
Review article

Metabolites from soil bacteria affect plant water relations
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Abstract

Water-soluble compounds move naturally in soil moisture toward roots of transpiring plants. To test for effects of rhizosphere food-web
molecules on plants, low concentrations of common microbial products were supplied to bean (Phaseolus vulgaris L.) roots. Stomatal
conductance and transpiration increased significantly (+20 to +30%, P ≤ 0.05) 42 h after 10 nM homoserine lactone (HL) was supplied to roots.
Because transpiration helps both a plant and its root-colonizing bacteria obtain diffusion-limited mineral nutrients, such as phosphorus, any
increase triggered by a degradation product of N-acyl-homoserine lactone (AHL) regulatory signals commonly used among plant-associated
bacteria may represent a mutualistic plant-microbe interaction. Results from these initial physiological tests justify further screening to
identify other rhizosphere compounds that control plant functions important for root-colonizing microorganisms.
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1. Introduction

Plants use complex, signaling strategies aboveground to
influence arthropods [5] and belowground to regulate genes
in symbiotic [14] and pathogenic [13,26] micro-organisms.
One simple comparison between aboveground and below-
ground signaling, however, reveals a major difference: vola-
tile signals aboveground diffuse away to infinitely dilute
concentrations where their selection value is negligible,
while water-soluble compounds from rhizosphere organisms
are concentrated as soil moisture moves toward roots in the
transpiration stream [15]. Thus plants are exposed to a di-
verse pool of potential signal compounds from many rhizo-
sphere organisms. Whether plants treat the molecules they
encounter as signals depends upon their information content
for the plant, e.g. linkage to beneficial variables such as N
availability, soil water or particular microbial species impor-
tant for plant development, and whether plants have evolved
a useful response to appropriate concentrations of the com-
pounds. Tests for plant responses can be conducted at either

the physiological or transcriptional level. The former ap-
proach may supply conclusive information on one particular
plant response; the latter offers a broader method for identi-
fying many potentially active signal molecules. We report
here the results of initial physiological tests.

Many water-soluble rhizosphere molecules are available
as potential signals for plants, but N-acyl homoserine lac-
tones (AHLs) are of special interest. Numerous plant-
associated bacteria produce and respond to AHLs [17]. Soil
bacteria degrade AHLs to homoserine lactone (HL) by re-
moving the acyl group [10], and the lactone ring can be
hydrolyzed by bacteria [6] or alkali [25] to produce ho-
moserine. Eukaryotic animal hosts respond to at least one
AHL [20], but whether plants recognize these compounds is
unknown. AHL-mimic compounds released from plants [21]
and a marine alga [7] can affect external bacteria, but pos-
sible regulatory roles for the mimics inside plants should not
be overlooked. For these reasons it is logical to test for
regulatory roles of AHLs and their degradation products in
plants. One possible role for water-soluble rhizosphere com-
pounds, like AHLs, involves the regulation of transpiration, a
process important for both the plant and the rhizosphere
microorganisms.

During the transpiration process, CO2 used in photosyn-
thesis moves into plant leaves through stomatal openings,

Abbreviations: AHL, N-acyl homoserine lactone; HL, homoserine lac-
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while water vapor is simultaneously lost to the atmosphere.
Stomatal apertures are governed by osmotically driven
changes in turgor of the surrounding guard cells [2], which
are linked through incompletely understood transduction
pathways to three major external stimuli: light, CO2 and
humidity [1]. Little is known about how soil microorganisms
can affect transpiration. Plants benefit from transpiration
through an increase in CO2 concentration inside the leaf,
evaporative cooling of leaves in sunlight, and movement of
minerals from roots to the leaf in the transpirational stream.
Rhizosphere organisms benefit from transpiration when soil
moisture carries mineral nutrients toward the root. This mass
flow of soil moisture may be particularly important for en-
hancing the flux of diffusion-limited minerals, such as phos-
phorus [12], to both the plant and the rhizosphere microor-
ganisms.

