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ABSTRACT

A strain of Gordonia sp. (strain Lc), from landfill leachate-contaminated groundwater was characterized by
polyphasic taxonomy and studied for exopolysaccharide (EPS) production. The cells were Gram-positive,
catalase-positive, oxidase-negative and non-motile. The organism grew both aerobically and, in anoxic
environment, in the presence of NaNO;. Rods occured singly, in pairs or in atypical coryneform V-shaped.
The organism had morphological, physiological and chemical properties consistent with its assignment to
the genus Gordonia and mycolic and fatty acid pattern that corresponded to those of G. polyisoprenivorans
DSM 44302". The comparison of the sequence of the first 500 bases of the 16SrDNA of strain Lc gave 100%
similarity with the type strain of Gordonia polyisoprenivorans DSM 44302". Experiments conducted in
anaerobic conditions in liquid E medium with either glucose or sucrose as the main carbon source showed
that sucrose did not support the growth of Lc strain and that on glucose the maximum specific growth rate
was0.17h, representing ageneration time of approximately 4 hours. On glucose, amaximum of total EPSwas
produced during the exponential phase (126.17 = 15.63 g I). The production of free EPS exceeded that of
capsular and the free/capsular EPS ratio increased from 1.9 during the exponential phase to 7.8 during the
stationary phase. At present, six strainsof G polyisoprenivorans have been isolated from various environments.
Lcisthe sixth strain of G polyisoprenivorans described, the second strain detected in the landfill leachate-

contaminated groundwater and the first that is being studied for EPS production.
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INTRODUCTION

Exopolysaccharides (EPS)-producing microorganisms are
emerging asanew and industrial important source of polymeric
materials. An attempt has been made to isolate, identify and
characterize abundant EPS-producing bacteriaas an alternative
approach to the potential use of genetically modified
microorganisms for the production of novel and unique EPS
suited for specific purposes (31).

Several bacterial strains produce EPSthat can bereferred to
as capsular polysaccharide, when attached to the cell wall asa
capsule, or as sime EPS or free EPS when produced as loose

unattached material (40). EPSare of great ecological importance
with respect to bacterial growth and survival strategies in
different environments (10). In natural porous media, such as
soil and aquifers, indigenous EPS-producing bacteria are
capable of hindering the flow of water, reducing the volume of
poresavailablefor fluid transport and thuslowering the hydraulic
conductivity (4,41). In this way they can be used to prevent
contamination of groundwater, using a technique named
biological barrier, biobarrier or waste containment barrier (11,34).
Biobariers, formed by bacteriaand the EPSthey secret, clog the
aquifer and physically separate adjacent areas of an
underground region, preventing the propagation of a
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contaminating plume in the environment (4). Aquifer
bioclogging can be achieved through the stimulation of
indigenous microbes, by injecting a nutrient solution (34), or
by injecting microbes along with the nutrient solution (11,41).
Optimization of EPS production by microorganismsis studied
by culturing the latter under various conditions of pH,
temperature, oxygen, C/N ratio and on different substrates (40).

The present investigation started out from the need to remedy
the negative effects of the old landfill site in Sdo Carlos (Séo
Paulo State, Brazil) on adjacent groundwater. Thelocalization of
thelandfill siteisof great concern asit islocated in the recharge
areafor the Guarani Aquifer (13). Considering the potential uses
of EPS-producing strainsin bioremediation technol ogies, theaim
of this work was to report the characterization by polyphasic
approach of an EPS-producing actinomycete strain isolated from
groundwater underneath the old landfill site and to analyse the
EPS production by the strain in a standard medium.

MATERIALSAND METHODS

Bacterial strain

During a screening for EPS—producing bacteria, strain Lc
was isolated from the groundwater beneath the old municipal
landfill of S&o Carlos City (upstate Séo Paulo, Brazil) (14). The
strain was deposited at the Tropical Culture Collection
(Fundagdo Tropical de Pesquisase Tecnologia“ André Tosell0”,
Campinas, Brazil) under accession number CCT 7277.

