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Introduaction

Endophytic bacteria seem o have a ubiguitous existence in most. i not all, higher
plant species without causing disease symploams. Therelore. they seem o be ideal (o
compicrient certain metabolic properties of their host plant. such as the Mxation of
nitrogen or the detoxilication of contaminants. This review describes 1 he ecology of
endephytic bacteria and a number of natural beneficial interactions hetween endo-
phytic hacteria and their plant host. such as digzotrophy. It also cxploils the
possibifities of using cndophylic bacteria as carriers of new metahalic properties,
wihiich should assist the host plant in degrading erganic contaminants or detoxifying
heavy metals that presently cause a problem for phytoremediation. Finaiy., we will
discuss the pnh.mm} ol horizontal gene transler as a tool (o adapt the metabolic
capability of the endegenous endophytic community 1o hetter deal with specilic
environmenial contaminants.

The associations of endophytic organisms with their hosts are varied and complex.
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and we are only just beginning to understand these interactions. Bactenal and
fungal symbionts exist across all arcas of life. from the bacteria that colonize the
hwman intestinal tract. (o the ancient cells that became the plastids in plant cells, and
the mitochondria that are present in atmaost all eukaryotic cells. Rhizobinin and other
bacteria are known 1o colonize root nodules and enter into a symbiotic relationship
with a plant whereby the plant protects and supplies nutrients to the bucteria. and the
bacteria provide nitrogen to the plant (Schultze and Kondorosi, 2002). However. we
now know that plant endephyles go far beyond the weli-stadied root aodules, and
exist within the leall root. and vascular lissue of the plant (Lodewyekxceral. 2002b:
Zinniel ef al.. 2002y The lrge number of reports on these so-valled endophytic
bucteria clearly indicates that such bacteria exist in a variety of tssue types within
pumerous plant species. suggesting a ubiguitous existence in most, i netall highey
plants.

Plant endophytes have been studied sinee the 19405 (Tervel and Hollis, 1983
Hollis, 193711 with a great deat of rescarch carried out on fungi. Endophytes undertake
a variely of interactions with planis. from active puthogens. opportunist pathogens,
bacteria that just exist within the plant and gain some physical proteciion. o bacteria
that actively interactwith their host plant for the betterment ol both. Asaresultof these
various plant-cndophyte interactions. wvaricty of definitions has been proposed to the
term "endophyte” . and consideration vf cachleads to different interpretations. Kloepper
andeolleaguescalled bacteria found within tissues internalto the epidermis. endophytes
(Kioepper of al., 1992 Since quiescent endophytic bacteria can become pathogenic
ander certain condittons and/or within different host genotypes (Misaghi and
Donndelinger. 19903, James and Olivares adjusted the detinition and stated that all
bacteria that colonize he interier of plant, including active and fatent pathogens. can
be considered ws endophytes (James and Olivares. 1997). Considering all buacteria that
colonize the interior of plants, one should also take into account thuse bacteria thal
reside within living plant tissues without doing substantive harm or gaining beneli,
other thas secusing residency (Kado. [992), and bacteria that establish endosymbiosis
with the plant whereby the plantreceives an ceological benefit from the presence of the
symbiont (Quispel, 19923 Al these sub-definitions may give an overview of what is
considered 1o be endophytic by the guoted authors and. consequently, this might be
reaarded as the mest general delinition ol an endophyie.

Feology of endophytic bacteria

LEndophytic bacteria have been isolated from both monocotyledonous and
dicotyledonous plants that range from woody tree species such as ouk (Brooks ef al.,
1994, pear (Whitesides and Spotts, 1991). poplar (Germaine e ¢/ 2004 Taghavi ez
al.. 2005 Portcous-Moore ¢7 af., 20003, citrus planss (Araijo ¢r ol 20023, Mimosa
pudica (Pandey er al.. 2005), and pine seeds (Cankar ¢7 af.. 2005), w0 herbaccous
crop plants such as sugar beets (Jacobs e al.. 1983), sugar cane (Loireter el 20043
wheat (Coombs and Franco, 20030.b) maize (Lalande ¢ af.. [Y89: Fisher er ol
1992 Melnroy and Kloepper, 1895: Gutierrez-Zamora and Martinez-Romero, 2001,
Thiaspi caerndescens (Lodewyckx ef al.. 2002a), yellow lupine (Lodewyekx er al..
2001, tall festuca (Malinowski e af.. 20041, and diiferent grass species (Zinniel ¢f
al., 2002 Dalton er al.. 200-4).
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MOST COMMON SPECIES OF ENDOPHYTIC BACTERIA

I general. the highest endoephylic densities are observed in the roots. and decrease
from the stem 1o the leaves (Lamb ez «f.. 1996: Quadi-Hallman and Kloepper. 1996:
Porteaus-Moore ¢f af.. 2000). This is consistent with the Tact that many endophytic
bucteria can alse existin the rhizosphere. and that their preferred path of entering the
plant is via the lateral roots (Sprent and de Faria. 1988: Sturz and Nowak., 20005, I
should be noted that attemipls o evaluate (ol populations of cultivable bacteria in
plants may produce varied results according to the growth medium used lor
tselation. the method of surface disinfection used. variations in growth conditions
ol the host plant. and the state in which the plant tissue was used. as is also the case
for plant-associated rhizosphere hacteria (Kloepper and Beauchamp, 1992: Porleous-
Moore e al.. 20006). In general. Psendomonaceae. Burkholderiaceae. and
Enterobacteriaceae are among the most common genera of cultivable endophytic
speeies found. This was first observed by Gardner and colleagues, who identilied
hacteria present in the xylem fluid from the roots of the rough lemon rootstack af the
Florida citrus tree (Gardner er ol 1982). Among the thirlcen senera found. the most
frequently occurring genera were Psewdonionas (40%) and Enterobacter (1855,

We made similar observations when isolating cultivable endophytic hacteria
from poplar. with Pseudomonas. Stenotrophomonas. and Enterobacrer being the
dominant cultivable bacteria (Taghavi er af.. 20035). In another study. the diversity
of endophytic bacteria found in association with poplar was investigaied as part of a
farger study to assess the possibility and practicality of using endophytic bacteria to
enhance i it phytoremediation (Porteous-Moore ¢f al.. 2000). Endophytic
bacteria were 1solated from the root, sten, and leal (rom two cuitivars of Populis
trichocarpa x delioides growing on a site contaminated with BTEX compounds.
One hundred and twenty-one stable. morphologically distinel isoluies were
obtained. belonging to twenty-one gencra. Most of them were Gram-negative. {rom
which the Gamma-proteobacteria dominaled the collection of isolates. comprising
59% of the 1otal strains. They included Pseudomonas sp. {4293, with smalier
percentages of Xanthaontonas, Acinetobacter, and Enterobacter. The dominance of
Pseudomonas sp. was not unexpected. as it had been observed previously that in
many cases Pseudomonads are abundant in both the soil environment and the plant
interior (Gardner ¢ af.. 1982 Hallmann er af.. 1995 Rademaker er al.. 1998:
Sicthano et al.. 2000). The Beta-proteobacteria made up 18% of the isolate
collection, with Burkiolderia sp. and Herbaspirillian sp. representing the majority
of this group. The Alpha-proleobacteria group formed 106% of the total number of
isolates and was largely represented by Sphingonionas (9% ). Gram-positive bacteria
comprised 13% of the total number of isolates, and were represented lareely by
Arthrobacier. Bacillus, Paenibaciflus. and Agreia species (Porteous-Moore e af..
2006). Six isolates could not be identificd with confidence 1o a genus. The
distribution of the isolated endophytic bacteria exhibited marked spafial
compartmerntalization within the plant. suggesting there are likely to be species-
specific and non-specific associations between bacteria and plants.

