Biochem 37:241–
250

15. Belimov AA, Safronova VI, Mimura T (2002) Response of
spring rape (Brassica napus var. oleifera L.) to inoculation with
plant growth promoting rhizobacteria containing 1-aminocyclo-
propane-1-carboxylate deaminase depends on nutrient status of
the plant. Can J Microbiol/Rev Can Microbiol 48:189–199

16. Belimov AA, Safronova VI, Sergeyeva TA, Egorova TN, Mat-
veyeva VA, Tsyganov VE, Borisov AY, Tikhonovich IA, Kluge
C, Preisfeld A, Dietz KJ, Stepanok VV (2001) Characterization
of plant growth promoting rhizobacteria isolated from polluted
soils and containing 1-aminocyclopropane-1-carboxylate deami-
nase. Can J Microbiol 47:242–252

17. Belimov AA, Dodd IC, Safronova VI, Hontzeas N, Davies WJ
(2007) Pseudomonas brassicacearum strain Am3 containing 1-
aminocyclopropane-1-carboxylate deaminase can show both
pathogenic and growth-promoting properties in its interaction
with tomato. J Exp Bot (doi:10.1093/jxb/erm010)

18. Bensalim S, Nowak J, Asiedu S K (1998) A plant growth promot-
ing rhizobacterium and temperature eVects on performance of 18
clones of potato. Am J Potato Res 75:145–152

19. Blaha D, Combaret CP, Mirza MS, LoccozYM (2006) Phylogeny
of the 1-aminocyclopropane-1-carboxylic acid deaminase-
encoding gene acdS in phytobeneWcial and pathogenic Proteo-
bacteria and relation with strain biogeography. FEMS Microbiol
Ecol 56:455–470

20. Bloemberg GV, Lugtenberg BJJ (2001) Molecular basis of plant
growth promotion and biocontrol by rhizobacteria. Cur Opin
Plant Biol 4:343–350

21. Blumwald E (2000) Sodium transport and salt tolerance in plants.
Curr Opin Cell Biol 12:431–434

22. Bradford KJ, Yang SF (1980) Xylem transport of 1-aminocyclo-
propane-1-carboxylic acid, an ethylene precursor, in waterlogged
tomato plants. Plant Physiol 65:322–326

23. Bray EA (1997) Plant responses to water deWcit. Trends Plant Sci
2:48–54

24. Burd GI, Dixon DG, Glick BR (1998) A plant growth-promoting
bacterium that decreases nickel toxicity in seedlings. Appl Envi-
ron Microbiol 64:3663–3668

25. Burd GI, Dixon DG, Glick BR (2000) Plant growth-promoting
bacteria that decrease heavy metal toxicity in plants. Can J
Microbiol 46:237–245

26. Cattelana AJ, Hartela PG, Fuhrmann JJ (1999) Screening for
plant growth–promoting rhizobacteria to promote early soybean
growth. Soil Sci Soc Am J 63:1670–1680

27. Chao Q, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker
JR (1997) Activation of the ethylene gas response pathway in
Arabidopsis by the nuclear protein and related proteins. Cell
89:1133–1144

28. Cheikh N, Jones RJ (1994) Disruption of maize kernel growth
and development by heat stress (role of cytokinin/abscisic acid
balance). Plant Physiol 106:45–51

29. Cheng Z, Park E, Glick BR (2007) 1-Aminocyclopropane-1-car-
boxylate (ACC) deaminase from Pseudomonas putida UW4
facilitates the growth of canola in the presence of salt. Can J
Microbiol (in press)

30. Compant S, DuVy B, Nowak J, Clément C, Barka EA (2005) Use
of plant growth-promoting bacteria for biocontrol of plant dis-
eases: principles, mechanisms of action, and future prospects.
Appl Environ Microbiol 71:4951–4959

31. Coupland D, Jackson MB (1991) EVects of mecoprop (an auxin
analogue) on ethylene evolution and epinasty in two biotypes of
stellaria media. Ann Bot 68:167–172

32. Cuartero J, Fernandez-Munoz R (1999) Tomato and salinity. Sci
Hortic 78:83–125

33. de Prado JL, de Prado RA, Shimabukuro RH (1999) The eVect of
diclofop on membrane potential, ethylene induction, and herbi-
cide phytotoxicity in resistant and susceptible biotypes of grass-
es. Pestic Biochem Physiol 63:1–14