Characterization of theisolate

Cell morphology was examined in 24 and 48-h-old cultures
on nutrient broth, at 25°C in aerobic conditions, by scanning
electron microscopy. Samples preparation was based on the
procedures described in Bratbak (7) and Aradjo (1). Samples
were removed from liquid cultures and fixed with 2.5%
glutaraldehyde in 0.1M phosphate buffer (PBS; pH 7.3) and
washed three times trough 0.22 um polycarbonate membranes.
The washed membranes were dehydrated in graded ethanol
(50%, 70%, 80%, 90%, 95%, 100%), mounted on aluminum
specimen stubs and subjected to drying at 36°C. After drying,
the sampleswere sputter-coated (Sputter Coater, Balzers SCD —
050) with approximately 20 nm of gold and analyzed with adigital
scanning electron microscope (Digital Scanning Microscope —
DSM 960, Zeiss). The images were analyzed by the software
Image-Pro Plus4.0 (Media Cybernetics). Routine microbiological
tests, including those for Gram stain reaction, oxygen
requirements, oxidase, catal ase, cell matility, and sporeformation,
were performed according to standard methods (36). The
appearence and colour of colonies were noted after 3 and 7
days on nutrient agar at 25°C. Carbon source utilization was
performed in standard microtitration plates (F-form:Greiner) as
described by Linos et al. (27). Amino acid analysis of whole-
cell hydrolysates followed the procedures described by Stanek

Characterization of G polyisoprenivorans

and Roberts (39). The fatty acids methyl esters were prepared
from 40-80 mg wet cells and analyzed as previously described
(19,32,35) and trimethylsilylated devivatives of mycoalic acids
according to Klatte et al. (23). Genomic DNA extraction and
PCR amplification was performed asdescribed by Rainey et al.
(33). The partia sequence of the 16S rDNA of strain Lc was
aligned manually with published sequences from
representatives of actinomycetes obtained from EMBL.

Growth experiments

For growth experiments, stock cultures, kept on nutrient agar
at 4°C, were plated on nutrient agar at 25°C and resuspended in
10 mL nutrient broth. This suspension was used to prepare a
preculture under aerobic conditions in nutrient medium, to the
late of the log phase of growth (26 h). The inoculum (40 mL),
standardized at O.D.¢00 0.3, wasremoved from the precultureand
transferred to 1000 mL flasks containing 760 mL of E medium (9)
with either 10% (w/v) sucrose or 10% (w/v) glucose solutions as
carbon sources and incubated under anaerobic conditionsin the
presence of NaNOs; (1 g I'%) at 25°C, in an attempt to Simulate in
situ conditions. Before sterilization, the atmosphere of the media
wasreplaced with nitrogen gas. All experimentswere undertaken
intriplicate and agitation was maintained at 100 rev min,

Cell growth was periodically monitored by measuring optical
density (O.D.e0) and by direct counts of cell number by phase
contrast microscopy in samplesfrom the end of the exponential
phase of growth and from the stationary phase of growth (24 h
after thefirst sample). The maximum specific growth rate (Jmax)
wasdetermined by linear regression (indicated by the correlation
coefficient r?) from plots of O.D.s0 (INCX/CX,) vs. time, where
CXoisinitial O.D.sp0 Valueand CX isO.D.sx Value at each time
point. The generation time was calculate as Tg = Ln2/pma. TO
verify the existence of the exponential phase, aminimum of four
consecutive points were used (5). The reproducibility of
triplicates was evaluated by Kruskal Wallistest (nonparametric
ANOVA). Significant differenceswere determined at p < 0.05.

