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Abstract
It is known that plant and associated bacteria coevolved, but just now the roles of chemical signaling compounds in these intricate
relationships have been systematically studied. Many Gram-negative bacteria produce N-acyl-L-homoserine lactones (AHL),
chemical signals used in quorum-sensing bacterial communications mechanisms. In recent years, it has been shown that these
compounds may also influence the development of plants, acting as allelochemicals, in still not well understood eukaryot-
prokaryot interactions. In the present work, a quorum-sensing molecule produced by the tomato associated bacterium
Pseudomonas sp. was characterized and its effects on germination and growth of tomato seedlings were accessed. The chemical
study of the bacterium extract led to the identification of N-3-oxo-dodecanoyl-L-homoserine lactone (1), using gas chromatog-
raphy coupled to electron impact mass spectrometry (GC-MS), and ultra-high resolution Qq-time-of-flight mass spectrometry
(UHR-QqTOF-MS) equipped with an electrospray ionization source (ESI). The synthetic compound was tested at different
concentrations in tomato to evaluate its effects on seed germination and seedlings root growth. Inhibition of tomato seed
germination and root growth were observed in the presence of micromolar concentrations of the compound 1. Scanning electron
microscopy evidenced morphological alterations on roots in the presence of the compound, with reduction of growth, impaired
root hairs development and cracks in the rhizodermis.
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Introduction

Tomatoes are an important part of the human diet and are
commonly consumed in fresh or in a large variety of food
products. Originally native from South America, it is now
cultivated worldwide (Xu et al. 2018). In recent years, one
of the main concerns in tomato cultivation is to understand

the effects of compounds produced by environmental and rhi-
zosphere microorganisms on the plant development (Zhang
et al. 2010). The presence of bacteria in the rhizosphere can
directly influence plant growth and root development through
different mechanisms such as biological nitrogen fixation,
phytohormones synthesis, biocontrol of pathogenic organ-
isms, and synthesis of allelochemicals, which may benefit
the plant growth according to the necessities of the bacteria
(Scagliola et al. 2016; Babalola 2010; Bloemberg and
Lugtenberg 2001; de Salamone et al. 2001).

In bacteria, many phenotypes are frequently regulated by a
bacterial intercellular chemical communication mechanism
known as quorum-sensing (Wei and Zhang 2006). It is an
extracellular signaling process, which involves the produc-
tion, release and detection of molecules called auto-inducers.
In Gram-negative bacteria, the main signaling compounds are
N-acyl-L-homoserine lactones (AHLs), which are
biosynthesized from fatty acids and S-adenosyl-L-methionine
as precursors (Federle and Bassler 2003).

Pseudomonas is a genus of Gram-negative bacteria com-
monly found in rhizosphere (Botelho and Mendonça-Hagler
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2006). This genus currently comprises 255 species and several
of them have the ability to colonize a wide range of plant
niches. Among the most common auto-inducers produced
by rhizosphere symbiotic pseudomonads are the
N-hexanoyl-L-homoserine lactone (C6-L-HL), N-decanoyl-
L-homoserine lactone (C10-L-HL), N-3-oxo-tetradecanoyl-
L-homoserine lactone (3-oxo-C14-L-HL) and N-3-hydroxy-
tetradecenoyl-L-homoserine lactone (3-OH-C14:1-L-HL)
(Hartmann and Schikora 2012; Laue et al. 2000; Wei and
Zhang 2006). An interesting example of quorum-sensing sys-
tems found in rhizosphere pseudomonads is presented by
P. putida. This species, originally isolated from tomato rhizo-
sphere, produces a wide spectrum of N-3-oxo-AHLs, with six
to twelve carbon atoms in the acyl side chain, including N-3-
oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-L-HL)
(Arevalo-Ferro et al. 2005). In P. aureofaciens, the production
of the antibiotic phenazine, an important compound for pro-
tection of wheat roots against phytopathogenic bacteria, is
also controlled by quorum-sensing and AHL (Zhang and
Pearson 2001; Wood and Pearson III 1996).