34. Dey R, Pal KK, Bhatt DM, Chauhan SM (2004) Growth promo-
tion and yield enhancement of peanut (Arachis hypogaea L.) by
application of plant growth-promoting rhizobacteria. Microbiol
Res 159:371–94

35. Dobbelaere S, Vanderleyden J, Okon Y (2003) Plant growth-pro-
moting eVects of diazotrophs in the rhizosphere. Crit Rev Plant
Sci 22:107–149

36. Domenech J, Reddy MS, Kloepper JW, Ramos B, Gutierrez-
Mañero J (2006) Combined application of the biological product
LS213 with Bacillus, Pseudomonas or Chryseobacterium for
growth promotion and biological control of soil-borne diseases in
pepper and tomato. Biocontrol 51:245–258

37. Dodd IC, Belimov AA, Sobeih WY, Safronova VI, Grierson D,
Davies WJ (2005) Will modifying plant ethylene status improve
plant productivity in water-limited environments? 4th Interna-
tional Crop Science Congress. http://www.cropscience.org.au/
icsc2004/poster/1/3/4/510_doddicref.htm (Accessed at June 17,
2007)

38. Donate-Correa J, Leon-Barrios M, Perez-Galdona R (2005)
Screening for plant growth-promoting rhizobacteria in Cham-
aecytisus proliferus (tagasaste), a forage tree-shrub legume en-
demic to the Canary Islands. Plant Soil 266:261–272

39. Elad Y (1988) Involvement of ethylene in the disease caused by
Botrytis cinerea on rose and carnation Xowers and the possibility
of control. Ann Appl Biol 113:589–598

40. Else MA, Hall KC, Arnold GM, Davies WJ, Jackson MB (1995)
Export of abscisic acid, 1-aminocyclopropane-1-carboxylic acid,
phosphate, and nitrate from roots to shoots of Xooded tomato
plants. Plant Physiol 107:377–384

41. Ernst WHO (1998) EVects of heavy metals in plants at the cellu-
lar and organismic level. In: Schüürmann G, Markert B (eds)
Ecotoxicology. Wiley, New York, pp 587–620

42. Fallik E, Sarig S, Okon Y (1994) Morphology and physiology of
plant roots associated with Azospirillum. In: Okon Y (ed) Azo-
spirillum/plant associations. CRC Press, London, pp 77–86

43. Feng J, Barker AV (1993) Ethylene evolution and ammonium
accumulation by tomato plants under water and salinity stresses.
J Plant Nutr 15:2471–2490
123

http://www.cropscience.org.au/icsc2004/poster/1/3/4/510_doddicref.htm
http://www.cropscience.org.au/icsc2004/poster/1/3/4/510_doddicref.htm


646 J Ind Microbiol Biotechnol (2007) 34:635–648
44. Ferro AJ, Bestwick RK, Brown LR (1995) Inventors; agritope,
assignee. 1995/05/16. Genetic control of ethylene biosynthesis in
plants using S-adenosylmethionine hydrolase. US Patent #
05416250; 1995

45. Frankenberger WT, Arshad M (1995) Phytohormones in soil:
microbial production and function. Marcel Dekker, New York

46. Ghosh S, Penterman JN, Little RD, Chavez R, Glick BR (2003)
Three newly isolated plant growth-promoting bacilli facilitate the
seedling growth of canola, Brassica campestris. Plant Physiol
Biochem 41:277–281

47. Glick BR Bashan Y 1997 Genetic manipulation of plant growth-
promoting bacteria to enhance biocontrol of fungal phytopatho-
gens. Biotechnol Adv 15:353–378

48. Glick BR (2005) Modulation of plant ethylene levels by the bac-
terial enzyme ACC deaminase. FEMS Microbiol Lett 251:1–7

49. Glick BR, Penrose DM, Li J (1998) A model for the lowering of
plant ethylene concentrations by plant growth-promoting bacte-
ria. J Theor Biol 190:63–68