EPSquantification

For EPS quantification, samples from the end of the
exponential phase and from the stationary phase, from
experimentsin E medium with either glucose and sucrose, were
filtered through 0.45 um filter to remove the cells and dialyzed
(cdlulosediaysistube, molecular weight cut-off 12000 to 16000)
against distilled water for 48 h (water was changed three times
each day) to eliminate residual sugarsfrom the culture medium.
Total carbohydrates was measured by the phenol-sulfuric acid
method (12) in order to estimate the amounts of total, free and
capsular EPS produced. To determine the total EPS, samples
were heated for 60 minutes in a boiling water bath to free and
dissolve capsular EPS. Both total and free EPS were quantified
directly by the phenol-sulfuric acid method and capsular EPS
was determined by subtracting the free EPS concentration from

169



R. Fusconi et al.

the total (15). The values shown for EPS were calculated by
subtracting the amount of background interference in fresh
mediafrom that detected in culturesbroth (3,22). The amount of
EPS was expressed as g 1"t using glucose as standard.

RESULTS

Characterization of theisolate

In 24-h-old cultures, dimensions of cellswere 2.15 + 0.54 x
0.57+0.05umand,in48-h-old cultures 1.16+0.22x 0.61+ 0.05um
(Fig. 1). Celsoccurred singly, in pairs, in clusters or in atypical
coryneform V-shape. The cells of strain Lc were Gram-positive,
catalase-positive, oxidase-negative, non-motile and no spores
could be detected. They a so grew both aerobically and inanoxic
environment in the presence of NaNOs. The colonieswere beige
and included both smooth and rough variants upon cultivation

Figure 1. Scanning electron micrograph of strain Lcin nutrient
broth: (A) 24-h-old culture; (B) 48-h-old culture. Incubation was
carried out under aerobic conditions at 25°C and with agitation
(100rev min'?).
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on nutrient agar. After exposureto light, the colonies changed to
light pink after three days and to pastel orange after seven days.
The results of the biochemical tests revedled that strain Lc was
able to utilize thirteen of the thirty-two carbon sources tested
and, of the compounds tested for hydrolysis by the strain, only
p-nitrophenyl-B-D-xyloside gave a positive reaction (Table 1).
This utilization pattern was most similar to Gordonia
polyisoprenivorans DSM 44302 (Sorensen’s similarity
coefficient =0.75and r> = 0.83). Although somedifferenceswere
found in the tests: (a) strain Lc did not utilize D-glucosaminic
acid, D-turanose, caprete, citrate, L-alanine, L-aspartate, L-proline
or quinate; (b) strain Lc hydrolyzed p-nitrophenyl-3-D-xyloside;
(c) whereas G. polyisoprenivorans DSM 44302" has a variable
reaction to tyramine as C-source, strain Lc utilized this source;
(d) strain Lc did not utilize caprate or 4-aminobutyrate, carbon
sources not determined for G polyisoprenivorans DSM 44302".

Wholecdl hydrolysates contained meso-diaminopimelicacid
as the only diamino acid of the peptidoglycan. Strain Lc
synthesized ahomol ogous series of mycolic acidsranging from
Cs; to Cey, With Cg and Ce, being the principal mycolic acids.
The fatty acid profile consisted of unbranched, saturated and
unsaturated fatty acids plus tuberculostearic acid (TBSA) and
the main fatty acids were Cygo (palmitic acid), cis-9 Cyg1 (Oleic
acid) and TBSA. A partia sequenceof 16SrDNA fromthestrain
was determined and the first 500 bases of the 16S rDNA of
strain Lc had asegquence similarity of 100% to thetype strain of
G polyisoprenivorans DSM 44302,