Besides the above-mentioned examples of intraspecific bac-
terial quorum-sensing regulated processes, the AHL bacterial
signaling compounds may also play a role in plant growth and
development, in a poorly understood interspecific eukaryote-
prokaryote chemical cross talk (Joseph and Phillips 2003;
Schuhegger et al. 2006; Von Rad et al. 2008; Bai et al. 2012;
Cha et al. 1998). The physiological effects and mechanisms of
action of AHLs on plant development were previously investi-
gated inArabidopsis thaliana, where AHLswith acyl side chains
ranging from 4 to 14 saturated carbon atoms were evaluated
(Castro-Ortíz et al. 2008; Delatorre and Silva 2008). The use of
micromolar concentrations of AHL in A. thaliana seeds led to a
significant decrease in primary root growth, which was associat-
ed to interferences in ethylene phytohormone biosynthesis
(Palmer et al. 2014). In addition to this, it has been shown that
AHL may influence nodulation inMedicago truncatula, even in
the absence of bacteria, and that this effect was not observed for
M. sativa and Trifolium repens, indicating that the effects of
AHL on plants may be species-specific (Palmer et al. 2016;
Veliz-Vallejos et al. 2014). Schuhegger et al. (2006) demonstrat-
ed the induction of systemic resistance after application of mi-
cromolar concentrations of short-chainN-C6-L-HL andN-C4-L-
HL (from Serratia liquefaciens) in tomato, which led to higher
production of salicylic acid and expression of genes encoding
pathogenesis-related proteins.

Another example of plant physiological response to the
presence of AHLwas reported recently by our research group.
The phytochemical study of leaves and culms of Saccharum×
officinarum led to the identification of N-3-oxo-octanoyl-L-
HL, which was tested in sugarcane culms at micromolar con-
centrations. Changes in the biomass and length of germinated
buds and sett roots were observed and scanning electron mi-
croscopy showed anato-morphological abnormalities in the

cells of roots at both small and high concentrations of AHL
(Olher et al. 2016).

Up to now, very little is known concerning to the effects of
these molecules in plants. It is not clear if AHL compounds
may stimulate or deter plant growth under different conditions
and host-bacteria pairs. Indeed, the reduction of roots length in
the presence of these compounds places doubts about the roles
of these molecules and what benefits could arise for one of the
evolved organisms from such interaction. In a series of papers,
Schenck et al. (2012, 2014) and Schenk and Schikora (2015)
demonstrated that AHL may cause reinforcement of roots cell
walls of Arabidopsis plants, which could be associated for
example to increased resistance to microorganisms.
However, scarce information concerning to the effects of these
compounds in other plant species, including crops, prevents
more accurate discussions.

Taking into account the importance of chemical cross talk
in plant-bacteria interactions and the recent developments in
this research field, the aim of this study was to characterize the
AHL produced by a bacterium of the genus Pseudomonas
isolated from tomato (Solanum x lycopersicum L.) rhizo-
sphere. Then, the effects of the identified compound on seeds
germination and growth of tomato seedlings were also stud-
ied, including analyses by scanning electron microscopy. As
far as we know, this is the first study of the effects of an AHL
compound identified from a rhizosphere bacterium and its
directly associated plant. Moreover, most of the literature
found is related to experimental model plants, while little is
found for commercially important legumes or crops, inside an
agroecology perspective.

Material and Methods

General Experimental Procedures The low resolution mass
spectra were acquired on a Focus GC (Thermo Finnigan)
gas chromatograph coupled to a DSQ II mass spectrometer
(Thermo Finnigan) equipped with an electron impact ioniza-
tion source (EI, 70 eV). Data acquisition was performed using
the Xcalibur software. High purity helium (99.999%) (5.0)
(White Martins) was used as drag gas with 1 mL min-1 flow.
The analyses were performed with the injector working at
260 °C and 1:10 injection mode with filled injector liner.
The capillary column used was DB-5 (30 m × 0.25 mm ×
0.25μm) (5% phenyl, 95%methyl polysiloxane) and the oven
temperature program was 50 °C to 290 °C at 10 °C min-1,
followed by isothermal at 290 °C for 20 min. Samples were
prepared from 1 mg of each of the substances dissolved in
1 ml of chloroform (HPLC grade).