For practical applications, where endophytic hacteria are engineered and subse-
quently used as a carrier (o introduce new properties into their host plant. we are
mterested only in the subset of cultivable microorganisms. The advantage of the
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above-mentoned bacterial families is that many of their members can be manipu-
fated easily W express new properties by either natural gene transfer or transformation.
The application of these engimecred endophytic strains for improved

phytoremediation will be discussed below,

CULTURE-DEPENDENT AND -INDEPENDENT METHODRS TO ENUMERATE AND
CHARACTERIZE ENDOPHYTIC COMMUNITIES

The rescarch on endophytic bacterta has concentrated on the cultivable memibers of
different endophytic communities. These are. in general. isclated after surlace steri-
Hration ol the plant material, However, no surface disinfection protocols cxist that
result in the complete killing of surlace bacterin on 100% of samples without
penctrating interior tssues and thereby killing internal colonists, thus influencing
the recoverable endophytic population. Therelore, comparisons between dilferent
studies should be carefully evaluated. taking into account the different surface
sterilization methods and conditions used. We optimized sterilization protocols lor
the recovery of endophytic bacteria from ditferent parts ol poplar (Porteous-Moore
ef al. . 2006). willow, yellow lupine (Lodewyceksx er al., 20001). Thiaspi cacrudesceny
(Lodewyekx e al., 20020), Brassica (Lodewyckx, 2001, and tobacco (Mastretla ef
al.. unpublished).

In addition 1o culiivation-based miethods, culture-independent methods should
be used (0 obtan 2 more complete insight inte the composition of plant-associated
micrabial communities. The recent surge of rescarch in molecular microbial ecology
and metagenomic sequencing has provided compelling evidence for the existence
ol many nove! types ol microorganisms, in numbers und varieties far greater than
those amenable (o laboratory cultivation. and 1t has been estimated that cultivable
organisms comprise less than 19 ot all microorganisms (Amanmn ¢f af.. 1993} In
acddition, we observed that many endophytic bacteria, even after their inttial sola-
ton i cultivation. could not be propagated under {aboratory conditions, justilying
the analysis of their communitics with molecular techniques.

A wvaricty ol comprehensive DNA-based technigues have been developed to
identily. characterize. and compare whole genomes ol organisms, either independ-
ently or as members of communities. These techniques include cloning, plus
sequencing of ribosomal rRNA genes (Amann er af.. 1993), amplified tragment
length polymorphism (AFLPY (Vos eraf., 1993), terminal restriction fragment lengih
polymorphism (T-RFLP) (Marsh, 1997). denaturing gradient gel clectrophoresis
(DGGE) (Muyrer er af., 1993), amplificd rDNA restniction analysis (ARDRA)
(Vaneechoutle ¢r al., 19923 and restriction fandmark genome scanning (RLGS)
(Hirotsune ezal., 19923 Recently, serial analysis ol ribosomal sequence tags (SARST)
was developed as a novel echnigue lor characterizing microbial community com-
position. The SARST method captures sequence information [rom concatenates of
short PCR amplicons (lags} derived from the 168 rDNAs from complex bacierial
populations. Depending on the protocol, tags are generated from either the VI
iNculeld er ¢f.. 2004 or V6 hyper-variable regions (Kysela ef al., 2003) of bacterial
16S IDNA genes. The major advantage of the SARST method is the high-throughput
generation ol sequence data that can be used directly (or species identification and
comparisons between different experiments, Some ol these molecular technigues
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have been employed to analyse composition of endophytic communities. Sessitseh
and colleagues amplified and subsequently sequenced 168 IRNA genes 1o analyse
the populations of endophytic bacteria in three potato cultivars (Sessitsch ez of.
2002). Conn and Franco (2004) used T-RFLP to study the efiect of microhial
mocufants on the indigenous actinobacterial endophyte population in the roots of
wheat. They observed that the application of a commercial. mixed inoculum in the
soil reduced the endophytic actinobacterial diversity [rom <) genera 1o 21 genery,
and reduced the detectable root colonization by approximately hall. Their results
indicate that the addition of a non-adapted micrebial inocutum to the soil disrupted
the natural actinobacterial endophyte population. reducing diversity and
colemization fevels. This finding was in contrast 1o the results obtained after the
addition of a single actinobacterial cndophyte 1o the wheat plant. where an increase
m colonization level could be confirmed. even though the indigenous endophyte
population was not adversely affected. Tan and colleagues used 168-238 ribosomal
DNA Intergenic spacer-targeted PCR for the differentiation of closely related rhizobizl
taxa and for the develepment of PCR protocols allowing the specific detection of
strains (o Tollow up the colonization of rice (Qrvza sativay roots by Bradvrhizobium
and Rhizobiunr strawns (Tan o7 ol 2000).

Besides their application Jor phylogenelic identilication. molecuiar teals can be
used o specilically address the metabolic potential of the plant-associated bacteria,
Primers that allow the specilic amplification of genes encoding important bacterial
raits. such as the #if genes required for nitrogen fixation (Simonet e afl., 1991).
genes invoived in the degradation of organies (Hendrickx et al.. 2005 or (he
synthesis ol secondary metabolites (Wawrik er af.. 2005). can be used Lo examine (he
potential of the endophytic popuiation o participate in important processes within
ity host piant,

INOCULATION OF PLANTS WITH ENDOPUYTIC BACTERIA

The fact that endophytic colonization appears especially abundant in root tissue
(Lamb er «l. 1996: Quadt-Haliman and Kloepper, 1996: Portecus-Moore ¢f al..
2006) may reflect that the root is the primary site where endophytes cain entry into
plants. With the exception of secd-transmitted bacteria. which are already present in
the plant. potential endophytes must {irst colonize the rool surface prior o entering
the plant. This might expiain the close relationship between endophytic and
rhizosphere colonizing bacteriaz many facultative endophylic bacteria can also
survive as rhizosphere bacteria,

Under natural conditions. endophytic bacteria find their host by chemolaxis,
clectrotaxis. or accidental encounter. The main entry for endophytic bacteria
appears (o be through wounds that naturaily occur as a result of plant growth. or
throsigh root hairs and at epidermal conjunctions {Sprent and de Faria, 1988). This
wis conflirmed by several microscopic studics (Wiche e ol 1994: Benhamou ef af..
1996a.b: Pan er ai., 1997). Artificial wounding was shown Lo contribute 1o increased
endophytic colonization in roots of plants compared 0 intact roots (Gagné ¢t al..
1987). Besides providing entry avenues. wounds also create favourable conditions
for the approaching bacteria by aliowing leakage of plant exudates. which serve as a
source of nuirients for the bacteria.
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Wounds and lateral roots are not. however, absolutely required for entrance ol
endophytic bacterin. Endophytic bacteria penetrated scedlings grown with minimal
disturbance in liguid media or on agar long betore the Tateral root emerged (Levanoy
er ol 19890 Quadt-Hallmann er al.. 1997}, Since untreated control plants were
endophyte ree, the observed bacterial behaviour indicated active penetration. i is
known that some POGPR endophytic species possess celbulase and pectinase
activitics (Koviunovyeh er alf., 1999 Verma ef af.. 2001) that could contribute o the
infection of their host plant, even if the most lignificd and/or suberized fayers could
still act as a plant barrier to such bacterin (McCulley, 2001). This hypothesis s, for
wmstance. supported by the presence of cellulytic and pectinolytic enzymes
produced by numerous endophytic bacteria such as Azearcis sp. {Hurek er all.
1994y Azaspirillum irvkense {Khammas and Kaiser. 1991, and Psendonionas
fuaorescens (Benhamou er af., 19960; Duijlt e ol 1997 Quadt-Hallmann er ol
1997). Enzymate degradation of plant cell walls by these bacteria was only
ohserved during colonization of the root epidermis. but never alter colonizing the
intercellular spaces of the root cortex. These results suggest that the ecadophyte-
induced production of cellulase and pectinase only serves for penetration inte the
host plant. Although these observations demonstrate the possibility of active
penctration mechamsms for some endophytic bacteria, very litte s known about
the origin and rezulation of these enzymes. [Uis assumed that these bacteria must
possess sonte regulatory mechanism to specilically regulute their enzyme
production in erms of gquantity and time of expression.

Another pessibility 1o colonize their host plant 15 the use of vector organisms 1o
sain cotrancs o the apoplastic spaces, as was shown by several authors {Ashbolt and
Inkerman, 19900 Franke er of.. 2000y who could relate Gluconacetobacter
divzorrophicus colonization of its host plants to inlectton via pink sugar cane
mealybug (Secefioricoceus saeclariy or via arbuscular mycorthizae, Also. insects
cun be used us vectors for endophytic infection. as was shown by Klueplel (1993),

Although the root zone offers the most obvious site of entry for many endophytes,
cntry may also oceur at sites on acrial portions of plants. Sharrock and colleagues
suggested that, in some cases. endophytic populations within fruit might arise by
entry through flowers (Sharrock er af.. 1991} Penctration is also supposed wo oceur
through natural openings on the leaves {e.g. stomata) or through stem lenticels
(Klueplel 1993).

