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Abstract
Background and aims Iron is an essential nutrient for
plant growth. Although abundant in soil, iron is poorly
available. Therefore, plants have evolved mechanisms
for iron mobilization and uptake from the rhizospheric
environment. In this study, we examined the physio-
logical responses to iron deficiency in Medicago trun-
catula plants exposed to volatile organic compounds
(VOCs) produced by Arthrobacter agilis UMCV2.
Methods The VOC profiles of the plant and bacterium
were determined separately and during interaction
assays using gas chromatography. M. truncatula
plants exposed to A. agilis VOCs and pure dimethyl-
hexadecylamine were transferred to conditions of iron
deficiency, and parameters associated with iron nutri-
tional status were measured.

Results The relative abundance of the bacterial VOC
dimethylhexadecylamine increased 12-fold when in
co-cultures of A. agilis and M. truncatula, compared
to axenic cultures. Plants exposed to bacterial VOCs
or dimethylhexadecylamine exhibited a higher rhizo-
sphere acidification capacity, enhanced ferric reduc-
tase activity, higher biomass generation, and elevated
chlorophyll and iron content relative to controls.
Conclusions The VOCs emitted by A. agilis UMCV2
induce iron acquisition mechanisms in vitro in the
Strategy I plant M. truncatula. Dimethylhexadecyl-
amine is the signal molecule responsible for producing
the beneficial effects.

Keywords Iron .Medicago truncatula . Ferric chelate
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Introduction

Iron (Fe) is an essential nutrient for plants as it allows
them to maintain cellular homeostasis (Hell and
Stephan 2003). Although iron is abundant in the soil,
its low solubility restricts its availability in aerobic
soils to levels low enough to limit plant growth. This
problem of solubility is due to the chemical nature of
iron. As a transition metal, iron possesses the ability to
gain or lose electrons, which gives it important prop-
erties in redox reactions (Vert et al. 2002). Fe2+ is the
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form available to plants because it is relatively soluble,
but is rapidly oxidized to Fe3+ by atmospheric oxygen.
The solubility of Fe(III) dramatically decreases with
increasing pH due to hydrosilation, polymerization,
and precipitation with inorganic anions (Hell and Ste-
phan 2003). The scarcity of iron reduces agricultural
production and causes a decline in the nutritional value
of crops (Schmidt 1999).

Plants require effective mechanisms to acquire iron
from the soil to fulfill growth and developmental
demands, while avoiding toxicity due to excess. Effi-
cient acquisition of iron in plants occurs via 2 mech-
anisms: Strategy I and Strategy II (Römheld and
Marschner 1986). Strategy II plants include grasses
whose roots secrete compounds known as phytosider-
ophores (PS) that chelate Fe3+ in the rhizosphere.
Subsequently, the Fe3+-PS complex is introduced into
the cell via a carrier protein in the plasmalemma
known as YS1 (Hell and Stephan 2003). Strategy I
plants are all higher plants (except grasses), and iron
acquisition occurs via 3 mechanisms: i) excretion of
protons across the plasma membrane through an
ATPase to acidify the rhizosphere and enhance Fe3+

solubilization; ii) reduction of Fe3+ to the ferrous form
(Fe2+) by the expression of the ferric chelate reductase
protein, encoded in Arabidopsis by the FRO2 gene
(Robinson et al. 1999), in roots; and iii) transfer of
Fe2+ into the root cells through the plasma membrane
by the transporter IRT (Eide et al. 1996). Besides the 3
main mechanisms described above, iron deficiency
also promotes the excretion of phenolic compounds,
organic acids, and flavins, which facilitate the reduc-
tion and solubility of external iron (Susín et al. 1994;
Welkie and Miller 1988). In Strategy I plants, the 3
main inducing conditions are: iron deficiency (Hell
and Stephan 2003), presence of humic acids (Aguirre
et al. 2009), and presence of growth-promoting micro-
organisms (Zhang et al. 2009). Regarding the latter,
the molecules responsible for the induction of iron
acquisition in Strategy I plants are unknown.

Plant growth-promoting rhizobacteria (PGPR)
stimulate plant growth via different mechanisms, in-
cluding the synthesis of plant growth regulators, such
as auxins, cytokinins, and even cyclopeptides (Ortíz-
Castro et al. 2008; 2011; Spaepen et al. 2009). Recent-
ly, we have shown that volatile organic compounds
(VOCs) produced by PGPR alter plant development,
particularly the root system (Gutiérrez-Luna et al.
2010). Further, a previous study by our group showed

that Arthrobacter agilis UMCV2 can improve the
nutritional status of leguminous plants by promoting
iron acquisition mechanisms involving the reduction
and dissolution of Fe3+ present in the soil (Valencia-
Cantero et al. 2007), and that emission of the VOC N,
N-dimethylhexadecylamine (dimethylhexadecylamine
or DMHDA) acts as a signal to promote the growth of
the legume Medicago sativa, besides drastically mod-
ifying the roots (Velázquez-Becerra et al. 2011).

To dissect the mechanisms and determine the
compounds involved in the modulation of iron
acquisition responses in Strategy I plants, we ex-
amined the overall effect of the VOCs emitted by
the PGPR A. agilis UMCV2 on the development
of the model legume M. truncatula. In this study
we used the legume model M. truncatula instead
of M. sativa for 2 reasons: 1) it is easier to
compare our results with those of other studies
employing M. truncatula, particularly those related
to plant-bacteria interactions and plant iron acqui-
sition in vitro; 2) the genome of M. truncatula has
been recently sequenced and released, which will
facilitate future studies on the components of the
strategy I iron uptake at genetic or genomic level.