50. Glick BR (1995) The enhancement of plant growth by free-living
bacteria. Can J Microbiol 41:109–117

51. Grichko VP, Filby B, Glick BR (2000) Increased ability of trans-
genic plants expressing the bacterial enzyme ACC deaminase to
accumulate Cd, Co, Cu, Ni, Pb, and Zn. J Biotechnol 81:45–53

52. Grichko VP, Glick BR (2001) Amelioration of Xooding stress by
ACC deaminase-containing plant growth-promoting bacteria.
Plant Physiol Biochem 39:11–17

53. Grichko VP, Glick BR (2001) Flooding tolerance of transgenic
tomato plants expressing the bacterial enzyme ACC deaminase
controlled by the 35S, rolD or PRB-1b promoter. Plant Physiol
Biochem 39:19–25

54. Grichko VP, Glick BR, Grishko VI, Pauls KP (2005) Evaluation
of tomato plants with constitutive, root-speciWc, and stress-in-
duced ACC deaminase gene expression. Russ J Plant Physiol
52:359–364

55. Hewitt K (1997) Regions at risk: a geographical introduction to
disasters. Addision Wesley Longman Limited, Harlow

56. Higgins JD, Newbury HJ, Barbara1 DJ, Muthumeenakshi S, Pud-
dephat IJ (2006) The production of marker-free genetically engi-
neered broccoli with sense and antisense ACC synthase 1 and
ACC oxidases 1 and 2 to extend shelf-life. Mole Breed 17:7–20

57. Hong Y, Glick BR, Pasternak JJ (1991) Plant-microbial interac-
tion under gnotobiotic conditions: a scanning electron micro-
scope study. Curr Microbiol 23:111–114

58. Honma M (1985) Chemically reactive sulfhydryl groups of 1-
aminocyclopropane-1-carboxylate deaminase. Agric Biol Chem
49:567–571

59. Honma M, Shimomura T (1978) Metabolism of 1-amino-cyclo-
propane-1-carboxylic acid. Agric Biol Chem 42:1825–1831

60. Hontzeas N, Hontzeas CE, Glick BR (2006) Reaction mecha-
nisms of the bacterial enzyme 1-aminocyclopropane-1-carboxyl-
ate deaminase. Biotechnol Adv 24:420–426

61. Hontzeas N, Zoidakis J, Glick BR, Abu-Omar MM (2004)
Expression and characterization of 1-aminocyclopropane-1-car-
boxylate deaminase from the rhizobacterium P. putida UW4: a
key enzyme in bacterial plant growth promotion. Biochim Bio-
phys Acta 1703:11–19

62. Ingram J, Bartels D (1996) The molecular basis of dehydration
tolerance in plants. Annu Rev Plant Physiol Plant Mol Biol
47:377–403

63. Jackson MB (1997) Hormones from roots as signal for the shoots
of stressed plants. Trends Plant Sci 2:22–28

64. Jacobson CB, Pasternak JJ, Glick BR (1994) Partial puriWcation
and characterization of 1-aminocyclopropane-1-carboxylate
deaminase from the plant growth promoting rhizobacterium
Pseudomonas putida GR12–2. Can J Microbiol/Rev Can Micro-
biol 40:1019–1025

65. Ji P, Campbell HL, Kloepper JW, Jones JB, Suslow TV, Wilson
M (2006) Integrated biological control of bacterial speck and spot
of tomato under Weld conditions using foliar biological control
agents and plant growth- promoting rhizobacteria. Biol Control
36:358–367

66. Jia YJ, Kakuta Y, Sugawara M, Igarashi T, Oki N, Kisaki M,
Shoji T, Kanetuna Y, Horita T, Matsui H, Honma M (1999) Syn-
thesis and degradation of 1-aminocyclopropane-1-carboxylic
acid by Penicillium citrinum. Biosci Biotechnol Biochem
63:542–549

67. Joardar V, Lindeberg M, Jackson RW, Selengut J, Dodson R,
Brinkac LM et al (2005) Whole-genome sequence analysis of
Pseudomonas syringae pv. phaseolicola 1448A reveals diver-
gence among pathovars in genes involved in virulence and trans-
position. J Bacteriol 187:6488–6498

68. Johnson PR, Ecker JR (1998) The ethylene gas signal transduc-
tion pathway: a molecular perspective. Annu Rev Genet 32:227–
254

