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Abstract

The culturable bacteria colonizing the rhizosphere of
plants growing in the area of discharge of a tannery
effluent were characterized. Relative proportions of
aerobic, denitrifying, and sulfate-reducing bacteria were
determined in the rhizosphere of Typha latifolia, Canna
indica, and Phragmites australis. Aerobic bacteria were
observed to be the most abundant group in the rhizo-
sphere, and plant type did not seem to influence the
abundance of the bacterial types analyzed. To isolate
bacteria able to degrade polyphenols used in the tannery
industry, enrichments were conducted under different
conditions. Bacterial cultures were enriched with indi-
vidual polyphenols (tannins Tara, Quebracho, or Mimo-
sa) or with an undefined mixture of tannins present in
the tannery effluent as carbon source. Cultures enriched
with the effluent or Tara tannin were able to degrade
tannic acid. Six bacterial isolates purified from these
mixed cultures were able to use tannic acid as a sole
carbon source in axenic culture. On the basis of 16S
ribosomal DNA sequence analysis, these isolates were
closely related to organisms belonging to the taxa
Serratia, Stenotrophomonas maltophilia, Klebsiella oxy-
toca, Herbaspirillum chlorophenolicum, and Pseudomonas

putida.

Introduction

Wastewaters from natural tanneries contain high levels
of water-soluble polyphenols, which are increasingly used
in post-tanning operations as chromium substitutes [6].
Vegetation plays an important role in wastewater treat-
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ment, as it provides a substrate and a habitat for micro-
organisms within the soil area [4]. The use of vegeta-
tion both to remediate contaminated fields and to treat
wastewaters, known as phytoremediation, is an emergent
technology that offers a low-cost and effective alternative
to other treatment systems [22, 23].

The rhizosphere, the region surrounding the plant
root, is a dynamic environment, characterized by a high
turnover of nutrients promoted by soil bacteria. In the
past few years, biodegradation in the rhizosphere has
attracted widespread interest because of the role of the
active microbial community around the roots in the
biodegradation of organic contaminants. Bacterial diver-
sity in the rhizosphere and root system is influenced,
among other factors, by the plant species and bacterial
responses to root exudates [7]. Soil rhizosphere micro-
bial communities comprise a diversity of bacteria and
archaea, either aerobic or anaerobic, such as methano-
gens or sulfate reducers [24]. Microbial activity is a key
factor in the proper functioning and maintenance of a
phytoremediation system, as it is responsible for the
removal of organic matter [11].

Tannins, hydrolyzable or condensed, are naturally
occurring polyphenols, being abundant in leaves, fruits,
and some seeds as well as in wood and bark. Hydrolyz-
able tannins are made up of esters of gallic acid
(gallotannins) or hexahydroxydiphenic acid (ellagitan-
nins) and a sugar core, usually glucose. Condensed
tannins, also named polymeric proanthocyanidins, are
composed of flavonoid units and are usually more
abundant in tree bark than hydrolyzable tannins.
Tannins are widely used in the tannery sector, and its
presence in wastewaters derived from leather industries
can have environmental adverse effects. Tannins are
known for inhibiting the growth of microorganisms,
being recalcitrant to biodegradation [3]. However,
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bacteria capable of degrading tannins have been isolated
from diverse sources, such as sewage sludge or the
gastrointestinal tract of ruminants [2, 12, 16].

In this study, culturable bacterial populations from
the rhizosphere of plants colonizing a tannery discharge
field site were characterized. In addition, bacterial
cultures able to degrade polyphenols used in the tanning
process were enriched and isolated, using soil from the
discharge site. Enrichment cultures and bacterial isolates
were subsequently characterized and their ability for
polyphenol degradation was assessed.

Materials and Methods
Site Description

Sample Collection. Soil and plants were sampled between
January and June 2003, using the procedure described by
Dunfield and Germida [7]. Plants and soil were collected
at an industrial discharge site (Northern Portugal),
within an area of ca. 10 m?> with a slope of ca. 1%, at
depths of 7 and 22 cm. Samples were collected using a
trowel, placed in a sterile plastic bag, and transported to
the laboratory, where they were processed within 2 h from
collection.