The results confirm that the growth-promoting ef-
fect of the VOCs produced by A. agilis UMCV2 can
be extended to other legumes, such as M. truncatula,
and also show that, regardless of its effect on root
development, the VOCs produced by the strain
UMCV2, and dimethylhexadecylamine in particular,
induce at least 2 Strategy I components for iron acqui-
sition in plants.

Materials and methods

Biological material and growth conditions

M. truncatula seeds (ecotype Jemalong A17) were
subjected to chemical scarification (Boisson-Dernier
et al. 2005) and immersed in a vial containing 1 to
2 mL of concentrated anhydrous sulfuric acid with
intermittent agitation until the appearance of small
black spots on the integument (5–15 min). Excess acid
was removed and the seeds were rinsed with 5 washes
of sterile deionized water. For sterilization, seeds were
soaked in a solution of sodium hypochlorite (12 %) for
3 min and rinsed with 6 washes of sterile deionized
water. Seeds were germinated in Petri dishes with
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Murashiege and Skoog MS medium and transferred to
a Percival growth chamber with a photoperiod of 16 h
light/8 h dark at a light intensity of 200 mol m2 s−1 at
22°C.

The PGPR strain A. agilis UMCV2 was isolated
from lightly acid soil, as previously described
(Valencia-Cantero et al. 2007). The bacterium was
grown on nutrient agar (NA) at 26°C.

Effect of UMCV2 on the growth of M. truncatula

Newly scarified seeds were placed in plastic Petri
dishes containing MS medium at 4°C for 48 h and
then placed in a Percival growth chamber with a
photoperiod of 16 h light/8 h dark at a light intensity
of 200 mol m2 s−1 at 22°C. The germinated sprouts
were placed in glass flasks of 170 mL containing
25 mL of MS nutrient medium, 6 g of agar (Phyto-
technology, Shawnee Mission KS, US) per liter (L),
and a vial with 5 mL of NA (Fig. 1d). After 5 days,
half the flasks were incubated with small vials con-
taining an A. agilis UMCV2 inoculum, and the other
half were incubated with vials devoid of bacteria (axe-
nic) and were used as controls. The experiment was
maintained until the plants were 10 days old. After this
time, plants were measured and weighed. Chlorophyll
concentration in the plant shoots was determined using
a spectrophotometric method described below.

Analysis of volatile compounds

For chromatographic analysis, the following treat-
ments were carried out: I) flasks were incubated with
vials containing UMCV2 for 5 days; II) 3 plants were
axenically grown in flasks for 10 days; III) plants were
grown for 5 days in flasks, followed by addition of a
vial containing the bacterial inoculum and co-
incubation of plant and bacteria for 5 days; and IV)
controls. At the end of the incubation, gas chromato-
graphic analysis was performed to detect bacterial and
plant VOCs (treatments I and II), VOCs emitted dur-
ing the plant-bacteria interaction (treatment III), and
VOCs from controls. VOCs from axenic media were
also analyzed to be discarded in the final table of
results.

The gas chromatography was performed as previ-
ously described (Velázquez-Becerra et al. 2011).
Briefly, the analysis (Gas Chromatographer Agilent
6850 Series II; Agilent, Foster City, CA, U.S.A.) was

performed using the solid-phase microextraction tech-
nique (SPME), exposing the PDMS/DVB fiber
(Supelco, Inc., Bellafonte, PA, USA.) to the sample
headspace for 30 min at 30°C, and desorbing at 180°C
for 30 s in the injection port of the gas chromatogra-
pher coupled to a mass spectrometer (Agilent 5973). A
25 mm×0.52 mm capillary column with 0.32 μm film
thickness (HP-FFAP; Agilent) was used; ultra pure
helium (1 mL·min−1) was used as the carrier gas and
the detector temperature was 250°C. The column was
held for 13 min at 40°C, and then programmed to
rise at a rate of 3°C per min to a final temperature
of 180°C, which was maintained for 25 min. The
source pressure and filament voltage were 7 Pa
and 70 eV, respectively, and the scan rate was
1.9 scan·s−1. The compounds were identified by
comparing with mass spectra from the library
(NIST/EPA/NIH, “Chem Station’Agilent Technolo-
gies Rev. D.04.00 2002). The identity of dimethyl-
hexadecylamine was fur ther confirmed by
comparing the retention time in the VOC profiles
to a sample of the pure standard (Sigma-Aldrich
catalog 40460; CAS: 112-69-6). Dimethylhexade-
cylamine was quantified using an external stan-
dard. Five microliters of dimethylhexadecylamine
(100 μM) was spotted on a vial with 5 mL of AN
inside the flask, as described above. The peak area
of the pure standard compound was recorded and
compared with the axenic and bacterial compound
peak areas, as well as with that from the interac-
tion experiment.