Onee inside plant Gssue. endophytic bacteria either remain leculized in specilic
plant tissues like the root cortex, or colonize the plant systematically by transport
through the vascular system or the apoplast (Patriquin and Dobereiner. 1975 Hurek
ef af 1994 James er af.. 1994 Mahallee er al., 1997 Quadi-Hallmann er el 19973,
This difference in distribution might be due o ingeractions with other bacteria or o
the dilferent reguirements of each microorganism that let them inhabit different
niches. represented by a tssue, and more specitically by intercclular spaces inside
cach tssue (i Frort and del Gallo, 19957,

Inside the plant, endophytic populations have been observed 1o grow 1o between
1077 and 1077 cells per gram of {resh tissue (Shishido er af.. 1999 Taghavi er al.,
20051, The major difference between beneliciul endophytic bacteria and pathogenic
species is (that they do not cause discase sympioms. this despite their high numbers.
For Xvleflu fustidiosa (which causes Pierce’s discase of grapevine (Vitis vinifera) as
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well as several other major agricubtural discases. but is a benign endophyie in most
host planisy. a direct correlation seems to exist between pathogenic behaviour and
blackage of vessels by increased levels of colonizaton (Newman e7 af.. 2003). Using
& gfpp-labelled X, fusridiosa strain. 1 was observed that, in symplomatic leaves., the
fraction of vessels colonized by X justidiosa was fivelold higher than in nearby
asymptomatic leaves. The [raction of vessels completely biocked by X fustidiosa
colonies increased 40-fold in symptomatic leaves. and was the feature of
colonization most dramatically linked to symptoms. Therefore. the extent of vessel
blockage hy bacterial colenization is highty fikely (0 be a crucial variable in
symptom expression. Intriguingly. the authors also observed that a high proportion
(>80%) of colonized vessels were not blocked in infected leaves and instead had
small colonies or solitary cells. suggesting that vessel blockage is not a colonization
strategy employed by the pathogen but. rather. a by-product of endaphytic
colonization.

There are a few studies that report on e intracellular prescence of endophyies.
This seems to be an occasional finding. except for particular cases such as Rivzobiun:
or Mealigenes faecalls (You er al . 1983, 1991, where both bacleria are enveloped
by the plant in specialized structures.

The Fact that bacteria seem to be capable of colonizing the internal tssues of plants
could confer an ecolegical advantage over bacteria that can only coionize plants
epiphytically. The internal tissues of plants are thought o provide a more uniform and
profective environment for microorganisms than plant surfaces. where exXposure o
extreme environmental conditions such as tenperature, osmotic potentials. and
ultraviofetradiation are major factors imiting long-term bacterial survival ( Reinhold-
Hurek and Hurck. 1998). However. there are probably other Himiting factors that must
he overcome when establishing populations in the internal tissues of plants. Thus.
cstablishing and maintaining an introduced bacterial population would still he
hmited and influenced by the same factors that alfect piant health.

In practice. #t tums oul o he quite casy to inoculate plants with cndophytic
Bacteria. in the case of poplar it is sufficient 1o place rooting cutlings in a solution of
endophytic bacteria for 2 (o 3 days. alter which the plants are transferred onte a solid
substrate. However. evidence of their distribution as endophytes is required (o prove
their enderhizosphere competence. A commenly used strafegy o visualize
bacleria—plant interactions. including endophylic colonization. is (¢ construct
derivatives of endophytic strains that are expressing the green fluorescent protein
(gfp) and w use confocal laser-scanning microscopy 6 visualize colonization of the
host plant. Gage and colleagues used gfp expression to visualize the carly events ol
symbiosis between Riizobin melilod and alialfa iMedicago sarivay (Gage er al.,
1996). Expression of gfp was used also (o stdy the endophytic colomization of
piants by the biocontrol agent. Rhizobium erli G12. in relation 1o Meloidogyie
bicognita infection (Hallmann ef af.. 20003, the colonization pattern of the biocontrol
strain Pseudomanas chlororaphis MA 342 on barfey seeds (Tombolini ¢f af.. 1999),
and the colonization of Vitis vinifera by Xvlella jastidiosa (Newman of af.. 2003).
Coomb and Franco (2003} isofated endophytic filamentous aclinobacteria (rom
surface-sterilized roots of wheat plants and. subsequentiy. one of these endophytes.
Streptomyces sp. strain EN27 thal was tagged with the eg/fp gene. was used to study

the colonization of germinating wheat sced. The egfp genc encodes a derivative of
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the green fhuorescent protein (gfp) gene. whose expression has been optimized for
actinobacteria (Sun e af., 1999 and has been coupled (o a constitutively expressed
promater. erpifp {Schmitt-John and Engels, 19923, Using this egfp labelied
derivative, the authors abscrved endophytic colonization from a very carly stage ol
plant development. with colonization of the embryo. endosperm. and cmerging
radicle.

Germaine and colieagues also used gfp to study the re-colonization patterns of
three green {luorescent protein (gfp):kanamycin-resistance labelled endophytic
Psewdomonags sp. when they were re-introduced inte poplar trees, their onginal host
plant (Germaine ef al.. 20043, Two of these endophytes showed considerable
colonization in the roots and stemis of inoculated plants. and gfp expressing cells of
all three strains were observed o colonize the xylem tissuc of the root. All three
strains also proved to be eflicient rhizosphere colonizers, supporting the theory that
the rhizosphere can serve as a source ol bacterial endophytes.

ENDOPHYTIC BACTERIA FROM METAL HYPERACCUMULATOR PLANTS

Hyperscecumulating plants are able to concentraie metals in their abeve ground parts
to levels much higher than the substrate concentration (Baker, 198 1). These plants
are often the result of a genetic adaplation to soils naturally containing tigh metal
concenirations, but they are Tound also en so1l with increased metal levels due to
anthropogenic activities. As a consequence, their associated bacteria could require
specific adaptation o the increase of heavy metals 10 the plants. Mengoni and
collcagues found o direct relation between the metal plant concentration and the
proportion of nickel-resistant bacteria in Afvssimn bertofonii. an endemic plant that
hyperaccumelates nickel. lound on the serpentine outerops of central taiy (Mengoni
et w2001 Morcover. their results showed that the proportion ol nickel-reststant,
colony-forming units was higher in the rhizosphere of A, berfolonii than in the soil,
conlirming the results of Schlegel and colleagues (Schlegel er al., 1991).
Conlirmation of their results was obtained in another experiment (Mengont ef of .
2004) using cultivation-independent metheds. Based oo the results, they
hypothesized that the presence of the Ni hyperaccumulating A, bertolondi plants
could affect the microbial community composition along a distance gradient from
the roots of at least 5 em. High proportions of metat-resistant bacteria also persist in
the rhizosphere of Alvsswn murale (Abou-Shanab et af.. 2003).

Delorme and colleagues studied another welli-known metal (primarily zinc and
sadmium) hyperaccumulator plant, Thlaspi caernlescens. and ils etfect on total
(cultivable) bacteria. total fungl. as well as cadmiun- and zinc-resistant microbial
populations in non-rhizospheric and rhizospheric soils (Delorme er «f., 2001).
Microbial populations in rhizosphere soil increased. as compared with non-
rhizospheric bulk soil. Also. the ratios of metal-resistant bacteria found in the
presence of 7. caervlescens were significantly higher than those in the rhizosphere
of the non-hyperaccumulator plant, Trifolium prarense L. 1t was suggested that
7. caerulescens could increase the selection of metal-resistant bacteria around its
root system by increasing the soluble, and thus bioavailable, metal concentration in
that zone through an active acidification caused by root exudates. Whiting and
colleagues demonstrated that the rhizosphere bacteria associated with T caerulescens
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mereased the amount of water-soluble zine in the soil and. as such. contributed (o the
enhanced zine accumulation in 7. cacrnlescens shoots (Whiting e7 af.. 2001).
Lodewyckx and colleagues investigated the bacterial populations associated with
Thlaspi caerulescens subsp. calaminaria grown on a soil coliceted rom the aban-
doned Zn and Phomining and smelter site of Plombigres (Belgium) (Lodewyckx ef
af.. 2002a). The non-rhizospheric soil population consisted of many bacteria
equipped with multiple heavy metal resistance systems: 7.8% and 4% ol (he
cultivable bacteria were abie Lo survive clevaled levels of the major poliutants Zn (1
mM) and Cd (0.8 mM). As observed by Delorme and colieagues. the rhizosphere
population was well adapted to heavy metals and showed a survival rate of §8% and
T8% on the respective sefective heavy metals (Delorme o7 af.. 2001, which indicates
a difference in metal availability in the vicinity of the root compared 10 the non-
rhizospheric bulk soil (Lodewyckx er al.. 2002a). Characterization and idertification
of the endophytes of the roots and shools of 7. caerulescens demonstrated that
although similar species were isolated in both tissues. clear dilferences could be
observed. In the presence of Zn and Cd., rhizoplane and root endophytic iselates
showed a much lower survival rate under the same conditions. and rool endophytic
bacteria even seemed to have different growth requirements, Additionally. only
some bacteria residing in the plant root were able o produce siderophores under
iron-limiting conditions. In contrast o the root-residing endophytes. the shoot
represerted a niche rich in metal-resistant bacteria, and was even shown to conlain
species that were exclusively abundant in this environment. These differences in the
characteristics of the bacterial microllora associated with 7. caerdescens might
possibly reflect. among others. altered metal speciation in the dilferent compart-
ments studied (Lodewycekx er af., 20024