Growth and EPSproduction experiments

Fig. 2 showsgrowth of Lc strainin E medium with glucosein
anaerobic conditions. D.O.e Values are the mean of three
experiments (no significant differences between triplicates. p >
0.05). Sucrose did not support the growth of Lc strain, whilein
E medium with glucose, the stationary phase was reached
between 26 and 28 h of incubation and the 1ms Was cal culated
to be 0.17 h* (r? = 0.985), representing a generation time of
approximately 4 hours. Optical density went from 0.016 + 0.003
(Oh) to0.807 £ 0.005 (28 h) and cell density rosefrom 7.9 x 108
bact mL* (0 h) to 1.6 x 10° + 0.34 bact mL* (28 h), a202.5-fold
increase overal. After 52 h of incubation the cell number was
0.8x10°+ 0.79 bact mL%. During the experiment it wasfound a
medium acidification, in which thepH decreased from 6.7 + 0.09
(Oh) to 6.07 + 0.06 at the end of the growth curve (52 h). InE
medium with glucose (Fig. 2), total EPS production by Lc strain
during the exponentia phasewas126.17 + 15.63g L. Lcstrain
produced larger amounts of free EPS (81.97 + 14.14 g L) than
capsular EPS (44.20+ 3.80g LY. After 52 h, during the stationary
phase, the amount of total EPS decreased to 123.97 + 4.28g L™
but the free/capsular EPS ratio increased from 1.9 during the
exponential phase to 7.8 during the stationary phase when the
amount of free EPS produced increased to 109.80 + 16.34 g L*
and that of capsular EPS decreasedto 14.17 + 12.12g L.
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Table 1. Physiological propertiesof strain Lc and type strains of the genus Gordonia (27). Strains. 1, G aichiensisDSM 43978T; 2,
G alkanivoransDSM 443697; 3, G. amarae DSM 43392"; 4, G amicalisDSM 44461"; 5, G bronchialisDSM 43247"; 6, G desulfuricans
DSM 444627; 7, G hirsuta DSM 4414Q7; 8, G. hydrophobica DSM 44015"; 9, G nitida DSM 44499T; 10, G polyisoprenivorans DSM
443027; 11, G rhizospheraDSM 44383T; 12, G. rubripertincta DSM 431977; 13, G sputi DSM 43896"; 14, G terrae DSM 43249™; 15,
G westfalica DSM 44215T; 16, strain Lc. CXY, p-nitrophenyl-B-D-xyloside; CCH, p-nitrophenylphosphoryl choline; CDP, 2-
desoxythymidine-5-p-nitophenyl; nd, not determined; v, variable.

Characteristic 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Utilization of:
N-acetyl-D-glucosamine -
D —Galactose +
Glucarate -
Gluconate -
D-Glucosaminic acid -
L-Rhamnose -
D-Ribose -
D-Sucrose -
D-Turanose -
Caprate +
D-Arabitol -
i-Inositol -
Citrate +
2-Hydroxyvaerate -
2-Oxoglutarate
Pimdate -
Succinate -
L-Alanine +
4-Hydroxybenzoate -
L-Aspartate +
L-Leucine -
L-Proline -
L-Serine -
L-Vdine -
Putrescine -
Tyroamine -
Acetamide -
Benzoate -
3-Hydroxybenzoate -
4-Aminobutyrate + - nd - -
Phenylacetate -
Quinate + - + - - - - - - +
Hydrolysis of:

XY - - - - -
CCH - + - + - + + + + - - - - - - -
CDP - - - - - + - + - - - - - - - -
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DISCUSSION in the affected site. Strain L ¢ had morphological, physiol ogical

and chemical properties consistent with its assignment to the

In any attempt to resolve problems of environmental genus Gordonia (37), mycolic and fatty acid pattern that
contamination with the aid of microorganisms, itisessential to  corresponded to those of G polyisoprenivorans DSM 443027
isolate, select and study the metabolic potential of strainsliving  and 100% sequence similarity of the first 500 bases of the 16S

171



R. Fusconi et al.

5 -
4 “ S :
<
@)
EREE
Q
=
=
g 21
o f
]
1 -
0 T T T T T 1
0 10 20 30 40 50 60
Time (h)
160 -
140 4 ‘[
.
1204 l
~ 1001
2 804 l
n
A
M 604
40 =
20+
0 T T T T T T T
1 2 3 1 2 3
28h 52h
(End of exponential phase) (Stationary phase)
|1-Total EPS 2 - Free EPS 3 - Capsular EPS |

Figure 2. Cultivation of Lc strain in E medium with glucose.
(A) Growth at indicated time point; (B) EPS production at
indicated time point. Incubation was carried out under
anaerobic conditionsat 25°C and with agitation (100 rev mint).
The values are the mean of three experiments. Bar = standard
deviation.

rDNA with the type strain of Gordonia polyisoprenivorans
DSM 44302" (27).