Analysis of rhizosphere acidification

The pH change in the root environment or in the
plant rhizosphere was measured by a change in the
color of the pH indicator bromocresol purple.
Plants were grown in culture flasks containing
MS medium with iron sufficiency (100 μM) in a
growth chamber for 5 days. The induction was
conducted as follows: an A. agilis UMCV2 inocu-
lum (1×106 CFU) was placed in a vial, and dime-
thylhexadecylamine (5 μL to 100 μM) and water
(control) were placed separately in glass vials with
5 mL of NA and then placed into culture flasks
containing the plants, so that there was no physical
contact between M. truncatula and the bacterium.
Plants were induced for 2 days, after which a
group of plants was transferred to Petri dishes
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containing MS medium (0.6 % sucrose and 0.8 %
agar) with iron sufficiency (100 μM). Another
group was transferred to MS medium with iron
deficiency (1 μM); the colorant bromocresol purple
(0.006 %) (modified from Zhang et al. 2009) was
included in both cases. Photographs were taken at
24 and 48 h after initiation of iron stress. The
color of bromocresol purple was compared with a
colorimetric scale prepared with culture media
plates containing bromocresol purple at a pH range
of 4 to 7.

Quantification of ferric chelate reductase activity

Ferric chelate reductase activity was analyzed us-
ing a spectrophotometric quantification method for
the formation of Fe2+-ferrozine complex (Yi and
Guerinot 1996). Five-day-old seedlings grown in
MS medium were exposed to the volatile com-
pounds of A. agilis or dimethylhexadecylamine
for 48 h in the system described above. After the
induction, a group of plants was transferred to
plates containing MS medium with iron sufficiency
or deficiency at different times according to the
experiment. The root system was immersed in a
solution containing 0.5 mM Fe(III)-EDTA and
4.4 mM ferrozine at pH 6.5. The absorbance was
read at 562 nm after 1 h of incubation at room
temperature in darkness. The Fe(II)-ferrozine con-
centration was calculated from a previously formu-
lated standard curve equation. An identical
solution but without the root system was used as
a blank. The pH of the solution was measured
using a potentiometer.

Determination of chlorophyll content

Quantification of chlorophyll was carried out according
to the method of Lichtenthaler and Wellburn (1983). The
plant tissue was ground in a mortar with a solution of
80 % acetone. The solution containing the pigment was
filtered with Whatman No. 1 paper. The samples were
gauged to 5 mL with 80 % acetone and read in a spec-
trophotometer at 663 and 646 nm. The concentration of
chlorophyll was calculated using the following formulas:
Chlorophyll a0(12.21)·(E663) - (2.81)·(E646); chloro-
phyll b0(20.13) (E646) - (5.03) (E663); Total chloro-
phyll 0 ([mL acetone]·[pigment content])/sample weight

Determination of endogenous Fe content

Endogenous iron in plants of M. truncatula was quan-
tified using the AY-5 analysis of plant tissue wet
digestion method (Perkin-Elmer Corp. 1996). For ev-
ery 1 g of plant tissue powder, 10 mL of HNO3 was
added and allowed to stand overnight. The solution
was carefully heated in a water bath until the produc-
tion of nitrous oxide fumes ceased. Liquid solutions
were allowed to cool at room temperature and 4 mL of
hydrogen peroxide (trace metal grade) was added. The
mixture was reheated to evaporate into a small volume
of approximately 3 μL and transferred to 50 mL of
sterile deionized water. We generated a standard curve
for Fe according to the recommended conditions for
the equipment (Atomic Absorption Spectrometer
AAnalyst 200; Perkin-Elmer Corporation, USA).

Statistical analysis

All experiments were performed 2–3 times. The
results were analyzed using the Statistica 6.0 software
(Statsoft Inc. 2001). The Student’s t test was used to
compare the means of 2 groups, and the ANOVA test
and Duncan’s means separation test were used for
multiple comparisons (p<0.05).

Results

A. agilis promotes the growth of M. truncatula
seedlings via VOC emission

To determine the effects of VOCs produced by A.
agilis UMCV2 on M. truncatula growth we
employed a separate compar tment sys tem
(Fig. 1d), where both organisms were grown in
the same gas phase but without physical contact.
Under these conditions, bacterial VOCs had a
stimulatory effect on the growth of shoots and
roots (Fig. 1a, e, and f) and particularly on the
plant biomass. In general, plants grown in the
presence of bacterial VOCs exhibited 40 % and
35 % increases in shoot and root fresh weights
compared to control plants (Fig. 1b).

Plants grown in the presence of UMCV2 also
exhibited a 35 % increase in chlorophyll concen-
tration, compared to control plants (Fig. 1c). This
is particularly interesting, given that chlorophyll
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concentration is considered an indicator of iron
nutritional status in plants (Masalha et al. 2000;

Terry and Abadia 1986). Thus, A. agilis is able to
increase the chlorophyll concentration and promote

Fig. 1 Arthrobacter agilis UMCV2 VOCs promote the growth
of Medicago truncatula. Newly germinated M. truncatula seed-
lings were placed in glass flasks containing MS medium. After
5 days, A. agilis was inoculated in vials containing nutrient agar
(NA) medium, and the systems were incubated for 5 days.
Values represent mean (standard error [SE]) (n09). a Shoot

and root length, b plant biomass fresh weight (FW), c chloro-
phyll content, d general view of the plant-bacteria interaction
system, e 10-day-old uninduced plants, and f A. agilis UMCV2
VOC-induced plants. Asterisks indicate statistically significant
differences (p<0.05; Student t test)
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the overall growth of M. truncatula via mecha-
nisms that involve volatile compounds.