Beneficial effects of endophytic hacteria

Endophytic bacteria that provide a beneficial effect to their host plant gencrally may
he organized into two different systems: cither they are forming a symbiotic relation-
ship through the construction of specialized structures such as nodules. where
nitrogen fixation occurs, or they are free-living in the plant’s vascular system. The
latter is very similar to plant growth-promoeting rhizobacteria (PGPR) thal are gener-
ally found near the roets in the rhizoplane or on plant roots (Frommel ef af.. 1991),
This is not surprising. as most of the endophytes isolated are capabic of SUrviving
outside their host plant as rhizospheric bacteria (di Fiori and del Gallo. 1995}, and
many endophytic bacterial taxa. such as those isolated from sweet corn or collon,
were reported Lo be common soil bacteria (Mclnroy and Kloepper. 19943, Therefore.
it is not unexpected that the mechanisms used by endophytic bacteria and plant
growth-promoting rhizobacteria (PGPR] to beneficially affect their host plants seem
to be similar (Kloepper ef af., 1991 Hollich ef al.. 19943,

Plant growth-promoting bhacteria. under nutrient-imbalanced conditions. have
been reporied to be key elements for plant establishment. For this reason, their use
can support eco-friendiy crop production favouring a reduction in the use of
agrochemicals (Herrera e af.. 1993: Glick, 1995: Requena e af.. 19973, However. al
present. there are fewer than 20 different commercially available bioconiral PGPR
strains {Penrose and Glick. 20033,
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DIRECT PLANT GROWTH-PROMOTING ACTIVITY OF ENDOPHYTIC BACTERIA

The meuans by which PGPR can enhance the nutrient status of their host plant may be
summarized by three main points: biologicul nitrogen [ixation (diazouwophy).
increased nuirient avalabality it the rhizosphere through the selubtlization of
unavailable minerals, and increased plant biomass production via the synthesis of
phytohormonces. Direct evidence for plant growth-promoting activity by
cndophytic hacteria came rom Sturz ¢ 1995), According o his study. approximately
10% of bacteriad iselates recovered from within potato tbers were shown to promote
plant growth. Other experiments with cleover and potatoes in & crop rotation sewup
revealed that 21% of the 1solated endophytic bacteria were plant growth promoting.
and this was rellected ininereased shoot height {639, shoot wet weight (60%). and
increased rool wel weight (33%) (Sturz er ol 1998). Encouraging, data have also
been achicved by Egamberdiveva and Hoflich (2004). whe demonstrated that
selected growth-stimulating bacteria solated from the soib of different crop root
zones (eotton, wheat, tomato, melon, and alfalfa) were able (o increase the growth
and nutrient uptake of cotton and pea in nutrient-poor Caleisol so. compared with
the control plants that performed poorly under the same conditions.

DIAZOTROPHY

Biological nitrogen fixation supplies more than the 60% of the world’s annuad
resource ol new ammoma( Schlesinger. 19913 This process is performed by adiverse
array of prokaryotes (including many cyanobacteria) possessing the enzyme nitro-
genase. un O -sensitive enzyme that catalyses the reduction ol atmospheric aitrogen
(o ammonia. A profound sticly of the symbiotic diazotrophs, such as rhizobia, served
as lirst break 1o better understand the growth promotion mechanisms linked to
diazotrophy. The symbiotic relation between rhizobia and plant was based on an
exchange ol carbon seurce provided to the bacteria by the plant for nitrogen {ixed by
the bacteria. it was thoughe initially that this mechanism formed the general basis of
the relation between PGPR and their host plants, Further studies, however, showed
that not all PGPR are diazotrophic, and that many of the diazotrophes are able to lix
only a limited amount of nitrogen. sometimes not nearly enough to provide for their
own needs (Hong er «f.. 1991). In general. diazotrophic bacteria present in the
rhizosphere tend 1o retain the nirogen [ixation products for their own use, and any
benefit to the plant is only realized afier the bactena die (Gkon, 1985). The general
lack of bacterial nitrogen release is thought to be the main reason why nitrogen
fixation in the rhizosphere only poorly cootributes 1o the nitrogen supply for the
plant.

The variables that influence the quantity of fixed nitrogen by free-living and
associaive bacteria are the amount ol carbon availuble and the ability ef the
heterotrophic N -lixing hacteria to capture and use 1t elficiently (Rao er ol 1998).
Free-tiving, N -fixing bacteria are distant from the main sources of € substrates, as
was underlined by Kennedy and Tehan £ 1992), and are in competition with other
micreorganisms for these substrates. Experiments adding © sources directly to the
rhizosphere have been performed 1o study the changes in nitrogen fixed into the
plant tissues. Van Nicuwenhove and colleagues, who worked with rice and
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Azerhizobivuin caulinodans, suggested that in order to fully exploit the possible
benefits of this association. the inoculum should be used in a low-inpul. netricnt-
delicient systent (van Nieuwenhove ez af.. 2001, Nitrogen-lixing hacteria associated
with the thizosphere have been isolated from several tropical grasses such as
Paspalin and Digiiaria (c.g. Azotobacter. Azospirilium. and Herbaspivillim spe-
ciesy (Dobereiner and Day. 1976: Vose. 1983). A novel nitrogen-lixing bacterium.
an AZoarcns species (Reinhoid-Hurek er af.. 1993). was isolated from Kallar grass
(Leptochloa fusceay, a non-domesticated plant from Pakistan.

NL-fixing bacteria were also isolated from plant tissues. [n these tissues. the {ight
lor C-sources is reduced and the gquaniily of Iree oxveen thal inhibits the
nilrogenase activity is almost zero. Dalton and colleagues showed that endophyiic.
mirogen-lixing bacteria were present in a symbiotic relationship within plant
tissucs of Apnophila arenaria (Dalon er al.. 20047, Another stedicd association is
the one of sugar canc {Sergfunn officinarnmi. in which endophytic nitrogen
fixation is carnied out by Gliconoaceiobacter diazotrophicus and Herbaspiritiin
seropedicae. which live in the intercellular spaces and xylem (Cavaleante and
Débereiner, TUSK: Sevilla er al., 200100, G, diazotrophicus was also isolated from
other sucrose-rich plants that are propagated vegetatively. such as sweet potato and
Cameroon grass (Cavaleante and Dobereiner, 1988: Paula er af.. 1991: Ddberciner
ef al. 1998). There are also numerous accounts of other grass specics, sonie of
agricultural importance such as maize. wheal. oats, barley. and rice. that may be
asseciated with endophytic nitrogen-Tixing bacteria. although it is unclear whether
or notl significant amounts of nitrogen are lixed in these systems (Vose, 1983
Engelhard ¢r af.. 20000 Riges er al.. 2001). On the other hand. many studies have
proved a dircel contribution of endephytic bacteria 1o plant nitrogen fixation, such
as in sugar canc { Boddey ef «f.. 1995ab). rice (Ladha and Reddy. 1993 Yanni er o/
F997) and wheat (Webster ¢ ¢l 1997). According (o a review from Boddey and
colleagues. certain Brazilian cultivars of sugar cane. after "N nitrogen halance
studies. obtained over hall their needs for nitrogen {rom biological nitrogen fixa-
tion (=150 kg N ha* year 'y (Boddey 7 af.. 1993z}, In rice plants. inoculation with
Azospiritiun contributed (6 60% of the total ammontum in the plants (Malik er af..
1997). 1t was also shown that azotobacterization is beneficial in raising vigorous
seedhlings of mangroves in coastal wetands (Ravikumar er af.. 2004). The results of
the azotobacters. which were inoculated in Riizophora seedlings. revealed a direct
elfect on the host plant: inoculation significantly increased the root biomass by an
average of 8%, the root length by 48%. the Teaf arca by 278% . and the shoot
hiomass by 29%. ay compared 10 non-incculaied controls. [noculation also resulied
in increased levels of total chlorophylls and carotenoids by 151% and 139%.
respectively.