69. Karthikeyan S, Zhao Z, Kao C, Zhou Q, Tao Z, Zhang H, Liu H
(2004) Structural analysis of 1-aminocyclopropane-1-carboxyl-
ate deaminase: observation of an aminyl intermediate and identi-
Wcation of Tyr294 as the active-site nucleophile. Angew Chem
Int Ed 43:3425–3429

70. Karthikeyan S, Zhou Q, Zhao Z, Kao CL, Tao Z, Robinson H, Liu
HW, Zhang H (2004) Structural analysis of Pseudomonas 1-am-
inocyclopropane-1-carboxylate deaminase complexes: insight
into the mechanism of a unique pyridoxal-5�-phosphate depen-
dent cyclopropane ring-opening reaction. Biochemistry
43:13328–13339

71. Kende H (1993) Ethylene biosynthesis. Annu Rev Plant Physiol
Plant Mol Biol 44:283–307

72. Klee HJ, Hayford MB, Kretzmer KA, Barry GE, Kishore GM
(1991) Control of ethylene synthesis by expression of a bacterial
enzyme in transgenic tomato plants. Plant Cell 3:1187–1193

73. Klee HJ, Kishore GM (1992) Control of fruit ripening and senes-
cence in plants. International Patent No.WO92/12249. European
Patent OYce, World Intellectuall Property Organization

74. Kogan FN (1997) Global drought watch from space. Bull Bridge
Univ Press, New York

75. Kumar A, Taylor MA, Mad Arif SA, Davies HV (1996) Potato
plants expressing antisense and sense S-adenosylme-thionine
decarboxylase (SAMDC) transgenes show altered levels of poly-
amines and ethylene: antisense plants display abnormal pheno-
types. Plant J9:47–58

76. Lasserre E, Bouquin T, Hernandez JA, Bull J, Pech JC, Balagua
C (1996) Structure and expression of three genes encoding ACC
oxidase homologs from melon (Cucumis melo L). Mol Gen Genet
251:81–90

77. Lee KH, LaRue TA (1992) Exogenous ethylene inhibits nodula-
tion of Pisum sativum L. cv Sparkle. Plant Physiol 100:1759–
1763

78. Lei CH, Lindstrom JT, Woodson WR (1996) Reduction of 1-am-
inocyclopropane-1-carboxylic acid (ACC) in pollen by expres-
sion of ACC deaminase in transgenic petunias. Plant Physiol
149(Suppl):111

79. Li Q, Saleh-Lakha S, Glick BR (2005) The eVect of native and
ACC deaminase-containing Azospirillum brasilense Cd1843
on the rooting of carnation cuttings. Can J Microbiol 51:511–
514

80. Lugtenberg BJJ, Dekkers L, Bloemberg GV (2001) Molecular
determinants of rhizosphere colonization by Pseudomonas. Annu
Rev Phytopathol 39:461–490

81. Ma W, Charles TC, Glick BR (2004) Expression of an exogenous
1-aminocyclopropane-1-carboxylate deaminase gene in Sino-
rhizobium meliloti increases its ability to nodulate alfalfa. Appl
Environ Microbiol 70:5891–5897
123



J Ind Microbiol Biotechnol (2007) 34:635–648 647
82. Ma W, Guinel FC, Glick BR (2003) Rhizobium leguminosarum
biovar viciae 1-aminocyclopropane-1-carboxylate deaminase
promotes nodulation of pea plants. Appl Environ Microbiol
69:4396–4402

83. Ma W, Sebestianova SB, Sebestian J, Burd GI, Guinel FC, Glick
BR (2003) Prevalence of 1-aminocyclopropane-1-carboxylate
deaminase in Rhizobium spp. Antonie Leeuwenhoek 83:285–291

84. Madhaiyan M, Poonguzhali S, Ryu J, Sa T (2006) Regulation of
ethylene levels in canola (Brassica campestris) by 1-aminocyclo-
propane-1-carboxylate deaminase-containing Methylobacterium
fujisawaense. Planta 224:268–78

85. Mattoo AK, Suttle JC (1991) The Plant Hormone Ethylene. CRC
Press, Boca Raton, FL

86. Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting
bacteria confer resistance in tomato plants to salt stress. Plant
Physiol Biochem 42:565–572

87. Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting
bacteria that confer resistance to water stress in tomato and pep-
per. Plant Sci 166:525–530

88. Mayak S, Tivosh T, Glick BR (1999) EVect of wild type and mu-
tant plant growth-promoting rhizobacteria on the rooting of
mungbeen cuttings. J Plant Growth Regul 18:49–53

89. McCune JM (1975) DeWnition of invisible injury in plants. In:
Treshow M (ed) Interaction of air pollutants and plant diseases.
122:307–334

90. McGarvey DJ, Yu H, ChrlstoVenen RE (1990) Nucleotide se-
quence of a ripening related cDNA from avocado fruit. Plant Mol
Biol 15:165–167

91. Mehlhorn H, Wellburn AR (1987) Stress ethylene formation
determines plant sensitivity to ozone. Nature 327:417–418

92. Mendelsohn R, Rosenberg NJ (1994) Framework for integrated
assessments of global warming impacts. Clim Change 28:15–44

93. Minami R., Uchiyama K, Murakami T, Kawai J, Mikami K, Ya-
mada T, Yokoi D, Ito H, Matsui H, Honma M (1998) Properties,
sequence, and synthesis in Escherichia coli of 1-aminocyclopro-
pane-1-carboxylate deaminase from Hansenula saturnus. J Bio-
chem (Tokyo) 123:1112–1118

94. Moeder W, Barry CS, Tauriainen AA, Betz C, Tuomainen J,
Utriainen M, Grierson D, Sandermann H, Langebartels C, Kan-
gasjärvi J (2002) Ethylene synthesis regulated by bi-phasic
induction of 1-aminocyclopropane-1-carboxylic acid synthase
and 1-aminocyclopropane-1-carboxylic acid oxidase genes is re-
quired for hydrogen peroxide accumulation and cell death in
ozone-exposed tomato. Plant Physiol 130:1918–1926

95. Nadeem SM., Hussain I, Naveed M, Ashgar HN, Zahir ZA, Ar-
shad M (2006) Performance of plant growth promoting rhizobac-
teria containing ACC-deaminase activity for improving growth of
maize under salt-stressed conditions. Pak J Agri Sci 43:114–121

96. Nadeem SM., Zahir ZA, Naveed M, Arshad M, Shahzad SM
(2006) Variation in growth and ion uptake of maize due to inoc-
ulation with plant growth promoting rhizobacteria under salt
stress. Soil Environ 25:78–84

97. Nayani S, Mayak S, Glick BR (1998) The eVect of plant growth
promoting rhizobacteria on the senescence of Xower petals. Ind J
Exp Biol 36:836–839

98. Neljubow D (1901) Ueber die horizontale nutation der stengel
von Pisum sativum und einiger anderer. PXanzen Beih Bot Zen-
tralbl 10:128–139

99. Nie L, Shah S, Burd GI, Dixon DG, Glick BR (2002) Phytoreme-
diation of arsenate contaminated soil by transgenic canola and the
plant growth-promoting bacterium Enterobacter cloacae CAL2.
Plant Physiol Biochem 40:355–361

100. Nukui N, Ezura H, Yuhashi K, Yasuta T, Minamisawa K (2000)
EVects of ethylene precursor and inhibitors for ethylene biosyn-
thesis and perception on nodulation in Lotus japonicus and Macr-
optilium atropurpureum. Plant Cell Physiol 41:893–897

101. O’Donnell PJ, Calvert CM, Atzorn R, Wasternack C, Leyser
HMO, Bowles DJ (1996) Ethylene as a signal mediating the
wound response of tomato plants. Science 274:1914–17

102. Okazaki S, Nukui N, Sugawara M, Minamisawa K (2004) Rhizo-
bial strategies to enhance symbiotic interactions: rhizobitoxine
and 1-aminocyclopropane-1-carboxylate deaminase. Microbes
Environ 19:99–111

103. Oldroyd GED, Engstrom EM, Long SR (2001) Ethylene inhibits
the Nod factor signal transduction pathway of Medicago trunca-
tula. Plant Cell 13:1835–1849

104. Olson DC, Oetiker JH, Yang SF (1995) Analysis of LE-ACS3, a
1-aminocyclopropane-1-carboxylic acid synthase gene expressed
during Xooding in the roots of tomato plants. J Biol Chem
270:14056–14061