A. agilis UMCV2 and M. truncatula modify their
volatile cocktail production during interaction
with each other

To determine whether A. agilis UMCV2 and M. trun-
catula are able to interact with each other through their
VOCs and examine the potential modulation of iron
metabolism by these compounds, we used the separate
compartment system described above. Four-day old
plants were incubated with a small vial containing nutri-
ent agar inoculated (or not inoculated in the case of
controls) with A. agilis UMCV2 for 3 days. This tech-
nique prevented direct contact between the plant and
bacterium while allowing the plants to perceive the bac-
terial VOCs, and vice versa. VOCs in axenic cultures of
the bacterium and the plant were independently identi-
fied by GC-MS. The mixture of compounds emitted by
the bacterium A. agilisUMCV2 comprised different
types of VOCs: the ketones 2-butanone, 2-pentanone,
2-octanone, and 5-methyl 2-hexanone (Claeson and
Sunesson 2005; Müller et al. 2008; Zou et al. 2007);
the alcohols ethanol alcohol, benzyl alcohol, and phenyl-
ethyl alcohol (Kai et al. 2007; Thorn et al. 2011); 2.5-
dimethylpirazyne pyrazyne, previously reported by Xu
et al. (2004); the terpenes terpinolene and camphor
(Dickschat et al. 2005; Wilkins and Schöller 2009);and
the amine dimethylhexadecylamine (Velázquez-Becerra
et al. 20011). Among acid VOCs, we only detected
benzeneacetic acid ethyl ester (Table 1). In axenic cul-
tures, we also detected 11 different VOCs produced by
M. truncatula (Table 1) among them: 2-ethyl 1-hexanol,
1-dodecanol, eucalyptol (1,8-cineole), and 1-octen-3-ol
(Table 1).

Furthermore, a series of 12 compounds, including
nonanal and 3-octanone, were detected during plant-
bacteria interactions, but not in axenic treatments. The
VOC 3-octanone is commonly produced by fungi, and
also by some leguminous plants (Boué et al. 2005).
Additionally, dimethyl disulfide and dimethyl trisul-
fide compounds with antifungal (Kai et al. 2008; Zou
et al. 2007) and anti-microbial effects (Bendimerad et
al. 2005; Wang et al. 2009) have been reported among
bacteria and plant VOCs. Unfortunately, we were un-
able to determine which of the 2 organisms produced

Table 1 Volatile compounds produced by A. agilis UMCV2
and M. truncatula in axenic and interacting cultures

Compounda A.
agilis

M.
truncatula

A. agilis ×
M.
truncatula

Phenylethyl alcohol + − −
Ethanol + − −
2-Butanone + − −
Benzeneacetic acid + − −
2,5-Dimethyl pyrazine + − −
Benzyl alcohol + − −
5-methyl 2-hexanone + − −
2-Octanone + − −
2-Pentanone + − −
Terpinolene + − −
Camphor + − −
3-Methyl quinoline + − −
Dimethyl-N-hexadecylamine + − −
3-Methyl-butanal, + − −
2-Ethyl 1-hexanol − + +

1-Dodecanol − + +

2-Decenal − + +

p-Menth-1-en-8-ol − + −
1-Octanol − + +

1-Octen-3-ol − + +

Acetic acid − + +

3-Cyclohepten-1-one − + +

1-Hexadecanol − + +

p-Mentha-6,8-dien-2-one − + +

Eucalyptol − + +

Dimethyl disulfide − − +

3-Heptanone − − +

2-Ethyl hexanal − − +

3-Octanone − − +

Dimethyl trisulfide − − +

Nonanal − − +

1,4-Dichloro benzene − − +

2,6-Di-tert-butyl-4-sec-
butylphenol

− − +

4-Octadecyl morpholine − − +

p-Amino acetophenone − − +

2-Morpholinomethyl-1,3-
diphenyl-2-propanol

− − +

aMost abundant VOCs present in 3 replicated cultures. Com-
pounds with less than 0.5 % area under the curve in at least 1
column were omitted
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the specific VOCs. The above data suggest that M.
truncatula is able to perceive the A. agilis VOCs and
respond by modifying its own VOC cocktail.

Dimethylhexadecylamine was previously reported
as an A. agilis UMCV2-derived volatile compound
capable of promoting plant growth (Velázquez-
Becerra et al. 2011). Therefore, its detection in axenic
cultures of A. agilis was not surprising. However, the
concentration of dimethylhexadecylamine in the M.
truncatula-A. agilis interaction system increased 12-
fold, compared to that of axenic A. Agilis cultures
(Fig. 2). This suggests that A. agilis may perceive M.
truncatula through VOCs and respond with an in-
crease in dimethylhexadecylamine emission.

VOCs produced by A. agilis induce acidification
of the M. truncatula rhizosphere

Considering that the VOCs produced by A. agilis
UMCV2 elicited an increase in chlorophyll concentra-
tion of M. truncatula, and given that this measurement
is considered as an indicator of the nutritional status of
iron in plants, we analyzed rhizosphere acidification.
In Strategy I plants, the first response to iron deficien-
cy is an increased extrusion of protons from the
roots into the surrounding environment (rhizosphere),
thereby facilitating iron transport and mobility.