PHOSPHATI SOLUBHIZATION

Phosphorus is one of the most import plant nutrients. The vast majority of soil P is
found as insoluble forms. Plants can absorb P when it is in its monobasic (1 LPO or
dibasic (HPO, ") soluble form (Glass. 1989). Even when P is applied to the soif as a
fertilizer. it s rapidly immobilized and becomes unavailable (o plants (Nautiyal.
1999: Rodriguez and Fraga, 1999}, Solubilization of P in the rhizosphere is the most
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common way used by PGPR 1o increase nutrient availability to their host plant
(Richardson. 2001). Phosphate-solubilizing bacteria are common in the rhizosphere
{Nautival ef af.. 2000 Vazquez ¢t af.. 2000) and they use seeretion of organic actds
and phosphatases to convert phosphate to a plant available form (Kim er af.. 1998).
Recent studies Tocusing on the association of phosphate-solubilizing rhizospheric
bacteria and their host plant included: Azorobacrer chiroocecenn and wheat (Kumar
and Narula, 1999y Baciffus circwdans and Cladosporivm frerbaram with whealt
{Stnghand Kapoor. 1999y, Bacillus sp. and live crop species (Pul. 1998 Esirerobacter
agglomerany and imate (Kim er ol 1998) Psewdonionas chlororaphis and
P putidea with sovbean {Cattelan er af.. 1999)0 Rbizobiv sp. and Bradvrlizobiun
Japaonicam with radish (Antoun et af.. 1998): and Rhbizobinni legioninosaram by,
phascoli and maize (Chabot er af., [998),

Endophytic bacteria have also been reported to solubilize immobilized mineral
phosphate. Rodriguer and Fraga. and Verma and colleagues suggested that during
mitial colonization, endophytic bacteria could enhance phosphate availability to
saybeun plants (Rodriguez and Fraga. 19990 Verma er «f., 2001 Results from
Kuklinsky-Sobral and colleagues supported this suggestion (Kuklinsky-Sobral er
af. 2004 showing that 52% of the endophytic bacteria iselated from soybean could
solubilize mimeral phesphate.

PHYTOHORMONLES

There is plenty of evidence for bacterial production of phywhormoences. Lthylene,
auxins. and cytokining were Tound to be produced by strains of Pseudomonas,
Enterobacter. Staphvivcocons, Azotobacter, and Azospivitiunm. These substances,
together with two other phytohormones. gibbereltins. and indole-3-acetic acid
(TAA) may be considered as causal agents for aliering plant growth and develop-
mient {Arshad and Frankenberger, 1991 Leifert e af.. 19941 Bushan and Holguin,
1997). Phytohormone production by bacteria is considered without a direct benelit
for the bacteria itsell. and should be motivated in an indirect way: phytohormone
production nfluences plant growth, but at the same ume stimulated plant growth
will provide more nutrients to the plant-associated biacteria. An example of this
equilibrinm is the production of indole-3-acetic acid (IAAL a phytohormone known
1 be involved in root migation, cell diviston, and cell enlargement (Salisbury,
[994). The presence of TAA-producing PGPR will result in an enlargenient of the
rool arca, which will allow the plant to reach more nutrients and. at the same time,
will provide more root surface arca for nucrobial colonization. For mstance.,
Azospirilfum-inoculaled roots showed a stimuiation of root cell membrane activity,
as well as aninerease i the fevels of free TA AL indele-3-butyric acid. and the specific
activities of both the tricarboxylic acid evele and the glveolysis pathway (Fallik er
af. 1994, Lately, A A-producing PGPR have been isolated romirice {Mchnaz ev ol
20075 sugwr cane {Mirzo e ¢l 2001, lettuee (Bararzan and Fricdman, 19993, and
wheat (Kaushik er aof.. 2000),

[AA production is common in plant-associated bacteria and. depending on the
bacteria. the IAA production seems to [ollow different pathways, In the case of
phytopathogenie bacteria. IAA is. in general. produced from trvptophan via the
intermediate indoleacetamide. In plant beneficial bacteria, TAA is predominantly
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synthesized via indolepyruvic acid {(Manulis o of.. 1998 Patten and Glick,
20023,

Cytokinins are another class of phytohormones known to stimulate cell division,
cell enfargement. and (issue expansion in certain plant parts (Salisbury. 19943,
Cytokmin-producing PGPR have been isolated from wheat (Timmusk ef af.. 1999).
soybean (de Salamone er al.. 2001y, pine (Bent ez al.. 26013, rape and lettuee (Noel e
al.. 1996).

Gibberelling (gibberellic acid) are involved in modifying plant morphology by
the extension of plant tissue. in particuiar of the stem (Salisbury. 1994). Their
production by PGPR is raret however, Bacillius pumitus and Bacillus licheniformis
speeies able 1o produce this phytohormone have been isolated (Gutierrez-Manero ef
al.. 2000 Also, Acerobacter diazotrophicus and Merbaspirilium seropedicae
species were identilied as indole-3-acetic- and gibberellin-producing endophytic
bacteria present in Graniinede species, where they increased plant growth and yield
(Bastidn er af.. 1998).

COUNTERACTING STRESS-INDUCED ETHYLENE

Ethylence is a phytohormonce involved in different plant processes ranging from seed
germination. cell differentiation. stress responses. flowering induction. fruit ripen-
ing. and senescence. Itinduces decreased membrane MNuidity. influciees the wrnover
of phospholipids in membranes. enhances the feakage of solutions rom plant ceils.
and decrcases root elongation (Mayak er af.. 2004). Ethylene release is known to be
increased in plants exposed to both abiotic and biotic environmental stress
conditions, such as heavy metals. flooding. drought. infection by fungal or bacterial
pathogens. and is synthesized from r-methionine via S-adenosyl-1-methionine
(SAM) and f-aminocyclopropane- 1-carboxylic acid (ACC), which is the immediate
precursor of ethylene,

Bacteria can influence ethylene production via two main mechanisms. The most
commonly observed is bacterial ACC-deaminase activity. which results in
decreased ACC and ethylene levels. However, some bacteria can also balance
hormone levels through auxin production. Plants can take up bactlerial auxins.
which will stmulate the ACC synthase activity, which in wrn will result in an
enhanced ACC synthesis. ACC-deaminase activity is widely distributed. especially
amang different micrebial genera found in the thizosphere. where their prosence was
reported 1o be strain dependent (dell Amico er al., 2005). ACC-deaminase cleaves
ACC into NH, and a-ketobutyrate. and some bacteria can use these two compounds
as Noand C sources. respectively (Ma o7 af., 2004: Belimov ef af., 2003).

