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point in time, and good relationships predictably
outgrow their original contracts. For the relationship
to grow and mature well over the years requires care-
ful management of expectations’ (Ref. 12, and cited
in Ref. 10).
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Engineering the rhizosphere:
expressing a bias

Kevin P. O'Connell, Robert M. Goodman and Jo Handelsman

The rhizosphere is a largely unexplored frontier for genetic engineering. Processes

in the rhizosphere influence plant disease, plant nutrition and root architecture by

affecting the dynamics of microbial populations and communities. There is interest

in engineering plants to manipulate the rhizosphere for numerous reasons. Such

plants might resist soilborne pathogens more effectively, be better hosts to

beneficial microorganisms, remediate toxic waste, or attract communities of soll

microorganisms that enhance plant health. Central among the strategies to

engineer the rhizosphere is the effort to create a ‘biased rhizosphere’, which

involves engineering plants to secrete nutrients that specifically enhance the

growth of desirable microorganisms.

The exchange of nutrients and signals between parts
of the plant that are above and below ground is the
result of a remarkable genetic and developmental inte-
gration of roots and shoots. Roots supply inorganic
nutrients, including water, to the rest of the plant, and
play a crucial role in the hormone gradients that gov-
ern shoot ontogeny. Shoots fix carbon through photo-
synthesis, and transport organic carbon to the roots,
which excrete a significant proportion of the plant’s
carbon into the surrounding environment. This
surrounding environment, or the volume of soil that
is influenced biologically and biochemically by the
living root, is known as the rhizosphere'2. Root
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exudates and secretions create a ‘rhizosphere effect’
(Ref. 2), which manifests itself in the intense microbial
activity that is associated with the immediate vicinity
of the root.

Some of the microorganisms in the rhizosphere
contribute to plant health by mobilizing nutrients,
some are detrimental to plant health because they
compete with the plant for nutrients or cause disease,
and some stimulate plant growth by producing hor-
mones or suppressing pathogens. Alteration of the
biological and chemical composition of the rhizo-
sphere can, therefore, be expected to modify plant
health. Historically, various methods have been used
to modify the rhizosphere, including the application
of organic amendments and microbial inoculants, and
the manipulation of plant genotypes>®.

In this review, we focus on plant genetic engineering
to influence the rhizosphere; this involves manipulating

TIBTECH MARCH 1996 (VOL 14)
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Figure 1
An overview of engineering the rhizosphere. (1) Phytoremediation by engineering plants to take up toxins and metals. (2) Enhancing the
effects of beneficial microorganisms by engineering plants to release specific inducers of microbial genes. (3) Enhancing populations of
beneficial microorganisms by engineering plants to produce an unusual nutrient and engineering a microorganism to catabolize the nutrient.
(4) Engineering plants to produce compounds that affect the overall composition of the community of microorganisms associated with

roots.

gene expression in the root for the purpose of modi-
fying the soil or microbial flora surrounding the root
to achieve desirable environmental or plant-health
effects (Fig. 1). We present an overview of current
work in the field, and speculate about other worth-
while approaches that deserve attention.

Engineering the rhizosphere

Engineering of the rhizosphere is an emerging field
in which little is known, and in which few of the
popular hypotheses that abound have been fully tested.
As yet, there have been no field trials that we know
of for evaluating plants that have been genetically
engineered specifically to alter the function of the
rhizosphere. While technical barriers and a lack of
knowledge about root gene expression and rhizo-
sphere function may account for the present status of
the field, many excellent strategies have been proposed
or are being investigated. New techniques, from
molecular to optical, enable a more critical study of
roots, encouraging an overdue and welcome surge of
interest in the biology of roots, the rhizosphere and
rhizosphere—microorganism interactions.

Required knowledge: molecular biology

Engineering the rhizosphere requires molecular
techniques for introducing and regulating gene ex-
pression in roots, as well as an understanding of tissue-
specific gene expression. Significant progress toward
developing precise methods for engineering roots
has been reported in recent years. Promoters whose
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regulation is cell- or tissue-type specific in roots have
been isolated and studied in some detail’. One tis-
sue that offers tremendous potential for the genetic
engineering of the rhizosphere is the group of cells
known as border cells. These are released from the
roots into the surrounding soil where they remain
metabolically active for days after release (Fig. 2).
These cells effectively increase the dimensions of the
rhizosphere, and may play significant roles in mediat-
ing rhizosphere processes!’. Border cells are, therefore,
particularly attractive targets for engineering because
they constitute a distinct tissue type, express a unique
complement of genes, and seem to be specifically
adapted to mediating rhizosphere processes'!.