According to the proposed hierarchic classification system
for the actinomycete, the genus Gordonia is currently assigned
to the class Actinobacteria, order Actinomycetales, suborder
Corynebacterineae, family Gordoniaceae (38). Like other
members of genus Gordonia (37), strain Lc was Gram-positive,
catal ase-positive, oxidase-negative, non-motile and non-
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sporing. Whole cell hydrolysates contained meso-
diaminopimelic acid asthe only diamino acid of the peptoglican,
mycolic acids ranging between C48 and C66 and unbranched,
saturated and unsaturated fatty acids plus TBSA. In recent
decadesthere hasbeen agreat deal of interestintheidentification
of bacteriaof the genus Gordonia, partly dueto their important
role in the biodegradation of environmental pollutants like
benzothiophenes (21), akylpyridines (44), hexadecane (25), ethyl
t-butyl ether, methyl t-butyl ether and t-amyl methyl ether (17),
nitrile compounds (6), rubber substrates (27,30) and
hydrocarbonslike paraffin (43).

Up to now, six strains of G. polyisoprenivorans have been
isolated from various environments in various geographic
regions of the world. Three strains have confirmed rubber-
degrading properties: strain VH2 (DSM 44266) from the soil of
aHevea brasiliensis plantation in Vietnam, strain Kd2 (DSM
44302) from foul water inside adeteriorated car tyrein Germany
(26) and strain Y 2K from amixed cultureformerly considered to
be an axenic culture of a rubber-decomposing Pseudomonas
aeruginosa strain (2) isolated from foul water inside a
deteriorated car tyre in Germany (29). The forth strain was
isolated from a clinical specimen (blood sample taken from a
aptient’sHickman catheter) (20). The fifth strain (G.
polyisoprenivorans CCT 7137), was isolated from subtropical
landfill-leachete contaminatel groundwater in Brazil (14) and
the sixth, which is the strain described in the present work
(strain Lc), was isolated from the same groundwater, during a
screening for EPS-producing bacteria (14). Lc is the second
strain of G. polyisoprenivorans detected in groundwater
adjacent to the old municipal landfill of the city of Sao Carlos
and the first that is being studied for EPS production.

In contrast to the first strain isolated from this source, G
polyisoprenivorans CCT 7137 (15), which produced only
smooth colonies, strain Lc¢ produced some rough variants. The
ability of strains of G. polyisoprenivorans to produce smooth
and rough variants was previously noted in strains VH2 (2,23)
and Y 2K (2). Fusconi and Godinho (14) selected this strain for
EPS production studies on the basis of the mucoid aspect of
colonies on solid media and the mucoid mode of growth in
liquid media, characteristics that indicate production of large
amounts of EPS by bacterial strains (8,18). Experimental
measurement of EPS produced by Lc strain during growth on
one out of the two carbon sources confirmed predictions of
EPS production by the strain.

Lc strain produced a larger quantity of free EPS than of
capsular EPS during its growth in E medium with glucose, a
characteristic of fundamental importance in terms of the
bioclogging of porous media and for in situ bioremediation
through biobarrier technology. In a study on the effect of
bacterial EPS on the hydraulic conductivity of porous media,
Vandevivere and Baveye (41) reported that EPSinthefreeform
exerted amuch stronger influence than capsular EPS.



The maximum specific growth rate of Lc strainin E medium
with glucosein anaerobic conditions (Ume = 0.17 ™) wassimilar
to those measured for G, polyisoprenivorans CCT 7137in GYM
(Umax=0.175 hrt) and in sugarcane molasses 2% (Umx = 0.157 h)
and 3% (Uma= 0.168 h), in aerobic conditions (15). The ability
to grow and produce EPS in anaerobic conditions in the
|aboratory is a fundamental requirement if an organism is to
produce the metabolite in situ, or even for low-cost production
at laboratory scale. Wachenheim and Patterson (42) emphasi zed
the potential of anaerobic culturefor EPS production by bacteria
and showed that anaerobic species can be used for EPS
production on the industrial scale, offering reduced culture
costs and a lower probability of contamination during the
fermentation process. However, the authors pointed out the
need for basic and applied research to determine the economic
viabhility of the culture and EPS production (cost/benefit ratio)
of aparticular strain.