Ethylere is also a component of the sigralling pathway controlling the rhizobial
infectzon in fegumes. A correlation was observed between decrcased clthylene pro-
duction and increased nodulation levels (Ma ef al.. 2004). Low cthylene fevels are
required for entry of infection threads into the outermost layer of cortical celis by
attowing proper disposition of eytoskeleton and formation of cytoplasmic bridges.
On the other hand, high ¢thylene concentration will induce the abortion of infection
threads. Forinstance. in alfalfa, about 95-99% of infection thread progressions abort
W the cortex {(Vasse e al.. 1993} The infection threads containing ACC-deantinase-
producing bacteria can better suppress the defence signals in the plant cells by
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decreasing ethylene levels. thus increasing the persistence ol inlection threads.
ACC-deaminase activity has been found in several rhizobial strains, including
Rivizobiwm leguminosarian by, viciae strains, Rhizobivm hedvsari (Macer al., 2003).
and Mesorfizobivm Jori ( Kaneko ¢r af., 20000 Sullivan e af., 2002). Ma and
collcagues lound a 40% increase in nedulation numbers in aifalla plants inoculated
with an engineered ACC-deaminase overproducing . mielilon steain {(Ma et af.,
2004y, compared to plants inoculated with the wild-iype strain. An investigation
conducted by Donate-Correa and colicagues on the rhizosphere microbial
population asseciated with Chamaecytisus profiferus (lagasaste) reported that 509
ol the solated Pseadonionas straing possessed ACC-deaminase activity: moreover,
they observed an increase in nodule numbers in co-inoculation experiments run
with the Bradvelizobium strain BTA-1 (Donate-Correa et af., 2004). These
experiments resulled in a positive eftect on root clongation. plant growth, and
nodulation levels, and underline the importance of the bacterial influence on plant
growlh and vield production. An alternative strategy to overcome hish ethylene
levels was Tound {or Bradyrfiizebinm elkanii. which produces rhizobitexine. an
cthylene biosynthesis inhibitor: rhizobitoxine production by B. etkanii decreases
ethylene production in plant roots and enhances nodulation on M. atropurpurein
Urb. cv. Stratro (Yuhashi e «f.. 2000).

Lthylene production is increased as a stress response when plants are exposed
sub-fethal concentranions of toxic metals. Belimov and colleagues found that
Variovorax paradoxus was the dominant cultivable strain in the rhizosphere popu-
lation of Brassica juneea grown on Cd-contaminated soil (Belimov er al., 2005).
This strain was shown o preduce ACC-deaminase and o be capabic ol using ACC as
an ¢energy source, characteristics that probably gave it a competitive advantage o
strains when the plants were grown under stress conditions. £ virro, they observed a
positive correlation between ACC-deaminase activity and the bacterial effect on
plant root clongation. This result allowed them to conclude that inoculation of
Brassica juncea by V. parvadoxis under cadminm stress could promote rool growth,
the latier being positive for the phytoremediation process. Dell” Amico and
colleagues underlined that most of the PGPR isolated from Graminaceae grasses
grown on a heavy metal-pofluted water meadow were ACC-deaminase producers,
and that these strains were helping the plant growth (dell’ Amico er of.. 20033
Hasnain and Sabri (1996} found that wheat plants grown under chromium Loxicity
and inoculated with ITAA-producing Psendemeonas sp. gained in root length growth
and plant auxin production; at the same time, the chromium concentration inside the
plants decreased.

INDIRECT PLANT GROWTH-PROMOTING ACTIVITY

PGPR. as well as endophytic bacteria, seem to be able 1o lessen or prevent the
deleterious eifects of phytopathogenic organisms through niche competition. anti-
biosts, and induced systemic resistance (ESR) in plant. This ability can be considered
as an indirect way to promote plant growth. For instance, treatment of maize seeds
with a culture ol Burkholderia cepacia, isolated from the rhizosphere of maize,
resulted in disease suppression and growth promotion {(Bevivino et afl., 1998).
Similar observations were made by Hebbar and colleagues. who described an antag-
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omistic eflect of B, cepacia against Fusarivn nonilifurme. 2 soil-horne fungal
pathogen of maize (Hebbar ¢r al. 1992aby. From healthy wheat. Coombs and
Franco could isolate and characterize endophytic actinobacteria. arganisms
responsible for the production of two-thirds of the micrabially derived antibiotics
involved in plant pathogen defence (Coombs and France. 200345,

Another way that endophytic bacteria can control pathogen proliferation is via
iron control. They can excrete organic compounds (siderophores) that are able. with
very high affinity. 1o bind the Fe™ that is available in the rhizosphere. and as a resui.
prevent the proliferation of pathogens (O Sullivan and O Gara. 1992}, Evidence (or
this mechanism comes from several studies. including a report where a mutant strain
ol Pseudomaonas aeruginosa, deficient in siderophare production. no longer pro-
tected (omato plants against Pydhium (Buysens et al.. 1994), Generally, Pseudomonas
sp. have been considered to play a major role in discase inhibition through (he
production of siderophores and. thanks (o this efficient iron uptake mechanism, they
can quickly colonize the rhizosphere. and thus physically displace deleterious
organisms. Strains of Psendomonas fluorescens were investigated recently for
biocontrel against tomato spotied wilt virus (TSWV) in tomato. Analyses indicated
a reduction in viral antigen concentration in P Huorescens-treated tomato plants
corresponding with a reduced discase rating. Morcover, all P fiworescens-treated
rowth and yield. compared o the control plants
eneral etfect was observed aller application of

tomato plants showed enhanced
(Kandan ¢ af.. 2003). A morc
dialysates from Bacillus cerens iselated from the rhizosphere ol healthy tomato
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plants. The piants treated in this way were protected against leal fungal and bacierial
pathogens. emphasizing that macromolecules synthesized by PGPR and released
into the environment can act as elicitors of systemic resistance {Roneiro of af..
2004). Interesting resuits were also achieved with rust-affected Pinus taeda
L. fusiform. This infection is caused by Cronartivm quercuwi 1. sp. fisiforn and it i
the most damaging stem disease for Pinus spp. in the southern United States. After
treating Pinus sceds with three dilferent bacteria) strains. the seedlings analysed at
the end ol one season showed reduced rust gall infections and also a higher hiomass
production compared 1o untreated contro! plants (Epchak and Carey. 2004},

In the case of endophytic bacteria. some studies reported the ability ol fungal
suppression. Several endophytic bacteria isolated from rice seeds exhibited strong
anti-fungal activity against Rhizocronia solani, Pytlvivm myrioivhen,
Gaeusnammomyeey graminis, and Heterobasidium annosim iMukhopadhyay er al..
1996). Enterobacter clodca. an endophyte isolated from corm. seemed o be
invelved in antibiosis against Fusarium monitiforme (Hinton and Bacon. 1995,
and this result could be added to the experiments performed by Chen and
colteagues. who showed that wilt disease symptoms (caused by & Fusariwm sp.)
could be reduced successfully when cotton plants were artificiafly inoculaied with
naturally occurring endophyies isolated from the same host plant(Chen er al.. 1994),

Application of endophytic bacteria to improve phytoremediation

The potential that endophytes have to offer for agricuftural gains has been realized
beyond their use as naturai biocontrol agents. The inherent nature of certain
endophyies (o potentially colonize plants in a systemic manner provides a novel
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approach as a delivery system to plants lor various beneficial traits. This paper
specifically addresses the potential of endophytic bacteria o improve
phytloremediation of heavy metals and organic contaminants.

PHY TOREMEDIATION

Remediation options currently applicable to contaminated soils and groundwater are
Irequently expensive, environmenially invasive, and do notmake cost-eflective uses
ol existing resources. These lechnigues are based upon civil engineering
mcthodologies. involving either the excavation and removal of conlaminated soil
{dig and dump). pumping and treatment ol contaminated groundwater, or an ey sit
treatment of the sail that drastically alters soil structure, biological activity. and
subsequent function. Certainly, in the case of very large contaminated arcas, there s a
clear need for cost-effective, durable, and validated alternative remediation strate gies
to those that are in current use (van der Lelic ef ¢f.. 20011, The focus of much recent
experimental work has been directed towards these ends, developing techniques that
exploit biological (plant and microorganisms) and chemical (use of metal-binding
agentst processes o reduce the inherent risk associated with contaminated soils and
groundwaler. Strategies of this nature are generally classified under the generic
heading ol phytoremediation. One clear distinetion in the use of this technology
relates 1o whether inorganic or organic compounds are the primary targets of
remediation: although. of course. mixed pollution situations alse exist.

Phytoremediation of the contaminated groundwaler is an option that appeals not
only to site ewners, but also community and oversight groups, The chance 1o use
plants to remediate sites while restoration activides are taking place is very much in
favour. And while there are groundwater depth linmntations o direet appheation,
combination technelogies can casily overcome those limitations. A more pressing
issue would be the concentration of the contuminant in the groundwater, us the
potential toxicity of the chemical would it application.

There is documented evidence that plants can degrade a wide range of organic
compounds, {following the “green liver” model proposed by Sandermunn (1994,
However. there is the potential fer degradation o be incomplete for some of the more
recalcitrant compounds, such as benzene and trichloreethylene and
perchloroethyiene. These compounds do not accumulate in the plant tssues, but
dug to their chemical nature, either transpire from the leaves or volatilize dircetty
from the stems and trunks of the trees. For areas that have zero emission poticies for
remediation technologies, this could prevent phytoremediation from being
deployed.