Based on this rationale, we postulated that some water-
soluble bacterial metabolites should enhance stomatal open-
ing. To test this hypothesis, we examined the effects of
several ordinary rhizosphere compounds, including AHL
degradation products, on stomatal conductance in common
bean (Phaseolus vulgaris L.). Our results show for the first
time that low nanomolar concentrations of natural external
metabolites produced by soil bacteria can influence the inter-
nal water relations of intact plants.

2. Results

Tests showed repeatedly that low nanomolar concentra-
tions of HL and homoserine increased stomatal openings, as
measured by leaf conductance, on the first trifoliolate leaf of
bean seedlings 42 h after the compounds were supplied to
roots of intact plants growing under microbiologically and
environmentally controlled conditions (Fig. 1). No signifi-
cant treatment effects on stomatal conductance were mea-
sured during the first 24 h in any experiment. In most experi-
ments the positive effects of these molecules on stomatal
conductance disappeared by the third light period after treat-
ment. Tests with HL concentrations ranging from 0.1 to
100 nM showed that 10 nM gave reproducible, 20–30%
increases. The stimulatory effects of HL and homoserine on
stomatal conductance were evident under two irradiance
levels tested in these experiments, and similar responses also
were observed in primary leaves (data not shown). Stomata
in all plants functioned normally in the sense that they
showed diurnal changes in stomatal conductance between
dark and light periods.

Increases in stomatal conductance caused by HL treat-
ments were associated with enhanced transpiration. For ex-
ample, when transpirational water losses were quantified by
weighing pots every 2 h during the light period, 37% more
water was transpired (P ≤ 0.05) by HL-treated plants during a
period when their stomatal conductance was 26% greater
than untreated plants (Fig. 2). The effects of HL on stomata
and transpiration were most evident near the middle of the
photoperiod, i.e. the 6-h time point in Fig. 2. Thus short-term

Fig. 1. HL and homoserine effects on bean leaf stomatal opening. Com-
pounds were supplied to bean seedling roots immediately before a dark
period ( ), and significant (* P ≤ 0.05) effects on leaf conductance, a
measure of stomatal opening, were observed in the middle of the second
subsequent light period ( ).

Fig. 2. HL effects on bean leaf stomatal opening and transpiration. Stomatal
conductance and water loss were measured in the second light period after
treating roots with 10 nM HL. The 6-h time point measured water loss from
41 to 43 h after roots were treated.
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measurements of stomatal conductance taken after 4 h in
light showed a significant increase (P ≤ 0.5) in stomatal
opening of plants treated with HL, but HL effects on water
loss became evident only during the subsequent 2-h period,
which were recorded as the 6-h data points (Fig. 2). The 6-h
time point in Fig. 2 corresponds to the 42-h time point
reported from different experiments in Fig. 1, and significant
increases in transpirational losses were detected only during
the second photoperiod after HL was applied to roots. Plants
were not stressed for water in any experiments, but while
optimizing the pre-treatment watering regimes, stomatal
conductances from 150 to 350 mmol H2O m–2 s–1 were
measured. HL increased stomatal conductance under all wa-
tering regimes.

Tests with other bacterial metabolites showed that only
certain compounds affected stomatal conductance in bean
(Table 1). Most striking was the fact that one AHL signal
compound which is available from commercial sources,
N-(b-ketocaproyl)-homoserine lactone, had no effect on sto-
matal conductance. Likewise, the common rhizosphere com-
pounds, thiamine and riboflavin [18] and the Pseudomonas
product 2,4-diacetylphloroglucinol [9] had no effect on sto-
matal conductance in tests where HL served as the positive
control. Lumichrome, a bacterial degradation product of ri-
boflavin [16,27], decreased stomatal conductance by 20%
(P ≤ 0.05) in repeated tests. Thus stomata in these tests
responded both positively and negatively to microbial prod-
ucts.