Analyses were also performed in a ultra-high resolution
Qq-time-of-flight mass spectrometer (UHR-QqTOF-MS)
equipped with an electrospray ionization source (ESI)
(Impact II, Bruker Daltonics Corporation, Germany). The
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samples were dissolved at approximately 5 ppm in 1:1
H2O:MeCN solution containing 0.1% formic acid and
injected by direct infusion in a flow of 20 μL min−1. For the
mass spectra the following instrumental parameters were
used: 3 kV capillary voltage in positive ion mode, 20 V cone
voltage, 120 °C source temperature, 0.5 L h−1 nebulization gas
flow. Before each analysis the instrument was calibrated with
0.005%H3PO4 solution in H2O: MeCN 1:1, m/z 100 to 1000.

Bacterium Biological Material and Chemical Study The bacte-
rium Pseudomonas sp. strain 16S was isolated in a previous
study from tomato horticultural soil under organic manage-
ment, and presented growth-promoting activities, such as
phosphate solubilization and siderophore production
(Zuluaga 2016). The strain identification was carried out by
phylogenetic positioning (16S rRNA) with MEGA v.7, using
the Maximum Likelihood method based on the Jukes-Cantor
model (Jukes and Cantor 1969). It was deposited at GenBank
under the accession number KX884933.1.

For crude extract preparation, the bacteriumwas grown in a
culture medium containing glycerol (3% w/v), sucrose
(5% w/v), yeast extract (5% w/v), K2HPO4 (0.15 w/v),
0.1 mL/ solution of micronutrients (g L-1: H3BO3, 1.4;
ZnSO4.7H2O, 1.2; MnSO4.H2O, 1.18; Na2MoO4.2H2O, 1.0;
CuSO4.5H2O, 0.04), cultivated for 48 h, under low agitation
(150 rpm) and 28 °C (Oliveira et al. 2017), prepared in 5 × 1 L
of conditioned broth. The culture broth was extracted with
ethyl acetate (3 × 250 mL, per liter), stirring for 20 min,
followed by evaporation under reduced pressure. The residue
was subsequently filtered on a silica gel 60 chromatographic
column, eluted with n-hexane, ethyl acetate and methanol.
The ethyl acetate fraction (1.2435 g) was chromatographed
in silica gel 60 using mixtures of n-hexane, CH2Cl2, AcOEt
and MeOH in increasing polarity, with 120 fractions (10 mL
each) collected. Fractions were then analyzed by gas chroma-
tography coupled to mass spectrometry. In the fraction eluted
at CH2Cl2:AcOEt 4:1 polarity, the compound N-3-oxo-
dodecanoyl-homoserine lactone was identified. The com-
pound was further identified using ultra-high resolution Qq-
time-of-flight mass spectrometry (UHR-QqTOF-MS, 10 and
35 eV).

Tomato Germination and Growth Biological Assays Seeds of
tomato hybrid (Solanum x lycopersicum L.) cv. “Santa
Cruz Kada Gigante” (SCKG) (Topseed ®) were ac-
quired locally from a commercial source. For bioassays,
initially a stock solution was prepared with 500 mL of
distilled water and 5 mg of commercially available N-3-
oxo-dodecanoyl-L-homoserine lactone (> 98% purity,
Sigma Aldrich), solubilized in 100 μL of DMSO.
Then dilutions were performed to obtain the following
concentrations of AHL: 10.0; 7.5; 5.0; 1.0; 0.5 and
0.1 mg L−1.

For seed germination, the germination boxes (Gerbox)
contained two sheets of qualitative filter paper and 40 tomato
seeds, irrigated with 12 mL of the AHL solutions in different
concentrations. The treatments for seed germination and initial
growth bioassays were composed of five replicates. Finally,
200 seeds were treated therefore for each different concentra-
tion of AHL. For control test, 100 μL of DMSO in 500 mL of
distilled water was used (v/v). The Gerbox were sealed with
transparent plastic film and exposed to UV light in a laminar
flow chamber for 30 min, and then incubated for 10 days in a
germination chamber adapted to 25 °C under 12 h light/dark
photoperiod. The germinated seeds were counted daily. The
data obtained from the tests were evaluated by Germination
Percentage (%G), Mean Germination Time (MGT) and
Germination Speed Index (GSI) according to Ferreira and
Borghetti (2004).