ENDOPHYTE-ASSISTED PHYTOREMEDRDIATION OF ORGANIC CONTAMINANTS

The fate of contaminants in the rhizesphere—root syvstem largely depends on s
physicochemical propertics. Organic xenobiotics with alog K <1 arc considered to
be very water-sotuble. and plant roots generally do not accumulate them at a rate
surpassing passive influx into the transpiration stream (Cunningham and Berti,
[993). Contaminants with alog K >3.5 show high sorption to the roots. but stow or
no translocation to the stems and leaves (Trapp er af . 20011 However, plants readily
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take up organic xenobiotics with a log K. between 0.5 and 3.5, as well as weak
ciectrolytes (weak acids and bases or amphoteres as herbicides). These compounds
seem 1o enter the xylem fasier than the soil and rhizosphere microflora can degrade
them. even if the latter is enriched with degrader bacteria (Trapp er af.. 2000). Once
taken up. plants metabolize these contaminants. althaugh some of them. or their
metabolites: such as TCE that is transformed into TCA. can be 1oxic (Doucetle of of..
1998y Aliernatively. plants preferentially release volatile pollutants. such as BTEX
compounds and TCE and their metabolites, into the environment by evaporation via
the leaves. which questions the merits of phytoremediation (Burken and Schaoor,
1999 van der Lelic or al.. 2001 Schwitzgudbel o7 of.. 2002: Ma and Burken. 20033,

Whiic the degradation by plants of compounds such as TCE has been well
documented by many groups. other groundwater contaminants have not. One ol
these is methyl-t-butyl ether (MIBEL a major additive of gasoline. MIBE s
extremely water-soluble and docs not adhere well o soil. thus plumes of undeter-
mined origin and several miles in fength are not uncommon. Also. MiBE has been
found in groundwater in states that do not use MIBE, perhaps the result of
volatitization and deposition during rain events. Plants readily take up MBE. but
iimited degradation has been observed. Instead. the majority of the compound is
transpired unaltered. thus petentially increasing the spread of MBI contamination.

The use of engineered endophytes has the potential to overcome the problems of
toxicily and incomplele or limied degradation. Work that has been published
previously by some of us ¢Barac e al.. 2004) has proven this concept. Lupine plants
were inocutated with endophytic bacteria that had acquired the plasmid pTOM,
which encodes for enzymes involved in toluene degradation. The bacteria thrived in
these plants and. more importantly for this work. showed that they enabled the plants
Lo overcome both plant toxicity and air release limitations. Inoculated plants grew in
soils watered with 500 mg T tolucne. while control plants showed serious stgns of
stress at 100 mg T Additionally. there was greater than 504 reduction in (olucne
released from the above-ground portions of the plants. Recently, this concept was
successlully extended o poplar {Taghavi o7 aof.. 2005 inoculation of poplar with an
endophytic strain able o degrade toluene resulled in a signilicant decrease of the
amount ol the contaminant released via evapotranspiration.

HORIZONTAL GENE TRANSFER T THE ENDOGENOUS ENDOPIFYTIC COMMUNITY

Although the application of engincered endophytic bhacteria (o improve
phytoremediation of velatile organic contaminants has several ohvious advantages
over the application of engineered rhizosphere bacteria or the genetic cngineering
of the plant’s metabolism. several obstacles have to be overcome belore this tech-
nology can move towards application (Newman and Reynolds, 2005). One major
point of concern is the persistence and stability of the enginecred organisms and
their degradation capabilitics 1n [ield-grown plants. as phytoremedialion projeets
can conceivably last decades. As long as a selection pressure is present. (here will he
an advantage for those endophytic community members possessing the appropriate
degradation characteristics. However, this is no guarantee that strains of the inoculum
will become an integrated part of the endogenous endophytic community. While
marked endephytic strains, isolated from the endogenous endophytic community
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from poplar. were successiully used 1o re-inocubate theiroriginal host plants ¢ Germaine
et al . 20043 attempis 0 moculate poplar with a toluene-metabolizing Burkliofderia
cepacia strain that has yellow fupine as s natural host seemed unsuceessful: en
weeks after imoculition, the inoculum no longer could be detected among the
cultivable bacteria (Taghavi er af.. 2003). However, despite the absence of the
inocuium, improved wluene degradation and a reduction of wluene phylotoxicity
and release via evapotranspiration were observed. Hortzontal gene transfer of the
pTOM-Butl cnceded toluenc-ortho-monooxygenase had occurred [rom
Burkholderia cepacia W dillerent members of the endogenous endophytic
communily. both in the presence and absence of toluene. allowing the endogenous
endophytic communities 0 adapt and to deal with the toluene contamination.
Horizontal gene transier has been shown o play an important rele in rapidly
adapting @ microbial community to a new environmenial stress factor {Dong er al.,
19983, including rhizosphere communities {van Elsuas ez af.. 1998 Ronchel er al..
2000: Devers ez af., 2005). and we had speculated that itcould play animportant role
in adapting the endogenous endophytic community (van der Lelie ef of.0 2003):
rather than integrating a new bacteriun in a stable community, the degradation
pathway is transferred among the members ol the community. 1t can be hypothesized
that horizontal gene ansler also played a role in the selective enrichment of
catabolic genotypes observed by Siciliane and cebleagues {Siciliano er af . 2001,
This enrichment in the root interior was found o be both plant and contaminant
dependent: selective enrichment Tor endophytic bactleria contaming the appropriate
catabolic genes was found for plants grown on petroleum hydrocarbon contami-
nated sites, on ficld sites contaminated with nitroaromatics. and after the addition ol
netroleum w sediment. Similarly, the numbers ol @fkB- or adoB-positive endophytes
in Fesinca armedinacea were correlated with the concentration of creosoie in the
soil, but not with the numbers of edkB- or ndoB-positive bacterta in the bulk soil.

BACTERIAL ENHANCED PHYTOREMERIATION OF HEAVY METALS

Metal phytoextraction ix a promising approach, but it is still in its Infancy and needs
further rescarch and developmen:. Recent studics investigating the leasibility of
phytoextraction confinmed that both biomass production and metal concentration
factor (metal (hyperaccumulation) determine the cifficiency of the remediation
process (MeGrath and Zhao, 2003: Vassilev ez ol 2004). Scveral studies claiming o
have demonstrazed @ high potential of different plant species [or remediation of
contaminated sites in fact were using plants showing o bioconcentration lactor of
fower than 0.3, A simple calculation using realistic biomass production fevels teads
10 the conciusion that remediation of a moderately contaminated soil should ke at
feast more than 100 vears, In thyperaccunulator plants. the bioconcentration factor
is usually higher than 1. and in some cases even up to 100 (Baker e af.. 2000 Zhao
ef al.. 2003) For casy harvesting. the root-to-shoot transport should be efficient,
resulting in a shoot-to-root of metal concentration higher that 1. Few studies report
on the use of natural metal hyperaccumulators under BGeld conditions. The metal
concentration factor depends not only on plant but also soil factors (soil type, pHL
organic matter content, <.

Metal availability in soils plays an important role in the efficiency of the



Lndopliytic bacteria to improve phvioremediarion af environiment 193

remediation process. The use of amendments for mobilization {e.g. chelating or
acidifying agents) ol metals in the soil can sometimes improve metal accumulation
by plants. Chemically assisted phyloextraction is based on the use of non-
accumulator plants with metal accumulation levels far below those ol
hyperaccumulators. but with high biomass potential. Restrictions apply. however,
te both the use of complexing agents and artificial soil acidification. It was Tound
that EDTA and EDTA-heavy metal complexes are toxic for some plants, and that a
high dose of EDTA inhibited. forexample. the development ol arbuscular mycorrhiza.
Farthermore. EDTA is poorly photo-. chema-. and biodegradable. {1 sin apphication
of both poorly degradable but also casily degradable chelating agents can cause
grovndwaler pollution by uncontrolled metal dissolution and leaching.