3. Discussion

The direct significance of this study is the demonstration
that natural soil molecules supplied to roots can affect sto-
matal functioning and transpiration. Previous studies showed
that stomatal opening in isolated leaf epidermal tissue is
influenced within minutes by exogenous compounds, includ-
ing the fungal toxin fusicoccin [22], certain diacylglycerols

[11], and cytoskeletal inhibitors [8]. The novelty of the cur-
rent report is that low concentrations of three compounds,
HL, homoserine and lumichrome, supplied to roots affected
stomatal opening many hours later (Table 1). These observa-
tions add new dimensions to the poorly understood issue of
root-shoot signaling effects on stomatal functioning [3].
While the time-course of HL activity in these experiments is
consistent with movement of HL to an active site in the leaf,
the currently limited understanding of aquaporins and per-
haps other regulators [19] leaves open the possibility for HL
interactions at other sites. Homoserine is a major component
of some root exudates [24] as well as a natural degradation
product of HL [6], and thus without changing the overall
conclusion of these experiments one can suggest that effects
of HL measured here may have resulted from homoserine.
Inhibitory effects of lumichrome on stomata (Table 1) sup-
port the concept that rhizosphere compounds can alter physi-
ological functions in plants. The stomatal responses associ-
ated with this molecule, however, may reflect evolutionary
forces related to the natural presence of this compound in
plants [23], rather than its recently demonstrated rhizosphere
role as an enhancer of root respiration and plant growth [16].

In a broader context, these results raise the possibility of
other previously unrecognized plant-microbe interactions
mediated by natural rhizosphere compounds. Persistence of
such interactions with small effects (15–30%) would indicate
their benefits for both organisms under particular ecological
conditions. While these experiments monitored only foliar
transpirational functions, other plant responses that benefit
both plants and root-colonizing microorganisms can be
imagined, including root elongation. Presumably such re-
sponses developed in the 130–355 million years when the
first rootless terrestrial plants coevolved with pre-existing
bacteria and fungi in primordial soil [15]. Under such condi-
tions plants would have benefited from information on exter-
nal moisture and mineral sources, and water-soluble organic
compounds from other living organisms could have supplied
those data. The mechanisms by which such compounds
transmit information to the plant and the responses of the
plant can be clarified either by focused physiological tests of
the type reported here or by broader genomic methods that
identify rhizosphere compounds that function as transcrip-
tional regulators in plants.

4. Methods

Bean (Phaseolus vulgaris L. var. Black Turtle Soup)
plants were grown with a photosynthetically active
(400–700 nm) photon flux density of 250 or
400 µmol m–2 s–1 using a 12/12 h (day/night) cycle at
25/20 °C and 30–40% relative humidity. Seeds were surface
sterilized with commercial bleach for 30 min, rinsed with
sterile water and planted in sterile, 10-cm pots filled with
vermiculite. Pots were watered every second day with 50 ml
of sterile nutrient solution [4] containing 2 mM KNO3. Im-
mediately before the dark period on day 14, 50 ml of nutrient

Table 1
Effects of bacterial metabolites on stomatal opening. Stomatal conductance
of the first trifoliolate leaf on common bean was measured 42 h after
supplying compounds to the root. Compounds were supplied to roots at
10 nM, unless noted otherwise. Data from four experiments with six repli-
cate leaves in each treatment were normalized to mean control value.
Responses followed by separate letters differed significantly (P ≤ 0.05)
based on one-way analysis of variance of the original data

Root treatment Stomatal conductance
(mmol H2O m–2 s–1)

Untreated control 245 a
Homoserine lactone 300 b (+22%)
Homoserine 306 b (+25%)
N-(b-ketocaproyl)-homoserine lactone 255 a
Biotin 279 ab
Thiamine 260 a
Riboflavin 255 a
2,4-Diacetylphloroglucinol 245 a
Lumichrome (5 nM) 194 c (– 21%)
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solution with or without the chemical treatment was applied
to the root systems. Stomatal conductance of the first trifoli-
olate leaves was measured with a recently calibrated LI-COR
(Lincoln, NE) model 1600 leaf porometer. Transpiration was
measured gravimetrically using plant-free pots as controls.
All chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO).
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