Soil Rhizosphere and Root Interior Bacteria Enumeration.
A 5-g sample of soil was suspended in 95 mL of Ringer
solution and was shaken for 20 min at room temperature.
Appropriate dilutions of the suspension were spread
onto three different media for total aerobic, denitrifying,
or sulfate-reducing bacterial enumeration: (1) 10% plate
count agar; (2) nitrate agar medium (NM; 5 g L' pep-
tone, 3 g L beef extract, 1 g L KNOs;, and 15 g Lt
agar) [18]; and (3) lactate agar medium (LM; 12 g L!
sodium lactate, 4.5 g L~! NaSO,, 0.06 g L' CaCl,2H,0,
0.3 g L' sodium citrate, 1 g L' NH,Cl, 0.5 g L™' KH,PO,,
2 g L' MgSO47H,0, 1 g L™ yeast extract, 12 gL' agar,
0.08 mL L™ FeSO, solution, 10 mL L™ of a reduction
solution at 0.015 g mL™" sodium dithionite, 0.010 g mL™"
ascorbic acid) [25]. Root samples (5 g) were washed by

Table 1. Physical-chemical characterization of the tannery effluent

shaking at 200 rpm in 1.05% (v/v) sodium hypochlorite
solution for 20 min [7]. The roots were rinsed four times
with 200 mL of Ringer solution, chopped into <1-mm
sections, and triturated with a sterile mortar and pestle in
95 mL of Ringer solution (1:10), and inoculated onto the
media described above. Plates were incubated at 25°C for
3 days for total aerobic bacteria, 15 days for denitrifying
bacteria, and 30 days for sulfate-reducing bacteria. Pieces
of sterile root were incubated similarly to confirm that
bacterial counts were relative to the root interior.

Enrichment Cultures. Aerobic enrichment cultures
were prepared by suspending 2 g of soil from the dis-
charge site in different culture media. Soil samples were
added to 50 mL of effluent (Table 1) or minimal salts
medium (MM) [5] supplemented with 0.5 g L™ of one of
the tannins, Tara, Quebracho (UNITAN, Buenos Aires,
Argentina), or Mimosa (TANAC S.A., Montenegro, RS,
Brazil). Tara tannin is a gallotannin and Mimosa and
Quebracho are condensed tannins. Cultures were incu-
bated at 25°C for 7 days and were refreshed weekly for
3 months by transferring 10 mL of the culture to 40 mL
of fresh mineral medium or effluent. Cultures enriched
with effluent and Tara tannin, later designated as cultures
E and T, were selected for further degradation studies.
Anaerobic enrichment cultures under denitrifying con-
ditions were prepared by adding 2 g of soil to 100 mL
of a mixture of liquid effluent and MM with 1 g L™" of
KNO; (50:50 v/v) and 100 mL of MM with 1 g L™" of
KNOs3, supplemented with 0.5 g L™" of one of the tannins
in 125-mL serum bottles with butyl rubber stoppers and
aluminum crimp seals, under a headspace of N,, and
incubated at 25°C with shaking. Cultures were refreshed
at 15-day intervals by transferring 10 mL of the culture to
90 mL of fresh medium. Anaerobic enrichment cultures
under sulfate-reducing conditions were prepared, using
lactate medium, as described for denitrifying cultures.
Cultures were refreshed at 30-day intervals by transfer-
ring 10 mL of the culture to 90 mL of fresh medium.
Anaerobic enrichment cultures were maintained for

Parameter Analytical method"”

Mean + SD (min—max)

pH SMEWW, 4500-H", B; electrometric method

SMEWW, 5220-CQO, D; closed reflux colorimetric method
SMEWW, 5210-B; 5-day BOD test

AOACOM, 937.57; turbidimetric method

SMEWW, 4500-NQOs3, D; nitrate electrode method

SMEWW, 4500-NO5, B; colorimetric method

SMEWW, 2510-B; laboratory method

SMEWW, 2540-SST, D; total suspended solids dried at 105°C
Folin—Denis method [7]

COD (mg O, L)

BOD (mg L™)

Sulfates (mg SO; L™

Nitrates (mg NO3 NL)

Nitrites (mg NO;NL™)

Conductivity (cm s™)

Total suspended solids (mg total solids LY
Polyphenols (mg L™)

6.0 + 0.9 (4.6-8.1)
2000 + 507 (1400-3000)
1019 + 67 (980-1170)

877 + 177 (600-1200)

38 + 4 (36-44)

150 + 43 (100-220)

10 £ 2 (8-13)
70 + 20 (20-100)
105 + 36 (41-140)

“Unless otherwise stated, determinations were made according to standard procedures [10] and were based on three independent samples. All data represent

means = SD (n = 3).
COD: Chemical oxygen demand; BOD: Biochemical oxygen demand.



6 months. All cultures were cryopreserved in minimal
medium containing 20% glycerol (v/v) at =70°C.