We tested the ability of A. agilis VOCs and pure
dimethylhexadecylamine to induce acidification of the
root environment using a colorimetric method (see
Materials and methods). Seven-day-old M. truncatula
plants were exposed to A. agilis VOCs or dimethyl-
hexadecylamine for 48 h. After this time, a group of
plants from each treatment was transferred to medium
with iron sufficiency (100 μM) or iron deficiency
(1 μM). Plants exposed to A. agilis VOCs and trans-
ferred to iron sufficiency exhibited a small change in
rhizosphere acidification after 24 h (Fig. 3), whereas
plants exposed to bacterial VOCs and transferred to
iron deficiency showed a strong acidification as early
as 24 h and more so at 48 h after iron stress. Plants
exposed to dimethylhexadecylamine exhibited a sim-
ilar pattern, acidifying the rhizosphere after 24 h of
growth in iron-sufficient medium and producing a
higher acidification area at 48 h after transfer to iron
deficiency conditions. These data were compared with
those of control experiments where the plants were not

induced. Acidification of the medium was not ob-
served when control plants were transferred to
100 μM iron, and only a slight acidification zone
was observed at 48 h of growth in iron-deficient con-
ditions (Fig. 3).

Acidification was evidently produced by the M.
truncatula roots induced by bacterial VOCs and vola-
tile dimethylhexadecylamine during plant-bacteria
interactions, because this acidification corresponded
to the area immediately around the roots and not to a
general acidification that would be expected if acidi-
fication was directly caused by the bacterial VOCs or
dimethylhexadecylamine. In a further experiment, we
could not observe a direct change in the pH of the MS
medium when the bacterium or dimethylhexadecyl-
amine was grown or added in a separate compartment,
respectively (Online Resource 1).

The results show that both the volatiles of A. agilis
and dimethylhexadecylamine promote proton extru-
sion into the surrounding root area during interaction
with M. truncatula plants, because both treatments
elicited a change in pH from 6.5 to approximately 4
under conditions of iron deficiency; a change in pH
was also observed in iron sufficiency but was less
intense.

VOCs produced by A. agilis UMCV2 stimulate ferric
chelate reductase activity in the roots of M. truncatula

After determining that the VOCs produced by A. agilis
and dimethylhexadecylamine have the ability to in-
duce the plant to acidify the root environment, we
tested the effect of these same compounds on the
activity of ferric chelate reductase, a second compo-
nent of the iron uptake system in Strategy I plants.

Clearly, plants that were induced by A. agilis and
dimethylhexadecylamine exhibited an increase in ferric
reductase activity from 0 h (time of transfer) to 72 h after
induction, compared to uninduced control plants in both
conditions of iron (Fig. 4a and b). This increment in the
ferric reductase activity ranged between 125 and 20 %
depending on whether plants were induced with VOCs
of A. agilis or dimethylhexadecylamine, and whether
the plants were transferred to an iron deficiency or
sufficiency condition after induction. Interestingly, a
maximum reduction in activity was observed at 24 h
after transfer, particularly in plants that were placed in
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iron deficiency. Under this condition, plants induced by
A. agilis VOCs exhibited a 120 % increase in ferric
reductase activity compared to controls; however, this
peak of elevated activity was also present in plants
transferred to conditions of iron sufficiency.

Plant growth, measured as total fresh weight, was
also greater in the induced plants, even at time points
as short as 3 days of iron stress. Thus, A. agilis VOCs
promoted plant growth independently of the iron

status (Fig. 4c and d). Similarly, chlorophyll content
was quantified as an indirect measure of the nutritional
status of iron in plants. As shown in Fig. 4e, plants
grown in iron sufficiency exhibited a gradual increase
in chlorophyll content; however, the amount of pig-
ment was higher in plants that were induced with A.
agilis. Under iron deficiency conditions, control
(Fig. 4f) plants began to show slight signs of chlorosis
after 72 h of iron stress, whereas the chlorophyll

Fig. 2 Determination of
dimethylhexadecylamine
content in control, A. agilis
UMCV2, andM. truncatula-
A. agilis UMCV2 interac-
tion systems by SPME-GC-
MS. Total ion chromato-
gram of the pure standard at
0.50 nmol (Rt 42.3 min)
obtained from control flasks
(a), with bacteria (b), and
from the plant-bacteria in-
teraction system (c)
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content of plants induced with A. agilis VOCs or
dimethylhexadecylamine was similar to that of plants
maintained in medium with iron sufficiency.

To determine whether this effect of A. agilis VOCs
and dimethylhexadecylamine on M. truncatula plants
was sustained over the long term, seedlings were grown
under the same conditions but under iron-deficiency
stress for 7 days. A. agilis VOCs induced ferric chelate
reductase activity in M. truncatula seedlings in iron
sufficiency and deficiency, with the activity being
higher in iron deficiency. Similarly, dimethylhexadecyl-
amine enhanced ferric reductase activity in iron-
deficient plants compared to uninduced controls
(Fig. 5a). Growth was also promoted in induced plants.
The weights of plants induced by A. agilis VOCs and
grown in iron sufficiency were higher; however, it is
noteworthy that in iron deficiency, the weights of the
plants induced with A. agilis and dimethylhexadecyl-
amine were always higher than those grown in

uninduced iron sufficiency conditions even when the
induction occurred 7 days prior (Fig. 5b).

Once the increase in iron reductase activity was
identified, quantification of pH and chlorophyll con-
tent of plants were performed at 7 days post-induction.
Figure 5c shows that plants exposed to A. agilis VOCs
in iron deficiency produced a more intense acidifica-
tion, reducing the pH from its initial value of 6.5 to
5.2, than plants from other treatments. Induced plants
grown in iron sufficiency were also able to decrease
the pH to 5.7, indicating an increased extrusion of
protons into the medium by the induced plants.