105. Pandey P, Kang SC, Maheshwari DK (2005) Isolation of endo-
phytic plant growth promoting Burkholderia sp. MSSP from root
nodules of Mimosa pudica. Curr Sci 89:170–180

106. Patten CL, Glick BR (2002) The role of bacterial indoleacetic
acid in the development of the host plant root system. Appl Envi-
ron Microbiol 68:3795–3801

107. Penrose DM, Glick BR (2001) Levels of 1-aminocyclopropane-
1-carboxylic acid (ACC) in exudates and extracts of canola seeds
treated with plant growth-promoting bacteria. Can J Microbiol
47:368–372

108. Prasad MNV, Strazalka K (2000) Physiology and biochemistry
of metal toxicity and tolerance in plants. Kluwer Academic Pub-
lishers, Boston, pp 153–160

109. Rasche F, Velvis H, Zachow C, Berg G, Van Elsas JD, Sessitsch
A (2006) Impact of transgenic potatoes expressing anti-bacterial
agents on bacterial endophytes is comparable with the eVects of
plant genotype, soil type and pathogen infection. J Appl Ecol
43:555–566

110. Rasche F, Marco-Noales E, Velvis H, Overbeek LS, López MM,
Elsas JD, Sessitsch A (2006) Structural characteristics and plant-
beneWcial eVects of bacteria colonizing the shoots of Weld grown
conventional and genetically modiWed T4-lysozyme producing
potatoes. Plant Soil 298:123–140

111. Reed AJ, Magin KM, Anderson JS, Austin GD, Rangwala T, Lin-
de DC, Love JN, Rogers SG, Fuchs RL (1995) Delayed ripening
tomato plants expressing the enzyme 1-aminocyclopropane-1-
carboxylic acid deaminase. 1. Molecular characterization, en-
zyme expression, and fruit ripening traits. J Agric Food Chem
43:1954–1962

112. Reed MLE, Warner BG, Glick BR (2005) Plant growth-promot-
ing bacteria facilitate the growth of the common reed Phragmites
australis in the presence of copper or polycyclic aromatic hydro-
carbons. Curr Microbiol 51:425–429

113. Reed MLE, Glick BR (2005) Growth of canola (Brassica napus)
in the presence of plant growth-promoting bacteria and either
copper or polycyclic aromatic hydrocarbons. Can J Microbiol
51:1061–1069

114. Reid MS, Wu MJ (1992) Ethylene and Xower senescence. Plant
Growth Regul 11:37–43

115. Robertson GP, Paul EA, Harwood RR (2000) Greenhouse gases
in intensive agriculture: contributions of individual gases to the
radiative forcing of the atmosphere. Science 289:1922–1924

116. Robison MM, GriYth M, Pauls KP, Glick BR (2001) Dual role
of ethylene in susceptibility of tomato to Verticillium wilt. J Phy-
topathol 2:385–388

117. Robison MM, Shah S, Tamot B, Pauls KP, Mott BA, Glick BR
(2001) Reduced symptoms of Verticillium wilt in transgenic to-
mato expressing a bacterial ACC deaminase. Mol Plant Pathol
2:135–145

118. Rodecap KD, Tingey DT, Tibbs JH (1981) Cadmium-induced
ethylene production in bean plants. Z PXanzenphysiol 105:65–
74
123



648 J Ind Microbiol Biotechnol (2007) 34:635–648
119. Ross GS, Knighton ML, Yee ML (1992) An ethylene-related
cDNA from ripening apples. Plant Mol Biol 19:231–238

120. Safronova VI, Stepanok VV, Engqvist GL, Alekseyev YV, Beli-
mov AA (2006) Root-associated bacteria containing 1-aminocy-
clopropane-1-carboxylate deaminase improve growth and
nutrient uptake by pea genotypes cultivated in cadmium supple-
mented soil. Biol Fert Soils 42:267–272

121. Saleh SS, Glick BR (2001) Involvement of gacS and rpoS in
enhancement of the plant growth-promoting capabilities of Ente-
robacter cloacae CAL2 and Pseudomonas putida UW4. Can J
Microbiol/Rev Can Microbiol 47:698–705