Required knowledge: community ecology

Knowledge of gene expression in roots is only one
facet of successful engineering of the rhizosphere;
understanding the ecology of the root and soil
microflora is essential for developing sound technical
strategies to engineer the rhizosphere. Although we
know that rhizosphere communities are dynamic and
complex, little is known about the biological rules
governing the behavior of these communities. Spe-
cific organisms have been the focus of research — an
emphasis that has been determined, in part, by cur-
rent knowledge and available methodology. We know
more about the influence of individual microbial
species on plant health than we do about the influ-
ence of entire communities, and there are better
methods available for studying populations of specific
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members of the communities than for describing
entire communities. However, despite current limi-
tations, there is likely to be more interest in future in
manipulating the composition of rhizosphere com-
munities through plant genetic engineering. It is also
intuitive that the plant genotype will influence total mi-
crobial communities associated with the root, as plant
genes control photosynthesis, transport, exudation
and root architecture. All of these functions should
influence the dynamics and composition of microbial
communities associated with roots. Indeed, past work
has suggested that the roots of plants of different geno-
types harbor communities of different compositions®;
other work has shown that factors such as soil amend-
ments, cover crops and genetic resistance influence
both root disease and the composition of microbial
communities associated with roots>=¢. Although a
causal relationship between the changes in commu-
nities and plant health has not been demonstrated, the
correlation that has been shown in many systems is
intriguing and worthy of further investigation!2.

Engineering plants to attract and support complex
communities of microorganisms that contribute to
root health, rather than focusing on single strains or
species, might offer advantages. Community-based
strategies might be more robust and longer-lasting
because, for example, pathogen resistance should be
more difficult to select, and the complexity of the
community should provide a resilience that resistance
genes might not. Exploiting the very complexity that
makes studying microbial communities a challenge
may provide the antidote to the rapid decline of effi-
cacy observed with many pest-management strategies.

It is likely that there will be an explosion of knowl-
edge about rhizosphere communities as the tools of
modern biology are used to dissect the structure and
function of communities. Powerful methods in which
DNA 1s isolated directly from bacteria in environ-
mental samples have provided new insights into mi-
crobial communities that are difficult to culture!!4.
With these methods, the genes for 165 rRNA can be
amplified by polymerase chain reaction (PCR), cloned,
sequenced and aligned with known sequences to
determine the phylogeny of the organisms in the
sample. The application of these methods to soil and
rhizosphere communities is just beginning!® but,
based on the revolution these methods have caused in
our understanding of other environments, they are
likely to alter rapidly our understanding of the rhizo-
sphere. Moreover, plant genetic engineering provides
the tools to test hypotheses about the role of the plant
genotype in shaping rhizosphere communities.
Defined changes in the host genotype can be used to
study the influence of specific plant functions on com-
munities that develop in the rhizosphere.

In the following sections, we discuss approaches to
engineering that focus on manipulating the composi-
tion and function of the rhizosphere through changes
in root exudation to enhance or inhibit microbial
growth, to influence microbial gene expression, or to
alter the chemical environment around the root.

Figure 2

Border cells may be a key to engineering the rhizosphere. Border cells are metaboli-
cally active cells that are released from roots; they express a unigue complement of
genes, thus providing an appropriate target for engineering the rhizosphere. {1) Root
of two-day-old cotton seedling germinated on water agar. (2) The same root 60s
after adding a 100-p! droplet of water. (3) The same root at higher magnification.
(4) Release of border cells after agitating the water droplet. In each case, the bar
represents 100 wm. (Reproduced, with permission, from Ref. 10.)

Engineering root exudation

Many types of compounds, such as amino acids,
organic acids, sugars, flavonoids, proteins and mucilage,
are exuded from roots. Engineering the rhizosphere
by altering root exudation could influence microbial
populations by inhibiting or enhancing the growth of
select microbial members of the rhizosphere commu-
nity. Current work largely focuses on influencing popu-
lations of one species or strain of bacteria on roots and,
in particular, on problems for which there is ample
evidence of a connection between the abundance of
specific bacteria and root health.

Engineering inhibitors

Peptides and proteins that have inhibitory activity
against fungi, bacteria and invertebrates such as nema-
todes and aphids have been described!®!7. If they are
appropriately engineered for expression in the root,
such peptides and proteins should readily diftuse into
the rhizosphere; they seem to be logical candidates
for genetic engineering, as most are encoded by
single genes that could be (and, in a few cases, have
been) introduced into plants'”. A more difficult engi-
neering feat would be to introduce into plants the
complex biosynthetic machinery for molecules such
as antibiotics, the synthesis of which requires many
gene products.