Furthermore, plants exposed to dimethylhexadecyl-
amine did not exhibit significant differences in acidi-
fication compared to control plants induced in both
conditions (iron sufficiency and deficiency) (Fig. 5c).
The differential effect of the bacterial VOCs mixture
and dimethylhexadecylamine may be due to 2 reasons:
a higher concentration of dimethylhexadecylamine in

Fig. 3 Acidification of the M. truncatula rhizosphere in re-
sponse to A. agilis VOCs and dimethylhexadecylamine
(DMHDA). Five-day-old plants were induced with A. agilis or
DMHDA for 48 h and transferred to MS medium containing

bromocresol purple with iron sufficiency (100 μM) or deficiency
(1 μM). Photographs were taken at 24 and 48 h after transfer to
these media, and are representative of 6 replicates
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the VOC mixture or synergistic action of other VOCs
with dimethylhexadecylamine.

Finally, the induced plants showed no symptoms of
chlorosis at 7 days post-induction; the chlorophyll
concentration of plants exposed to A. agilis VOCs
was higher, irrespective of the iron treatment. Similar-
ly, plants exposed to dimethylhexadecylamine
exhibited a higher chlorophyll concentration even in
iron deficiency, compared to uninduced plants grown
in iron sufficiency (Fig. 5d).

These results demonstrate that VOCs produced by
A. agilis UMCV2, and dimethylhexadecylamine in
particular, have the ability to induce ferric chelate
reductase activity and acidification of the rhizospheric
environment, and that this induction persists even

7 days after removal of the stimulus. The increase in
both activities resulted in a greater generation of bio-
mass and higher chlorophyll content with time.

VOCs produced by A. agilis UMCV2 promote iron
accumulation in M. truncatula

Because the plants induced with A. agilis and
dimethylhexadecylamine showed an increase in chloro-
phyll content at 24 h after induction and up to 7 days, we
analyzed the Fe content in plants. M. truncatula plants
were grown under the same conditions as in the experi-
ments for reductase activity. After 48 h of induction with
A. agilis or dimethylhexadecylamine, the plants were
transferred to medium with iron sufficiency or

Fig. 4 Inductive effect of A. agilis VOCs and DMHDA on
ferric chelate reductase activity (a and b), biomass (c and d),
and chlorophyll content (e and f) in iron-sufficient (a, c, and e)
or -deficient (b, d, and f) media as indicated. M. truncatula

seedlings were induced for 2 days with UMCV2 or DMHDA
and were transferred to medium with or without iron. (♦)
UMCV2, (▲) DMHDA, (■) Control
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deficiency. After 7 days, plants were treated according
to the AY-5 wet digestion method and the samples were
analyzed by atomic absorption spectroscopy (Fig. 5).

Plants grown in iron-deficient medium and in-
duced with A. agilis showed increased Fe levels in
roots, compared to uninduced controls. Also,
plants induced with dimethylhexadecylamine in
iron-sufficient medium exhibited a 2.3-fold in-
crease (per root basis; Fig. 6a) or a 1.5-fold in-
crease (concentration basis; Fig. 6c) in Fe content,
whereas plant roots induced by A. agilis VOCs
showed a 1.6-fold increase (per root basis) or
1.3-fold increase (concentration basis) in Fe con-
tent compared to their respective controls.

The shoots of control and A. agilis UMCV2-treated
plants grown in iron-deficient medium exhibited sig-
nificantly different Fe content. In iron sufficiency con-
ditions, the Fe content of dimethylhexadecylamine-
treated shoots was between 3.7- and 2.5-fold that of
controls (Fig. 6b and c). Similarly, A. agilis UMCV2
elicited a 3-fold increase in iron accumulation
(Fig. 6b).

These data confirm that A. agilis VOCs and dime-
thylhexadecylamine induce iron acquisition responses,
such as acidification of the rhizospheric area, reduc-
tase activity, and increased Fe content. These findings
are consistent with the observed increase in chloro-
phyll content and biomass in M. truncatula.

Fig. 5 A. agilis and DMHDA increase iron deficiency
responses in M. truncatula plants up to 7 days after induction.
Plants were transferred to iron-sufficient medium (100 μM) or
iron-deficient medium (1 μM). Bars represent mean (SE) values
(n016) of iron reductase activity (a), biomass (b), acidification
capacity (c), and chlorophyll content (d). Iron reductase activity

was quantified using the ferrozine method. pH was directly
measured in the solution of the root with a potentiometer.
Chlorophyll content was measured using a spectrophotometric
method, as described in Materials and methods. Lower-case
letters indicate significant differences (p<0.05; Duncan’s multi-
ple range test)
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Discussion

Growth promotion of M. sativa due to emission of A.
agilis UMCV2 VOCs has been previously established
(Velázquez-Becerra et al. 2011). Therefore, the promotion
ofM. truncatula growthwas an expected result (Fig. 1). In
this sense, it is noteworthy thatM. truncatula plants grown
in the presence of A. agilis UMCV2 had a chlorophyll
concentration 35 % higher than that of plants grown in
axenic cultures, because chlorophyll concentration is con-
sidered as an indicator of the iron nutritional status of
plants. This result led us to test the hypothesis that the
VOCs ofA. agilisUMCV2 influence some of the Strategy
I components of iron acquisition (i.e., rhizosphere acidifi-
cation and induction of ferric chelate reductase) via the
emission of VOCs that act as signal molecules.

