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Abstract

This study evaluated the impact of different concentrations of glyphosate (Rondup®) on planktonic
and biofilm growth of P. aeruginosa. Aerobic and anaerobic cultures of P. aeruginosa ATCC"15442
inoculated in MHB + glyphosate (0.845 ppm, 1.690 ppm, 8.45 ppm, 16.90 ppm, 84.50 ppm, 169 ppm,
845 ppm, and 1690 ppm) and cultured in normoxia and anoxia, following their ODs¢y,,,, every hour
for 24 h. Biofilms of adapted cells were formed in the presence of glyphosate (0.845 to 1690 ppm) in
normoxia and anoxia for 36 h. Glyphosate at concentrations higher than 84.5 ppm reduces the cell
density of planktonic aerobic cultures (p < 0.05). However, these same concentrations favor the
planktonic anaerobic growth (p < 0.05). On the other hand, the herbicide favors a slight growth of
biofilms in a concentration-dependent manner up to 84.5 ppm (p > 0.05), and more pronounced over
169 ppm. Anaerobic biofilms have their growth more readily favored (p < 0.05), regardless of con-
centration. In a concentration-dependent manner, glyphosate interferes with the growth ability of P.

aeruginosa ATCC"15442.
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Introduction

Glyphosate (N-phosphonomethylglycine, CAS N°
1071-83-6) is a non-selective systemic herbicide that is
widely used to control post-emergent weeds in plantations
and commercial forests. Worldwide, the best known for-
mulation is produced under the trade name Rondup®, al-
though there are many generic products. In Brazil, the
commercial formulation of Rondup® consists of 36% gly-
phosate isopropilaminic salt (active ingredient) and 18%
polioxyethylenamin (POEA-surfactant, CAS N° 61791-
26-2). Other formulations, such as Rodeo™ do not have
POEA in their formulation (Tsui et al., 2004).

Although the discussion about its role as a pollutant is
relevant and there is a concern about possible risks of intox-
ication (Stella and Ryan, 2004) and genotoxicity (Dalle-
grave et al., 2007), very little attention has been directed to

possible interactions with autochthonous human/animal
microbiota, especially that with pathogenic potential.
Studies to assess any influence of glyphosate or its associa-
tions on microorganisms are focused in soil and aquatic
microbiomes showing a variable capacity to increase or de-
crease specific microbial groups (Aratjo et al., 2003;
Means et al., 2007; Pérez et al., 2007).

Pseudomonas aeruginosa is a gram-negative organ-
ism associated with a myriad of diseases varying from mild
cutaneous infections to complicated pulmonary complica-
tions of cystic fibrosis (Govan and Deretic, 1996). It is a
free-living bacterium naturally occurring in water. Surface
waters can be contaminated by glyphosate due to the over-
use of herbicides and to rainfalls. Due to its similarity with
amino acids, it is feasible to assume that exposure to gly-
phosate can interfere in bacterial metabolism with shifts in
biological and/or virulence characteristics.
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Given the significant medical importance of P.
aeruginosa and the fact that it is a water-borne organism, it
is justifiable a study to prospect the influence of this and
other herbicides, as well as other classes of pesticides, in
the biology of bacteria and in the pathogenesis of their re-
lated infections.

As studies evaluating the herbicide-pathogenic mi-
crobiota interactions of are virtually nonexistent, the propo-
sition of this study was to assess the impact that the com-
mercial product Rodeo” exerts on P. aeruginosa
ATCC"15442 regarding to its cell viability, adhesion abil-
ity, and biofilm formation.

Material and Methods

Interference on planktonic growth

Pseudomonas aeruginosa ATCC®15442 was grown
in 1:10 Mueller-Hinton Broth plus glyphosate (at
0.845 ppm, 1.690 ppm, 8.45 ppm, 16.90 ppm, 84.50 ppm,
169 ppm, 845 ppm, and 1690 ppm) in normoxia and anoxia
(90% Ny, 10% CO,) until an ODs4y of 0.50. This step was
repeated twice, to allow to cells to adapt to the distinct at-
mospheric conditions and to the xenobiotic presence. After
adaptation, aliquots of 200 uL of suspensions containing
ca. 1x10” cfu.mL™ were subcultured into tubes containing 2
mL of 1:10 Mueller-Hinton Broth plus glyphosate (at 0.845
ppm, 1.690 ppm, 8.45 ppm, 16.90 ppm, 84.50 ppm, 169
ppm, 845 ppm, and 1690 ppm). The tubes were adapted to a
blood rotative mixer and incubated at 37 °C and 10 rpm, in
anoxic and normoxic conditions. Growth curves were built
after spectrophotometric readings at 560 nm taken every
hour for twenty-four hours without interruption.