The production of polymers and the consequent formation
of biofilm by G. polyisoprenivorans was observed by Linos et
al. (28) during biodegradation experiments of natural and
synthetic (cis-1,4-polyisoprene) rubbers, while the production
of an acidic polysaccharide (gordonan) with cell aggregation-
inducing activity in insect BM-N4 cells by another Gordonia
sp., was reported by Kondo et al. (24). In spite of those
investigations, in our knowledge, there have been no attempts
to optimize production of EPS of G. polyisoprenivorans.

Atleast four characteristicsof Lc strain suggest itspotential
value: @) it isa G polyisoprenivorans strain; b) it is an EPS—
producing strain; ¢) production of free EPS exceeded that of
capsular; d) EPS was produced under anaerobiosis. The
organism described here represents the fifth strain of G.
polyisoprenivorans cited in the literature, the second isolated
from the groundwater adjacent to the old municipal landfill
formerly used by thecity of Sdo Carlos (Sao Paulo State, Brazil)
and the first that is being studied for EPS production.

Giventhe potentia of thefamily Gordoniaceae and of EPS-
producing bacteria for biotechnological exploitation, both in
bioremediation of enviromental pollutants and in the synthesis
of chemicals, we recommend that the EPS-producing strain Lc
is studied further, with aview to its possible utilization for in
situ bioremediation of the degraded area from which Lc strain
was isolated.
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RESUMO

Gordonia polyisoprenivorans de aguas subterr aneas
contaminadas por chorume, em regido subtropical:
caracterizacdo dalinhagem e producédo de
exopolissacar ideos

Uma linahgem de Gordonia sp. (linhagem Lc), proveniente
de &guas subterréneas contaminadas por chorume, foi
caracterizada por taxonomia polifésica e estudada quanto a
producdo de exopolissacarideos (EPS). As células, bastonetes
agregados, isolados ou aos pares em formato de V, tipico de
bactérias corineformes, apresentaram reacdo Gram positiva,
catalase positiva, oxidase negativa, ndo apresentaram motilidade.
O organismo cresceu em agrobiose e em ambiente andxico na
presenca de NaNOs. A linhagem apresentou caracteristicas
morfoldgicas, bioquimicas e propriedades quimiotaxénomicas
tipicas do género Gordonia e perfil de &cidos micdlicos e &cidos
graxos correspondentes aos de G. polyisoprenivorans
DSM44302". A andlise do sequenciamento dos primeiros 500
pares de bases do rDNA16S da linhagem mostrou 100% de
similaridade com Gordonia polyisoprenivorans DSM44302".
Experimentos conduzidos em condic¢des anaerébias em meio E
com sacarose ou glicose como principal fonte de carbono,
mostraram que a linhagem ndo cresceu quando cultivada com
sacarose. Entretanto, utilizando-se glicose, avel ocidade especifica
maxima de crescimento foi 0,17h?, o tempo de geracdo de
aproximadamente 4 horas e 0 méximo de produgéo de EPS total
ocorreu duranteafaseexponencia (126,17 + 15,63g12). A producéo
de EPS livre excedeu a de capsular e arelagdo EPS livre/EPS
capsular aumentou de 1,9, durante a fase exponencia para 7,8
durante a fase estacionaria. Até entdo, foram isoladas seis
linhagens de G polyisoprenivorans de diferentes ambientes. A
linhagem L c éasextalinhagem de G polyisoprenivorans descrita,
a segunda detectada nas aguas subterréneas em questdo e a
primeira cuja produgéo de EPS esta sendo estudada.

Palavras-chave: Gordonia  polyisoprenivorans,
exopolissacarideos, aguas subterraneas, aterro controlado.
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