The initial growth bioassays were performed on 12 cm
Petri dishes containing two sheets of qualitative filter paper.
Seeds of tomato, previously germinated (± 2 mm of root
gravitropic curvature), irrigated with 15 mL of the solutions
of AHL or blank solution were also added. The AHL solutions
were prepared in the same concentrations and conditions for
the germinations assays. Each Petri dish contained 15 pre-
germinated seeds and the experiment was performed with five
replicates. The dishes were sealed with transparent plastic film
and exposed to UV light in a laminar flow chamber for
30 min. The incubation was done for 7 days in a germination
chamber adapted to 25 °C under light/dark photoperiod 12 h.
Growth was evaluated by measuring the root length and the
hypocotyl length of 5 seedlings of each replicate (25 in total)
with the help of graph paper. The results were evaluated using
analysis of variance compared with Dunn’s test (p < 0.05),
using the GraphPad Prism 7.0 program. The statistical results
of the bioassays are expressed in comparison to the control of
the tests (mean ± standard error of mean).

Scanning Electron Microscopy SEM analyses were carried out
for tomato seedlings treated with 3-oxo-C12-L-HL at 1.0; 5.0;
7.5; 10.0 mg L−1 concentrations, for both germinations and
seedlings growth bioassays performed. The samples were
fixed in Eppendorf tubes with Karnovsky solution (2.5% glu-
taraldehyde and 2.0% paraformaldehyde in 0.05M cacodylate
buffer, pH 7.2). The samples were dehydrated using ethanol
(10% - 100%) to the critical point, at temperature of 9 °C and
55 bar of CO2. After drying, the samples were metalized using
high-purity gold before SEM analyses performed on Quanta
250 equipment (FEI Company).

Results

Strain Identification The Pseudomonas sp. was identified by
the global alignment of its partial 16S rRNA gene sequence to
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all Pseudomonas type strains sequences retrieved from
GenBank (Fig. 1 and Supplementary Material S1). The re-
spective GenBank access numbers are presented in the
brackets.

Chemical Study of Cultures Broth The chemical study of
cultures broth of this bacterial strain revealed the pres-
ence of N-3-oxo-dodecanoyl-L-homoserine lactone (1)
(Fig. 2), as a minor component in a complex fraction,
identified by gas chromatography coupled to mass spec-
trometry detector, in electron impact mode (70 eV). Due
to the small amount present, the chromatogram was ac-
quired in selected ion mode, and a peak with retention
time of 16.59 min with coherent fragmentation pattern
was identified (Supplementary Material S2).

The low resolution mass spectrum (Supplementary
Material S3) exhibited fragmentation peaks at m/z 185 and
143, coming from the lateral chain McLafferty rearrange-
ments of β-keto group and amide carbonyl group, respective-
ly (Cataldi et al. 2004, 2009). The molecular ion at m/z 297
was also observed, in small intensity. In the ultra-high resolu-
tion Qq-time-of-flight mass spectrum (Supplementary
Material S4), the protonated molecular ion at m/z 298.2999
was observed (10 eV), together with the typical fragment at
m/z 102.0544, which is the protonated homoserine lactone
moiety (positive mode, 35 eV, Supplementary Material S5).
The fragment at m/z 185.0749 (10 eV) was also observed.

According to these data the compound was identified as
N-3-oxo-dodecanoyl-L-HL (1).

Germination and Growth Biological Assays Biological assays
with the commercially available compound 1 were performed
with seeds and seedlings of tomato (Solanum x lycorpersicum
cv. SCKG). The parameters analyzed were seed germination
percentage (%G), mean germination time (MGT) and germi-
nation speed index (GSI). The results may be seen in Fig. 3.

Analyzing the germination profile in different concentra-
tions of compound 1, a significant decrease in germination
percentage from 80% to 58% was observed with the increase
of the concentration of compound 1 up to 7.5 mg L−1. The
germination speed index, presented a smaller value of 4.19 in
the concentration of 7.5 mg L−1. Therefore, statistically sig-
nificant changes in the germination profile were observed in
bioassays with compound 1 at higher concentrations.
Representative picture of seeds used in this experiment may
be seen in Fig. 4.