122. Saravanakumar D, Samiyappan R (2007) ACC deaminase from
Pseudomonas Xuorescens mediated saline resistance in ground-
nut (Arachis hypogea) plants. J Appl Microbiol 102:1283–1292

123. Sergeeva E, Shah S, Glick BR (2006) Growth of transgenic cano-
la (Brassica napus cv. Westar) expressing a bacterial 1-aminocy-
clopropane-1-carboxylate (ACC) deaminase gene on high
concentrations of salt. World J Microbiol Biotech 22:277–282

124. Sessitsch A, Coenye T, Sturz AV, Vandamme P, Barka E, Wang-
Pruski G, Faure D, Reiter B, Glick BR, Nowak J (2005) Burk-
holderia phytoWrmins sp. Nov., a novel plant-associated bacte-
rium with plant beneWcial properties. Int J Syst Evol Microbiol
55:1187–1192

125. Shaharoona B, Arshad M, Zahir ZA (2006) EVect of plant growth
promoting rhizobacteria containing ACC-deaminase on maize
(Zea mays L.) growth under axenic conditions and on nodulation
in mung bean (Vigna radiata L.). Lett Appl Microbiol 42:155–
159

126. Shaharoona B, Arshad M, Zahir ZA (2006) Performance of Pseu-
domonas spp. containing ACC-deaminase for improving growth
and yield of maize (Zea mays L.) in the presence of nitrogenous
fertilizer. Soil Biol Biochem 38:2971–2975

127. Shan XC, Goodwin PH (2006) Silencing an ACC oxidase gene
aVects the susceptible host response of Nicotiana benthamiana to
infection by Colletotrichum orbiculare. Plant Cell Rep 25:241–
247

128. Sheehy RE, Honma M, Yamada M, Sasaki T, Martineau B, Hiatt
WR (1991) Isolation, sequence, and expression in Escherichia
coli of the Pseudomonas sp. strain ACP gene encoding 1-amino-
cyclopropane-1-carboxylate deaminase. J Bacteriol 173:5260–
5265

129. Shinozaki K, Yamaguchi-Shinozaki K (1999) Molecular re-
sponses to drought stress. In: Shinozaki K, Shinozaki YK (ed)
Molecular responses to cold, drought, heat and salt stress in high-
er plants. RG Landes, Austin, pp 11–28

130. Sikorski J, Jahr H, Wackernagel W (2001) The structure of a lo-
cal population of phytopathogenic Pseudomonas brassicacea-
rum from agricultural soil indicates development under purifying
selection pressure. Environ Microbiol 3:176–186

131. Sisler EC, Serek M (1997) Inhibitors of ethylene responses in
plants at the receptor level: recent developments. Physiol Plant
100:577–582

132. Stearns JC, Shah S, Greenberg BM, Dixon DG, Glick BR (2005)
Tolerance of transgenic canola expressing 1-aminocyclopro-
pane-1-carboxylic acid deaminase to growth inhibition by nickel.
Plant Physiol Biochem 43:701–708

133. Stiens M, Schneiker S, Keller M, Kuhn S, Pühler A, Schlüter A
(2006) Sequence analysis of the 144-kilobase accessory plasmid
psmesm11a, isolated from a dominant Sinorhizobium meliloti

strain identiWed during a long-term Weld release experiment. Appl
Environ Microbiol 72:3662–3672

134. Strzelczyk E, Kampert M, Pachlewski R (1994) The inXuence of
pH and temperature on ethylene production by mycorrhizal fungi
of pine. Mycorrhiza 4:193–196

135. Tabor CW, Tabor H (1985) Polyamines in microorganisms.
Microbiol Rev 49:81–99

136. Tamot` BK, Pauls KP, Glick BR (2003) Regulation of expression
of the prb-1b/ACC deaminase gene by UV-B in transgenic toma-
toes. J Plant Biochem Biotechnol 12:25–29

137. Tilak KVBR, Ranganayaki N, Manoharachari C (2006) Syner-
gistic eVects of plant-growth promoting rhizobacteria and Rhizo-
bium on nodulation and nitrogen Wxation by pigeonpea (Cajanus
cajan). Eur J Soil Sci 57:67–71