Since. in many cases. metal uptake by plants is imited by fow metal solubility., it
is necessary that the efforts for selection ol appropriate rhizosphere manipulation be
continued. There is a need o {ind cheaper. environmentally benign chemical com-
pounds with chelating prepertics, as well as to better understand the role of
rhizospheric bacteria in metal solubility. plant uptake. and tolerance. The plant-—-
rhizosphere interactions controlling metal uptake by roots are. indeed, of primary
nterest 1t 1 necessary to identiy which are the main limiting lactors and to find
appropriate solutiens o overcome them. There is some evidence that difTusion of
metals is such a limitaton that. even in moderately contaminated soils. mass How
contribution is less than 104 of total metal uptake (McGrath of «f.. 2001, The
diffusion rate in soi generally depends on metal availability in soil solution and. on
the other hand. on the concentration gradient driven by metal ions” uptake by rools.
Iwax found that roots of 70 cacriescens responded positively to Zn and Cd supply
{Whiting 7 /.. 2000 but net (o enhanced metal solubility by changes in rhizosphere
pPH (Knighteraf., 19973, To what extent root exudates can mobilize metals {as was
shown for Fe and possibly Zn: Marschner, 1993} or if microbial thizosphere
communities stimulated by these root cxudates (Anderson. 1997y can contribute 1o
metal phyteavailability. remains o be further examined. As certain plams can use
microbial sideraphores 1o improve their iren uptake. it has been hypothesized that
bacterial metal chelators. such as siderophores. can eventually improve the uplake
of heavy mietals by plants (van der Lelic ef af.. 1999}, Baclerial siderophores can be
considered as natural chelators. the bacterial production of which is in light
equilibrium with plant activity. thus improving heavy metal uplake and trans-
location as part of the phyloextraction process. Another possibility that should he
considered is the use of plant growth-promoting bacteria that stimulale root
lormation by plants. A better-developed root system can fead o increased metal
uptake.

Endophytic bacteria can be engineered for increased heavy metal sequestration.
The activities of these bacterial strains could enhance heavy metal uptake and
translocation by the host plants. In order (o improve phyvtoremediation of heavy
metais. Lodewyckx and calleagues intreduced the ace-nre nicke] resistance syslem
of Ralstonia merallidirans 31A in Burkholderia cepacia 1.5.2. 4 and Herbaspivillion
seropedicae LMG2284 (Lodewyekx eral.. 2001y Lupinus huteus L. when arown on
a nickei-enriched subsirate and inoculated with B. copacia L8242 nec-nre. showed
asignificant inerease (30% ) of nickel concentration in the roots, whereas the nickel
concentration in the shoots remained comparable with that of the controf plants. The
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inoculation of Lofiven perenne (ov. Atlas) with the nickel resistance derivative ol H.
seropedicae LMG2284 nec-nre resulied e a0 significant decrease of the nickel
concentration in the roots (1 1%, as well as in the shoots (%), However, a similar
observation was made when Lofinm perenne plants were inoculated with the wild-
tvpe strain, LMG2284, indicating that the nickel resistance characteristics are not
rexponsible for the altered mickel uptake observed.

Other studies conducted on non-hyperaccunulater plant species and their
assoctated bacteria confirmed the possibility of an enhanced plant metal uptake in
the case of plant-bacteria mteractions, When grown on soil contaminated with lead,
ndian mustard (Brossica jonceda). a high-bicmass-preducing. metal-tolerant piant
species. showed hyperaccumulation of the metal in its roots. At the same time,
enrichment of Ph- and Cu-resistant Arthrobacier species oceurred in the rhizosphere
(Roy er al.. 20053 Chen and colleagues isolated Cu tolerant bacieria from the
rhizosphere of Elsholizia splendens. o copper accumulator plant gencrally growing
on copper mines (Chen ez af., 2003). The re-inoculation of these strains tn thie plant
rhizosphere resulied in an increased water copper concentration and facilitated Cu
accumulation by the plants. This role of the bacteria was conlivmed using ampieidlin,
an antibiotic that inhibits ancrobial actvity: i the presence of the antibiotie, the
added bacteria failed to exert their mobilizing etfect on Cu. fowas concluded that the
strains used as inoculum were able W exerete fow molecular weight compounds that
mereased heavy metal avatlability w their host plants.

Conelusions

Endophytic bucteriaare a very challenging ficld of researveh, both from a fundamental
and applicd perspective. The first attempts o use endophytic bacteria for the
improvement of pest control or phytoremediation processes are promising, but
considerable rescarch efforts are required to optimize the practical applications.
Maore knowledge is required on the population dynamics and activity of endophytic
bacteria in their host plants. Also. the clfects of contanunants on these processes
shoukd be further evaluated, For the construction of endophytic strains with new
catabolic functions, nateral gene ransfer offers arear potential, Many caubolic
lunctions are found in soil bacteria. where they are encoded on sell-translerrable
plasmids or transposons. These can be ransterred casily using natural gene iransler.
Heterologous expression of the cataholic functions might not be @ major problem,
especially when the donor straim and the reciplent endophytic strain are closely
related. as s freguently the case.

A considerable research effort will be required also to design strategies for the
reinocutation of endophytic bacteria under field conditions. In order to guarantee
reproducibility. reliable methods of inoculum delivery shoukl be developed. This is
especially the case Tor the inoculation ol trees such as poplar with endophytic
bacteria. Intense testing of dilferent delivery systems indicated that the application
method Tor introducing endophytic bacleria into plaatl tissue is strain specilic
(Musson ¢f af.. 1995). Some methods that proved to be suaceesslul inchude the
infusion of a bacterial suspension into imbibed seeds (Turner er ol 1993) or
hacterial apphcation via alginate beads (Bashan, 1986), which have the advaniage
of adding bacteria-spectfic nutrients to the alginate o improve bacterial survival
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rates. [Ushould be noted that the development of successiul application technologies
would Tully depend on improving our understanding of how bacterial cncdophyles
enter and colonize plants. This remark couid be applicd o all aspects of the ceology
of bacterial endophytes and only under those circumstances can the potential use of
bacterial endophytes lor plant beneficial purposes be fully evaluated.

The observation of horizontal gene transfer presents the possibility ol adapting
the plant’s endegenous endophytic population directly without the need 1o select
the appropriate endophytic microorganisms from the plant species of interest, How-
ever.marder to be successful. the genetic information cncoding the desired melabolic
properties should be present on a broad host-range plasmid that can be transferred
efficiently within the endophytic community. and it should have a broad cxXpression
range. I this is the case. the combination ol horizontal gsene transfer and hetero-
logous cxpression has several obvious advantages over our original approach (Barac
of al.. 2604, where an endophytic strain is optimized in a laboratory setup before
being introduced into its host plant: there is no need 1o isolate plant-specific
endophytic bacteria: there is no need for genetic manipulation of isolated plant-
specific endophytes: and there is no need to establish the endophytic inoculum in
the plant’s endogenous endophytic community. as the genctic information will be
transferred to many members of the endogenous endophytic population (Taghavi e
al.. 2005). Additional work needs 1o be undertaken in this arca. and is planned by
several members of this group. First. endophyies such as these need 1o be introduced
into plant species that already show promise (or remediation purposes duc 1o their
phenolypic characteristics. such as rapid growth and high water uptake levels, These
plants will then need 1o be monitored for such things as retention of the cndophyle.
as well as production and polential accumulation of metabolites of the pollutants,
and volatshization under field conditions.

We also need to consider the potential role of naturally cccurring endophytes, and
what their role in phytoremediation may be. We know that cndophytles have
multiple roles in plants. but understanding what that role may be in remediation has
not been explored in any depth. Work by van Aken and volleagues showed that an
endophytic Methylobacterivm populum sp. isolated from poplar had the ability Lo
degrade TNT in the faboratory (van Aken er al.. 200da.b). However, the role of this
bactertum, and the extent of its contribution 1o TNT degradation within the intact
plant systen. is still being studiad.

When we consider the diversity of endophytic colonization of plants, 1l is
apparent that many of these erganisms may play a major role in the degradation of
organic contaminants. but what the rofe may be or how extensive that contribution
is 10 the overall degradation of the contaminant is completely unknown. Better
understanding of these contributions. as well as techniques 1o utilize and
manipulate these processes. ts vital for the improvement of phytodegradation
capabililies. as well as enhanced survival. These improvements may come in the
form of the introduction of novel bacteria that have the needed degradative
properties. enrichment of naturally occurring endophytes, or re-introduction of
natural cndophytes that have been altered Tor enhanced degradation capabilitics,
All ol these options have potential for improving phytoremediation ol organic
contaminants.
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