The scanning electronmicroscopy analyses of tomato seed-
lings (Fig. 5) showed that highest concentrations of compound
1 (7.5 and 10.0 mg mL−1) clearly prejudiced the root growth,
leading to thickened and underdeveloped roots in comparison
to the control (Fig. 5c and d). Figure 5d shows the full extent
of the tomato seedling at a concentration of 10 mgmL−1 in the
same SEM scale as the other ones, highlighting the size dif-
ference between tomato seedlings.

Fig. 1 Evolutionary relationships
of taxa and Pseudomonas sp.
strain 16S

Fig. 2 N-3-oxo-dodecanoyl-L-
homoserine lactone (1), produced
by Pseudomonas sp. 16S
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The initial growth behavior of tomato seedlings subjected
to different concentrations of compound 1 was also studied
(Fig. 6). A general trend of decreased root length with the
increase of concentration of compound 1 was observed.
Higher concentrations of the compound (7.5 and 10 mg L−1)
led to statistically significant decrease in the root length of the
seedlings. Hypocotyl growth behavior was similar at concen-
trations of 0.1 to 1.0 mg L−1 of compound 1, with an average
of 2.73 to 3.18 cm, and were slightly smaller than to the
control.

Scanning electron microscopy was also used to analyze
roots after seedling growth assays with different concentra-
tions of compound 1 (Fig. 7). For the roots treated with this
compound in lower concentrations, the cells were regular, flat
and entirety, while roots of plants treated with compound 1 at
7.5 mg L−1 and 10 mg L−1 showed wrinkled cells, with cracks
in the root dermis and few root hairs.

Discussion

The Pseudomonas sp. species studied herein was previously
identified as a tomato associated bacterium (Zuluaga 2016).
For strain identification, a phylogenetic tree was built with 15
type strains of representative type species from Pseudomonas
putida group (Gomila et al. 2015) and the strain 16S (shown in
bold) used in this study. The Jukes-Cantor method was ap-
plied to construct distance matrices followed by generation of
dendrogram by neighbor-joining (Jukes and Cantor 1969).
The outgroup is represented by Cellvibrio japonicus
Ueda107, and bootstraps values higher than 50% after 1000
replicates are indicated at branches. Highest sequence identity
of the isolated strain was observed with the species
P. entomophila and P. mosselii (98.4% identity), as observed
in Fig. 1.

Fig. 3 Germination profile of tomato seeds (S. x lycorpersicum cv.
SCKG) under different concentrations of compound 1 (n = 200
replicates). Seeds in the presence of control solution (DMSO in water)
or different concentrations of compound 1were incubated for 10 days in a
germination chamber adapted to 25 °C under 12 h light/dark photoperiod.
(A) Germination percentage (%G), (B) mean germination time (MGT),
and (C) germination speed index (GSI). Higher concentrations of com-
pound 1 statistically reduced the germination percentage. *Mean ± SEM
differs significantly from the control assay (Dunn’s test, p < 0.05)

Fig. 4 Germination of tomato seeds (S. x lycorpersicum cv. SCKG)
treated with control solution (Control) and compound 1 at 1.0 mg L−1

(a), 5.0 mg L−1 (b), 7.5 mg L−1 (c), and 10.0 mg L−1 (d) concentrations.
Short, underdeveloped roots were observed in treatments c and d. Scale
bar in centimeters
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Acyl-homoserine lactones have long been recognized as
chemical signaling compounds in bacteria. Up to now, this
class of compounds is reported only in Gram-negative bacte-
ria, while Gram-positive employ mainly oligopeptides in
chemical communication processes (Whitehead et al. 2001).
Besides of typically controlling the expression of several phe-
notypes for producing bacteria, it has been recognized that
these compounds may influence the ability of the organisms

to adapt themselves in natural ecosystems, including host in-
teractions. Herein, the strain Pseudomonas sp. 16S isolated
from the tomato rhizosphere produced N-3-oxo-dodecanoyl-
L-homoserine lactone 1. This compound was already de-
scribed for other pseudomonads, specially the important hu-
man pathogen P. aeruginosa, which uses it for regulation of
expression of several phenotypes like motility, biofilm forma-
tion, and iron scavenging (Lee and Zhang 2015). Compound 1
and other structurally related AHL were also described for
plant-associated pseudomonads (Loh et al. 2002).