138. Tuomainen J, Betz C, Kangasjarvi J, Ernst D, Yin ZH, Langebar-
tels C, Sandermann H Jr (1997) Ozone induction of ethylene
emission in tomato plants: Regulation by diVerential transcript
accumulation for the biosynthetic enzymes. Plant J 12:1151–
1162

139. Uchiumi T, Oowada T, Itakura M, Mitsui H, Nukui N, Dawadi P,
Kaneko T, Tabata S, Yokoyama T, Tejima T, Saeki K, Oomori
H, Hayashi M, Maekawa T, Sriprang R, Murooka Y, Tajima S,
Simomura K, Nomura M, Suzuki A, Shimoda S, Sioya K, Abe M,
Minamisawa K (2004) Expression islands clustered on symbiosis
island of Mesorhizobium loti genome. J Bacteriol 186:2439–
2448

140. Vahala J, Ruonala R, Keinanen M, Tuominen H, Kangasjarvi J
(2003) Ethylene insensitivity modulates ozone-induced cell
death in birch. Plant Physiol 132:185–195

141. Wang C, Ramette A, Punjasamarnwong P, Zala M, Natsch A,
Moenne-Loccoz Y, Defago G (2001) Cosmopolitan distribution
of phlD-containing dicotyledonous crop associated biological
control Pseudomonads of worldwide origin. FEMS Microbiol
Ecol 37:105–116

142. Wang CKE, Glick BR, Defago G (2000) EVect of transferring 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase genes
into pseudomonas Xuorescens strain CHA0 and its gacA deriva-
tive CHA96 on their growth-promoting and disease-suppressive
capacities. Can J Microbiol 46:898–907

143. Wang CY (1987) Changes of polyamines and ethylene in cucum-
ber seedlings in response to chilling stress. Physiol Plantarum
69:253–257

144. Wang KL, Li H, Ecker JR (2002) Ethylene biosynthesis and sig-
naling networks. Plant Cell 14:131–151

145. Whipp JM (1990) Carbon utilization. In: Lynch JM (ed) The rhi-
zosphere. Wiley, Chichester, pp 59–97

146. Wilhite DA (2000) Drought as a natural hazard. In: Wilhite DA
(ed) Drought: a global assessment. Routledge, London, pp 3–18

147. Woltering EJ, van Doorn WG (1988) Role of ethylene in senes-
cence of petals—morphological and taxonomical relationships. J
Expl Bot 39:1605–1616

148. Yuquan X, Rong S, Zhixing L (1999) Quickly screening a strain
of Pseudomonas B8 with both ACC deaminase activity and
antagonism against Fusarium oxysporum. http://www.wanfang-
data.com.cn/qikan/periodical.articles/shjtdxxb/shjt99/shjt9902/
990223.htm (Accessed at June 11, 2007)

149. Zahir ZA, Arshad M, Frankenberger WT (2004) Plant growth
promoting rhizobacteria: applications and perspectives in agri-
culture. Adv Agron 81:97–168
123

http://www.wanfangdata.com.cn/qikan/periodical.articles/shjtdxxb/shjt99/shjt9902/990223.htm
http://www.wanfangdata.com.cn/qikan/periodical.articles/shjtdxxb/shjt99/shjt9902/990223.htm
http://www.wanfangdata.com.cn/qikan/periodical.articles/shjtdxxb/shjt99/shjt9902/990223.htm

	Perspective of plant growth promoting rhizobacteria (PGPR) containing ACC deaminase in stress agriculture
	Abstract
	Introduction
	Historical perspective of ethylene in plant physiology
	Enzymes involved in regulation of ethylene level in plants
	ACC-deaminase and its biochemistry
	Mode of action of bacterial ACC deaminase
	Chemical inhibitors of ethylene synthesis and bacterial ACC deaminase
	Role of bacterial ACC deaminase in stress agriculture
	Salinity stress
	Drought stress
	Waterlogging stress
	Temperature stress
	Pathogenicity stress
	Contaminants stress
	Heavy metals stress
	Organic contaminants stress
	Air pollutants stress

	Wilting of Xowers
	Nodulation

	Recent advances at molecular level
	Genetically engineered bacteria expressing ACC deaminase genes
	Genetically engineered plants expressing ACC deaminase activity

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