The anoxic technique used was that of Wolfe (2011).
Anoxic conditions were maintained by displacing all air in
culture broth with CO, made O, free by passage over
heated copper. Mueller-Hinton Broth used for anoxic cul-
tures was not pre-reduced. It was autoclaved and, still
warm, it was aseptically vacuum-degassed under vigorous
shaking. Once at room temperature, flask’s headspace was
filled with sterile N, and sterile glyphosate was added.
Broth was carefully transferred to sterile screw capped cul-
ture tubes bearing butyl rubber seals in which bacterium
inocula were previously dispensed (200 uL of suspensions
containing ca. 1x10” cfu.mL™).

To ascertain that turbidity was dependent only to
cell density and not to extracellular polymeric substances,
parallel anoxic/normoxic incubations were conducted
with extra tubes. Each 4-h of incubation, 20 puL aliquots
were harvested, streaked onto glass slides and stained with
Congo Red. In all cases, optical microscopy revealed that
no extracellular matter has been produced (data not
shown).
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Interference in the formation of biofilms

Aerobic or anaerobic cell suspensions of P.
aeruginosa ATCC®15442 containing ca. 1 x 10° cfumL™
were adhered onto 96-well polystyrene wells coated with
sterile 0.1% L-asparagine for 4 h at 37 °C. Polystyrene at-
tached L-asparagine acts as anchoring points to bacterial
fimbriae. Anoxic incubations were carried out in sealed jars
connected to an in house evacuation-repletion gas system
(1* and 2™ injections with N, and 3" injection with 90%
N2/10% COy).

After the period of adhesion, supernatants were re-
moved and wells were washed with sterile 145 mM NaCl to
remove non-adhered weakly adhered cells. Wells received
200 pL aliquots of 1:10 Mueller-Hinton Broth plus gly-
phosate (at 0.845 ppm, 1.690 ppm, 8.45 ppm, 16.90 ppm,
84.50 ppm, 169 ppm, 845 ppm, and 1690 ppm). Wells were
incubated in anoxic or normoxic atmosphere for 24 h and
37 °C. Wells filled with 1:10 Mueller-Hinton Broth plus
glyphosate at different concentrations served as negative
controls. Positive controls were wells with L-asparagine
and 1:10 Muller-Hinton Broth without glyphosate in which
bacterial cells have grown as biofilm.

At the end of incubations, wells were aspirated and
washed with 145 mM NaCl. Biofilms were fixed with
200 uL of 99% methanol (15 min). Methanol was removed
and plates were air dried. Aliquots of 200 uL of 0.5% crys-
tal violet (CV) were added to the wells. After 20 min, ex-
cess of CV was removed by washing with water. Finally,
the impregnated CV was released by adding 33% acetic
acid (150 uL) and the ODsgg,,, Was determined. Negative
controls were wells with L-asparagine and 1:10 Muller-
Hinton Broth plus glyphosate (at 0.845 ppm, 1.690 ppm,
8.45 ppm, 16.90 ppm, 84.50 ppm, 169 ppm, 845 ppm, and
1690 ppm) but without bacterial cells. Positive controls
were wells washed with L-asparagine and filled with 1:10
Muller-Hinton Broth without glyphosate in which bacterial
cells were challenged to form biofilms. Absorbance values
of the blanks were subtracted from values obtained in treat-
ments to eliminate spurious results due to background in-
terference.

Statistics

All tests described above were carried out in triplicate
in at least three different situations. Numeric data were tab-
ulated in MSExcel® spreadsheets (Microsoft Co.).
Obtained data were tested for normal distribution by the
Kolmogorov-Smirnov test and for homogeneity of variance
by Chi-square test. To determine the interference in bio-
films formation, the statistical differences were assessed
using Tukey HSD test. Comparisons in a same glyphosate
concentration in different atmospheres were carried out by
Tukey test. A threshold of 0.05 was used to determine dif-
ferences. Statistical analyzes were conducted using the
package BioEstat 5.0 (IDS Mamiraud).
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Results 1.690 ppm, 8.45 ppm, 16.90 ppm) seemed to favor plank-

tonic cell growth. The most interesting finding occurred in

The growth curves containing lag, log and early sta-  anoxic atmosphere, where positive-control cultures, al-

tionary phases were constructed with ODs4q,,, values read  though adapted to the lack of oxygen, did not show good

at one-hour intervals, for a total period of twenty-four hours ~ growth and cultures in the presence of higher concentra-

(Figure 1). Aerobic growth was superior to anaerobic one.  tions of glyphosate have markedly developed (cluster “c”
In normoxia, lower glyphosate concentrations (0.845 ppm,  in Figure 1).
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Figure 1 - Growth of P. aeruginosa ATCC®15442 in different concentrations of glyphosate and normoxic/anoxic conditions. Each point represents the
arithmetical average of nine repetitions. Brackets arbitrarily group the final growths (i.e. after 24 h) which present some quantitative similarity or that got
apart from a compact cluster (for 84.5 ppm to 1690 ppm glyphosate in anoxic conditions).
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Regarding the aerobic growth, from 14-16 h post-
inoculation, there were detected two clusters. Cluster “a”
comprises of glyphosate at concentrations below 16.9 ppm;
on the other hand, cluster “b” comprises treatments with
84.5 ppm to 1690 ppm and the glyphosate-free control.