TIBTECH MARCH 1996 (VOL 14)
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Engineering enhancers: origins in the opine concept

Several laboratories are constructing transgenic
plants that promote the growth of a rhizosphere
inhabitant by synthesizing and releasing compounds
that only the desired microorganism can catabolize.
This approach has been termed the ‘biased rhizo-
sphere’ by de Bruijn and colleagues!; the strategy was
suggested by the biology of Agrobacterium tumefaciens,
which transfers to plant cells a region of plasmid DNA
that encodes enzymes for the biosynthesis of opines.
Opines are derivatives of amino acids or sugars that
few known soil microorganisms can catabolize!®. The
synthesis of opines by the transformed plant tumor is
believed to create a nutritional niche for the pathogen,
specifically favoring its growth in the vicinity of the
tumor'%2%, This theory is known as the ‘opine con-
cept’. To test the opine concept, and to extend it to
other plant-microbe interactions, transgenic tobacco?!
and Lotus corniculatus®? plants that synthesize opines
and release them into the rhizosphere have been
constructed. Guyon et al.?? have demonstrated that
opines produced by the roots of transgenic plants
lead to an increase in the population of opine-catab-
olizing Agrobacterium, compared with a non-cataboliz-
ing strain, thus validating the opine concept in the
laboratory.

A variation on the current concept of the biased
rhizosphere is to engineer plants to overproduce a
common nutrient that is limiting for growth of a de-
sirable microorganism in the rhizosphere. Although
plants release a rich variety of nutrients in their exu-
dates, the composition may not match the nutritional
needs of a desired organism. Therefore, the abundance
of a limiting nutrient could be increased through the
modification of root gene expression.

Biased rhizospheres: potential problems

A major difficulty in the nutritional biasing of the
rhizosphere is that selecting a compound to encour-
age the growth of a particular microorganism or a
desired consortium of microorganisms requires a
knowledge of what nutrients are limiting in the rhizo-
sphere. Despite being able to make sole use of access-
ible nitrogen and carbon, an introduced microorgan-
ism might stll find itself competing with native
inhabitants for other essential nutrients. Furthermore,
the diversity of native rhizosphere inhabitants will
affect what nutrients are limiting in the rhizosphere.
While the opine concept proves valid when two
otherwise isogenic Agrobacterium strains are the only
known rhizosphere inhabitants, there is no published
evidence demonstrating that the bias favoring a
particular organism in the rhizosphere holds up in
the presence of an entire rhizosphere microbial
comimunity.

The second problem with the biased rhizosphere is
one of uniqueness. The ability to catabolize opines is
not exclusive to agrobacteria?}; some pseudomonads
can use opines as carbon and nitrogen sources, and
have been shown to surpass Agrobacterium in compet-
ing for the limiting opine in a chemostat?*. Extensive
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farming with plants that produce novel nutrients, such
as opines, will certainly result in increased populations
in the rhizosphere of naturally occurring competitors,
or will select for the rare organisms that acquire the
catabolic genes by horizontal transfer. This problem
could be compounded by the transfer of the biosyn-
thetic genes for the novel compound to other plants
by pollen movement, thereby increasing the overall
environmental exposure to the compound, and pro-
viding greater selection for organisms that catabolize
it. High populations of native organisms that catab-
olize the novel nutrient will reduce the selective ad-
vantage provided to the desired microorganism by
increasing competition for the nutrient in the rhizo-
sphere. Therefore, successtul long-term use of the
biased-rhizosphere approach will require the devel-
opment of strategies for minimizing the amount of the
compound in the environment. The biosynthetic
genes in the plant could be placed under the control
of inducible promoters that would be induced by the
plant, or by the application of a chemical inducer at
the time that growth of the beneficial organisms was
desired.

Engineering to induce microbial gene expression

Small molecules other than nutrients also influence
the biology of the rhizosphere. Plant and bacterial sig-
nal molecules, such as the isoflavonoids and lipo-
oligosaccharides, respectively, of the legume—rhizobial
symbiosis, activate gene expression in the other part-
ner at very low concentrations®>2¢. In addition, some
plant signal molecules increase the growth rate of rhi-
zobia at low concentrations?’. Plants could be engi-
neered to release a small-molecule inducer of bacterial
gene expression into the rhizosphere. In response, an
engineered microbial population would synthesize a
desired product (such as a siderophore) that discour-
ages the growth of a rhizosphere competitor for iron,
an antibiotic effective against root pathogens, or a
compound that disrupts the life cycles of insects and
nematodes in the vicinity of the root. Although this
seems to be a rational approach there are, as yet, no
examples of engineering plants to induce microbial
gene expression.