In a pioneering work, Mathesius et al. (2003) showed
thatM. truncatula perceives its symbiont Sinorhizobium
meliloti through bacterial N-acyl homoserine lactones
and responds via changes in the accumulation of more
than 150 proteins in the presence of each bacterial
species. In this work, we presented evidence suggesting
that M. truncatula can perceive the rhizobacterium A.
agilis UMCV2 through VOCs and respond by modify-
ing its own VOC profile. We detected 14 VOCs pro-
duced by A. agilis UMCV2 axenic cultures, and 11
VOCs produced by axenic M. truncatula plants; how-
ever, a group of 11 compounds was produced only when
the bacterium and the plant were allowed to interact with
each other through their respective VOC emissions. The
latter indicates that at least one of the 2 organisms, if not
both, can sense the other via VOC emission.

Fig. 6 Effect of A. agilis VOCs and DMHDA on total Fe
content inM. truncatula plants. Bars represent mean (SE) values
(n016) of Fe content in roots (a) and shoots (b), and Fe con-
centration in roots (c) and shoots (d) of 7-day-old plants after
transfer to medium with iron sufficiency (100 μM) or deficiency

(1 μM). Iron was quantified using an atomic absorption spec-
trometer, as described in Materials and methods. Lower-case
letters indicate significant differences (p<0.05; Duncan’s multi-
ple range test)
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In parallel, we found that the axenic cultures of A.
agilis UMCV2 produced the VOC dimethylhexade-
cylamine, as previously reported (Velázquez-Becerra
et al. 2011). Interestingly, we also detected a 12-fold
increase in dimethylhexadecylamine in the interacting
atmosphere. This also suggests that the bacterium
perceives the plant through volatile compounds and
responds by increasing the emission of a compound
that acts as a signal molecule between the 2 organisms.

The mechanism by which VOCs from A. agilis
stimulate plant growth is unknown. In this study, we
demonstrated the involvement of VOCs produced by
the PGPR A. agilis UMCV2 and the specific com-
pound dimethylhexadecylamine in the activation of
iron deficiency stress response mechanisms. First, we
found that acidification of the M. truncatula rhizo-
spheric area was increased in plants induced with bac-
terial VOCs or dimethylhexadecylamine, compared to
control uninduced plants (Fig. 3). However, neither A.
agilisUMCV2 nor dimethylhexadecylamine alone acid-
ified the culture medium, which indicates that rather
than directly acidifying the medium, the VOCs of A.
agilis and dimethylhexadecylamine act as a signal mol-
ecule from the bacterium to the plant, which responds by
acidifying the rhizosphere in both iron-deficient and -
sufficient conditions, with a clearly higher acidification
in iron-deficient conditions.

The ability to acidify the rhizosphere has been linked
primarily to the activation of one or more members of the
ATPase AHA family, which have already been exten-
sively described (Colangelo and Guerinot 2004; Santi et
al. 2005). Plants induced with VOCs from A. agilis
UMCV2 showed an increased capacity for medium acid-
ification, generating a pH close to 4 at 48 h after induction
and a pH of 5.2 after 7 days of induction. This suggests
that in our experiments, M. truncatula may activate the
ATPase AHA enzymes during rhizosphere acidification.

A similar acidification effect was reported by Zhang
et al. (2009) using a separate compartment system, but
employing the plant Arabidopsis thaliana and the com-
mercial bacterium Bacillus subtilis GB03. The authors
showed that the increase in chlorophyll concentration
was due to an increase in the expression of the IRT1 and
FRO2 genes (required for iron reduction and uptake by
plants), which was related to the acidification of the
medium by bacterial VOCs, including glyoxylic acid,
methyl butanoic acid, and diethyl acetic acid. In addi-
tion, the authors showed that GB03 can acidify the
medium through VOCs from a separate compartment.

In our study employing a similar system of separate
compartments, this effect was not observed with A.
agilis UMCV2 or dimethylhexadecylamine in the other
compartment (Online Resource 1). Therefore, A. agilis
may induce the acidification of M. truncatula rhizo-
sphere via emission of different VOCs. Additionally,
benzeneacetic acid ethyl ester, the only organic acid
found in the VOC profile of axenic A. agilis UMCV2
cultures, was not found during interaction withM. trun-
catula. However, it cannot be ruled out that the increase
in the chlorophyll concentration ofM. truncatula plants
was probably due to variations in the expression of iron
acquisition genes induced by VOCs.

Rhizosphere acidification promotes iron solubility
(Römheld 1987); however, an acidic environment is
not sufficient for iron uptake. Iron is a transition metal
and its reduction is necessary before its transport into root
hairs through the plasmamembrane. Therefore, given the
idea that the VOCs of A. agilis and particularly dimethyl-
hexadecylamine promote the nutritional status of M.
truncatula, we measured the activity of the ferric chelate
reductase enzyme after inducing M. truncatula plants
with bacterial VOCs and pure dimethylhexadecylamine.

Interestingly, induction with A. agilis VOCs and
dimethylhexadecylamine increased the activity of ferric
chelate reductase immediately after induction, in both
iron-deficient and -sufficient conditions (Fig. 4). This
was particularly evident at 24 h after transferring plants
to iron sufficiency; the enzyme activity was between
2.25- and 1.8-fold higher than that in the uninduced
controls. Enzyme activity in induced plants transferred
to iron-deficient medium was between 2- and 1.6-fold
higher than that of controls. The inductive effect dimin-
ished over time, with the ferric reductase activity in
induced plants being between 1.7- and 1.3-fold higher
than that of uninduced plants at 72 h after induction.
Although the induction with VOCs or dimethylhexade-
cylamine increased the ferric reductase activity in con-
ditions of iron deficiency and sufficiency, it was clear
that the ferric reductase activity was higher in iron-
deficient conditions, as seen with the acidification.