Biofilms of P. aeruginosa ATCC"15442 had more
cells when were formed in absence of molecular oxygen
(p <0.05); among the different treatments, the only excep-
tion occurred in 0.845 ppm glyphosate, where the means
did not differ (p > 0.05), although there seems to be a trend
of increase in anoxia (Figure 2). Above 169 ppm, biofilms
formed in anoxia retained more crystal violet, indicating
higher cell content (Tukey HSD, p < 0.05). The same oc-
curred with biofilms formed in normoxia at concentrations
above 845 ppm (Tukey HSD, p < 0.05). A greater range of
variation between biofilms formed in different atmospheres
occurred at 1690 ppm (Student’s t test, p = 0.0003).

Discussion

Glyphosate is probably the herbicide most discharged
into the environment. Due to its extensive use in the protec-
tion of crops, it is inevitable that it will reach surface and
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deep waters (Pournaras et al., 2007), especially after rain-
falls. The concentrations of glyphosate used herein are
slightly higher than those found in surface waters after rain-
falls (Peruzzo et al., 2008); however, as it is not possible to
establish a consensus in terms of concentration, once it de-
pends on variations in the amount applied, rainfall inten-
sity, and degradation, we assumed that such dissonance
should not be a major factor.

Aerobic planktonic growth was superior to anaerobic
one. This points to the possibility of P. aeruginosa, al-
though a facultative organism (Davies ef al., 1989; Yoon et
al., 2002), has its growth significantly favored by the pres-
ence of molecular oxygen. Continuous bacterial exposure
to low concentrations of glyphosate leads to increased rates
of aerobic growth, which is somehow in agreement with
previously published findings (Fitzgibbon and Braymer,
1988). By the contrary, in conditions of inaccessibility of
molecular oxygen, the bacterium started to grow better in a
concentration-dependent manner. It is possible that this
phenomenon results from the use of the molecule as a
source of phosphorus, as previously reported for the genus
Pseudomonas (Penaloza-Vazquez et al., 1995; Moore et
al., 1983; Talbot et al., 1984). Glyphosate could also serve
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Figure 2 - Differential growth of 36 h-biofilms of P. aeruginosa ATCC®15442™ in different concentrations of glyphosate and in normoxic/anoxic con-
ditions. Each bar represents the arithmetical average of nine repetitions with its respective 95% confidence interval. Different uppercase/lowercase letters
over bars indicate differences among experimental groups (Tukey HSD test; p <0.05), in function of different atmospheres, respectively. § = Existing dif-
ferences among experimental groups in a given glyphosate concentration, in function of atmosphere (Student’s # test; p < 0.05). * = Existing differences
among experimental groups in a given glyphosate concentration, in function of atmosphere (Student’s  test; p < 0.005). ns = Not significant differences

(Student’s ¢ test; p > 0.05).
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as a carbon source, which would be processed by both aero-
bic and anaerobic metabolisms (Rueppel et al., 1977), with
increased rates in presence of oxygen. To support such the-
ory, it has been found that different bacterial genera may
promote catalysis of glyphosate using C-P lyases (van Eerd
et al., 2003). Once broken up this connection, Pseudomo-
nas spp. can produce glycine (Kishore and Jacob, 1987),
which can also enhance growth.

To our knowledge, no other group has evaluated the
effects that glyphosate can exert on sessile bacterial com-
munities, so-called biofilms. Our results revealed that the
xenobiotic tends to favor the formation of biofilms of P.
aeruginosa, especially those anaerobic and that such in-
crease seems to be concentration-dependent. Results of an-
acrobic planktonic and biofilm growth deserve greater re-
flection. In a hypothetical situation in which P. aeruginosa
come to adhere to surfaces under low oxygen tensions and
constant challenge of glyphosate, the growth can be incre-
mented.

As Muller-Hinton broth, even ten-fold diluted, still is
a culture medium with a complex composition and we may
not ignore the possibility of some constituent had influ-
enced the growth rates. However, this medium has been
used in studies similar to this one, successfully (Alandejani
et al., 2009; Pournaras ef al., 2007).

The results from this study point to the fact that the in-
discriminate use of agricultural formulations containing
glyphosate may result in an increase in growth rates of
planktonic and biofilm phenotypes of P. aeruginosa in wa-
tercourses or reservoirs.
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