Applications of engineering the rhizosphere
Nitrogen fixation

Rhizosphere phenomena influenced by the size of
a particular microbial population are obvious subjects
for testing and applying the biased-rhizosphere con-
cept. For example, the proportion of root nodules
occupied by a given strain of Rhizobium is proportional
to that strain’s representation in the mixture of rhi-
zobia applied to the plant®®?°. Engineering plants to
release a nutrient catabolized only by the desired strain
might increase that strain’s representation in the rhizo-
sphere and, thereby, enhance its nodule occupancy.
Implicit in this approach are the assumptions that
populations in the rhizosphere (as opposed to in the
inoculum) determine nodule occupancy, and that
availability of nutrients limits populations of the



87
reviews

thizobia. Although there is some evidence to support  plants that specifically release excess amounts of
both of these assumptions®32, both remain the sub-  threonine into the rhizosphere. This might increase
Ject of controversy. Current work focuses on the con-  populations of UWS5 in the rhizosphere and enhance
struction of transgenic plants that release rhizopine  suppression of root disease. Complementary research
(L-3-O-methyl-scyllo-inosamine) into the rhizosphere,  is directed toward introducing genes encoding anti-
and the application of rhizopine-catabolizing bac-  microbial peptides into plants to provide suppression
terial partners to these plants (Fig. 3; Refs 33,34). This  of diseases caused by fungi'”.

strategy could also be used to enhance the growth of

free-living nitrogen-fixing bacteria, such as Azotobacter ~ Phytoremediation

and Azospirillum to obtain biologically fixed nitrogen Plants have potential as agents for remediating soil
for grain crops. contamination by toxic heavy metals and organic pol-

lutants. The roots of some plants have an unusually
Suppression of plant disease high capacity for heavy-metal uptake, and the net result

Genetic engineering can also be used to enhance is a solar-driven bioconcentration of heavy metals
the association of plants with microorganisms that  into biomass. This biomass can be readily harvested
suppress plant disease or reduce association with  and processed for metal recovery, in effect cleaning
pathogenic microorganisms. Work is under way to  the environment while mining the contaminated
enhance the nutritive value of root exudates fora bio-  s0il*. The possible roles of rhizosphere processes in
control agent. Bacillus cereus UW85, which suppresses  phytoremediation are poorly understood. Bacteria can
certain diseases of roots, is a naturally occurring auxo-  contribute to remediation by catabolizing organic
troph for threonine®. As plants have been engi- molecules, mobilizing soil-bound metals and excret-
neered to express genes that result in increased levels  ing metal-chelating organic molecules (siderophores)
of free threonine¢-%7, it should be feasible to construct  or protons (decreasing soil pH and solubilizing metal

community in _community in
normal rhizosphere biased rhizosphere

—
nycaMOCE

source for
growth

nucleus
P Mos

bacterium

mos
(a2 %

3-0-MS! exported
to rhizosphere

root cell

Figure 3
The biased rhizosphere. Plants engineered to contain mos genes, which code for the biosynthesis of L-3-O-methyl-scylloinosamine
(3-0-M3), release the compound into the rhizosphere where only the bacteria containing moc genes catabolize 3-0-MS| and use it as a

nitrogen and carbon source. This provides a selective growth advantage for bacteria that can catabolize the unusual compound. (Adapted,
with permission, from Ref. 18.)
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cations)**. In fact, remediation activity that is
thought to be associated with plants might, in some
cases, be due to the activity of plant-associated micro-
organisms. Thus, the ability of plants to attract and
provide nutrients for microbes may play a significant
role in phytoremediation in the future.

Conclusions

Plant genetic engineering ofters tools to study the
rhizosphere and to examine the effect of plant physi-
ology and architecture on individual members of the
rhizosphere as well as entire communities. Engineer-
ing will also open doors to new strategies for main-
taining and enhancing the health of crop plants and
the soil they live in by influencing the microorganisms
and chemicals in the rhizosphere. Although this field
1s in its infancy, there is vigorous interest in the genetic
component of the interface between the plant root
and its environment, and in the next decade we expect
to see substantial contributions to fundamental knowl-
edge about the rhizosphere, as well as new strategies
tor enhancing plant and environmental health.
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