Once compound 1 was identified, its ability to interfere in
tomato seeds germination and growth was also assessed. The
germination and growth biological assays were done with the
same tomato variety used to confirm the growth promoting
activity of the Pseudomonas sp. 16S strain. According to ger-
mination of tomato seeds assays, small concentrations of com-
pound 1 did not alter significantly the roots length and several
germination parameters. Nevertheless, higher concentrations
of compound 1 led to lower germination percentages, for ex-
ample, the application of compound 1 at a concentration of
7.5 mg/L reduced tomato germination percentage by 58%.

The germination speed index (GSI) (Maguire 1962) has
been the most used test to evaluate the speed of germination.
The calculation uses the sum of the average daily germination
and, the higher the index, the higher the seed germination
speed. At a concentration of 7.5 mg L−1, germination percent-
age and germination speed index of tomato seedlings de-
creased. Scanning electron microscopy for tomato seedlings
at this concentration (Fig. 5b) corroborate these results, show-
ing shorter and underdeveloped roots in comparison to the
control, indicating that high concentrations of compound 1

Fig. 5 Scanning electron microscopy (500 μm) analyses of tomato seed-
lings germinated in the presence of control solution and treated with
compound 1 at 1.0 mg L−1 (a), 5.0 mg L−1 (b), 7.5 mg L−1 (c), and

10.0 mg L−1 (d) concentrations. Shorter, underdeveloped roots were ob-
served in the presence of compound 1 at higher concentrations

Fig. 6 Growth of tomato seedlings (S. x lycorpersicum cv. SCKG) in the
presence of control solution and different concentrations of compound 1
(n = 25 replicates). Seeds were previously germinated and exposed to the
testing solutions, incubated for 7 days at 25 °C under light/dark photope-
riod of 12 h. Higher concentrations of the compound led to reduced roots
length. *Mean ± SEM differs significantly from the control assay (Dunn’s
test, p < 0.05)
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are toxic for germination. As previously reported (Palmer
et al. 2014), AHL can induce the production of ethylene,
and can therefore inhibit the development of roots.

The difference in the growth behavior of tomato seedlings in
the presence of different concentrations of compound 1 corrob-
orates the results observed in the germination assays (Fig. 5),
where higher concentrations seem to inhibit root development.
Scanning electron microscopy showed a clear indication of ab-
normal development for the roots at after seedlings growth as-
says, as observed in Fig. 7. In the bioassay with compound 1 at
concentration 5 mg L−1 the cells were regular, and with the
increase in concentration the roots showed cells imperfections.
In a series of papers, Schenck et al. (2012, 2014, 2015) demon-
strated that AHL may cause reinforcement in Arabidopsis roots
cells walls. A similar behavior was observed in the present study
under SEM analyses (Fig. 7a), where the roots of tomato seed-
lings grown in the presence of compound 1 at 5.0 mg L−1

showed a much more woody aspect than the control.
Hypothetically, the reinforcement of plant cell walls may be a
direct response of the plant to the presence of a bacterial signaling
compound, which therefore is used as an allelochemical signal
by the plant defense system to prevent its infection and coloni-
zation by microorganisms. It is know that Arabidopsis plants
develop more resistant roots in the presence of AHL (Schenk
et al. 2012, 2014 Schenk and Schikora 2015; Schikora et al.
2011), which could be associated for example to increased resis-
tance to microorganisms. On the other hand, cracks in the roots
tissues could create niches able to facilitate the growth of bene-
ficial bacteria, or even facilitate the entrance of phytopathogens.
In this way, the possible benefits or detriments of the biological
action of such molecules for plants or microorganisms in rhizo-
sphere remain as an issue for future works.

Herein, it was demonstrated for the first time that an AHL
produced by a bacterium may change the seed germination
and growth pattern of roots of its direct host plant. Several
benefits have been arising recently from agroecology studies,

and we believe the correct understanding of how rhizosphere
bacterial compounds influence plant growth is crucial not only
for model plants but also crops.
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