However, during short periods of iron deficiency
stress, we did not observe clear signs of chlorosis, even
in the uninduced controls. Andaluz et al. (2009) showed
that between 3 and 5 days of iron stress, M. truncatula
seedlings begin to exhibit yellow patches as symptoms of
iron chlorosis. They noted that the ferric reductase activ-
ity decreased dramatically after the seventh day of iron
stress. Consistent with their results, control plants

Plant Soil (2013) 362:51–66 63



exhibited clear signs of iron deficiency, including de-
creased reductase activity, up to 7 days post-induction
(Fig. 5a). However, the plants induced with VOCs from
A. agilis showed a 2.4-fold higher activity compared to
the uninduced controls, in either condition of iron suffi-
ciency or deficiency. A similar effect was reported for the
A. thaliana ferric reductase activity in, which remained
high after 7 days of treatment with a mixture of VOCs
from B. subtilis GB03 (Zhang et al. 2009). Thus, we
show an inductive effect of A. agilis VOCs on M. trun-
catula ferric reductase activity, which was sustained even
after a week of growth in iron-deficient medium with a
smaller effect observed in iron-sufficient conditions.

Additionally, in all cases the induced plants
exhibited higher chlorophyll concentrations in the
presence of bacterial VOCs compared with untreated
controls (Fig. 1c), or when the plants were induced 72 h
before the chlorophyll quantification (Fig. 4e–f). The
effect was observed as late as 7 days post-induction in
plants maintained on iron deficiency. Chlorophyll syn-
thesis requires many iron-dependent enzymatic reac-
tions (Hansen et al. 2003; Lin et al. 2000), including
thylakoid synthesis and chloroplast development
(Buchanan et al. 2000). The development and growth
of M. truncatula was promoted by A. agilis-derived
VOCs and dimethylhexadecylamine, whereas unin-
duced plants showed a photosynthetic capacity that
was vulnerable to iron deficiency (Varsano et al.
2006). This situation may at least partially explain the
elevated chlorophyll concentration and increased bio-
mass generation observed in induced plants.

A general observation in our experiments was the
greater effect of the A. agilis VOCs cocktail compared
to pure dimethylhexadecylamine. This may be
explained by the concentration of dimethylhexadecyl-
amine in the VOC cocktail. The concentration of
dimethylhexadecylamine in the plant-bacteria interac-
tion system was 3-fold higher than the concentration
of the pure standard used in the induction experiments
(Fig. 2a vs. c). A previous logarithmic scan with
different concentrations showed that a higher concen-
tration of dimethylhexadecylamine provoked a delete-
rious effect on plant growth (Online resource 2).
Therefore, an optimal concentration of dimethylhexa-
decylamine is important for its plant growth-
promoting effects. An alternative explanation is that
A. agilis UMCV2 produces VOCs other than dime-
thylhexadecylamine, and one or more of these VOCs
may contribute to the inductive effect. Furthermore, it

has been demonstrated that CO2 produced by bacteria
significantly promote plant growth in vitro (Kai and
Piechulla 2009). Therefore, the possible participation
of A. agilis-emitted CO2 in plant growth induction
cannot be ruled out.

A second general observation in our experiments was
the higher inductive effect observed in plants grown in
iron deficiency, compared to those grown in iron-
sufficient conditions. This observation suggest that the
plants grown in iron deficiency switch on strategy I
mechanisms for iron uptake, with an additive effect
observed in the presence of the A. agilisUMCV2VOCs
or pure dimethylhexadecylamine. However, iron suffi-
ciency does not prevent the inductive effect of the
bacterial VOCs or dimethylhexadecylamine.

The inductive effect of VOCs on iron-acquisition
mechanisms of Strategy I plants were initially described
inArabidopsis. In that system, bacterial VOCsmodulate
genes encoding both the ATPase AHA7 responsible for
acidification of the rhizosphere, and ferric chelate re-
ductase (FRO), which is activated by the transcriptional
regulator FIT1 (Colangelo and Guerinot 2004; Zhang et
al. 2009). Thus, it is possible that the volatile compound
dimethylhexadecylamine and is a potential homolog of
FIT1 in M. truncatula, and acts as a signal initiator to
induce the expression and activity of FRO and AHA
genes (Robinson et al. 1999). Experiments are currently
underway to show that dimethylhexadecylamine indu-
ces the expression of FRO genes in the roots of M.
truncatula.

Previously, our group showed that A. agilis
UMCV2 increases iron levels in Phaseolus vulgaris
plants (Valencia-Cantero et al. 2007). Phaseolus plants
grown in alkaline soil and inoculated with A. agilis
UMCV2 exhibited a 1.76-fold increase in Fe content
in whole plants compared to control plants. Consistent
with these data, A. agilis increased the Fe content in
M. truncatula shoots. Interestingly, the Fe content in
the roots of M. truncatula grown in iron-deficient
medium was higher than that of control plants. These
results together with the observed increase in chloro-
phyll content suggest that A. agilis UMCV2 and dime-
thylhexadecylamine facilitate the uptake and storage
of iron, mainly in roots. The iron is then redistributed
to the aerial parts where it can be used in processes
such as photosynthesis. To our knowledge, this is the
first study to elucidate the modulation of rhizosphere
acidification capacity and ferric reductase activity by a
bacterial volatile compound.
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