Growth in Tannic Acid or Tara Tannin as Single Carbon
Source. Cultures pregrown in tannic acid were washed
twice with saline solution and inoculated in MM sup-
plemented with 0.5 g L™' of tannic acid (powder, extra
pure, MW =1701.20 g mol™, Riedel-de Haén, Germany)
or Tara tannin. Cultures were incubated at 25°C in a
shaking incubator at 100 rpm. These experiments were
prepared in duplicate and an abiotic control was run
under the same conditions. Bacterial growth was moni-
tored by measuring the optical density (OD) at 600 nm.
Tannic acid or Tara tannin depletion was followed using
the Folin—Denis colorimetric and high-performance
liquid chromatography (HPLC)-UV methods.

Characterization of Pure Isolates. Bacterial isolates
were purified from enrichment cultures by successive
streaking onto nutrient agar medium. Isolates were
reinoculated into MM containing tannic acid or Tara
tannin as carbon source. When growth was observed,
samples of the culture were spread onto nutrient agar
medium to confirm their purity. Six bacterial isolates,
designated as CE1, CE2, and CE3 and CT1, CT2, and
CT3, were purified and were further characterized.

Partial nucleotide sequences (664 bp for CE1, 657 bp
for CE2, 695 bp for CE3, 695 bp for CT1, 642 bp for
CT2, and 544 bp for CT3) were determined and 16S
rRNA sequences were obtained from the National Center
for Biotechnology Information (NCBI) taxonomy data-
base (http:/www.ncbi.nlm.nih.gov/Taxonomy). Sequen-
ces have been deposited under GenBank accession
numbers AY904044 for CE1, AY702480 for CE2,
AY702481 for CE3, AY702479 for CT1, AY702478 for
CT2, and AY702477 for CT3. Provisional classification of
the isolates was performed by BLAST comparison [1] of
partial sequences to the nonredundant NCBI databank
(filter: Bacteria).

Polyphenol Analysis. Total polyphenol concentration
was determined by a modified Folin—Denis method [8].
Briefly, 3.75 mL of minimal medium was mixed with
0.5 mL of a diluted sample and 0.25 mL of Folin—
Denis reagent; after a 5-min rest, 0.5 mL of 20%
sodium carbonate solution was added and the sample
was vortexed. After 2 h of incubation at room tem-
perature, samples were centrifuged at 5000 rpm for 10
min and the absorbance of the supernatant was read at
760 nm. Tannic acid concentration was determined by
HPLC-UV [26], using a LiChrospher reverse-phase C;g
column (5 pm particle size; 250 mm x 4 mm LD.,
Merck) and an elution gradient with 0.025% phosphoric
acid in water (A) and 0.025% phosphoric acid in
methanol (B) at a flow rate of 1 mL min'. The gradient

was as follows: B increased from 10 to 64% at 18 min to
100% at 20 min and returned to 10% at 22 min. The
eluent was monitored simultaneously at wavelengths
254 and 280 nm.

Statistical Analysis. The number of bacterial CFUs
was analyzed by ANOVA and means separated using
Tukey test at a significance level of 0.05. Means of
aerobic, denitrifying, and sulfate-reducing bacterial
groups (between January and June) were compared
using Student’s t-test at a significance level of 0.05.

Results and Discussion

Characterization of Culturable Bacteria. ~The abundance
and diversity of microbial communities in soil rhizosphere
may be influenced by the type and amount of plants and
by the climate conditions. Enumeration of aerobic,
denitrifying, and sulfate-reducing bacteria was carried
out at two different periods, early winter and late spring
(January and June 2003), from the rhizosphere and root
interior of the most abundant plant species present at a
tannery effluent discharge site, namely, Typha latifolia,
Canna indica, and Phragmites australis (Table 2). Based
on colony morphology, it was possible to distinguish a
total of 54 aerobic, 27 denitrifying, and 17 sulfate-
reducing bacterial types from the root interior and
rhizosphere of the three plants studied.

Counts of aerobic and denitrifying bacteria were in
the same order of magnitude for all plants analyzed, and
higher than those of sulfate reducers. Generally, higher
bacterial counts were obtained in June, especially for the
aerobic group. Seasonal fluctuations of microbial counts
in the rhizosphere and root interior were described in
previous studies, where higher bacterial counts were
found during the summer period and lower during the
winter [9, 19]. Furthermore, parameters such as humid-
ity and nutrient supply can also play a crucial role, as
they influence microbial community growth and diver-
sity between the rhizosphere and root interior [9]. In the
present study, data from June also revealed slightly
higher counts of culturable aerobic and denitrifying
bacteria in the root interior than on the exterior of all
plants, although within the same order of magnitude.
Differences were not evident in January, when counts on
the exterior of the plants were slightly higher. Counts of
sulfate-reducing bacteria were very low both in the root
interior and in the rhizosphere. The predominance of
aerobic bacteria may be associated to the fact that
macrophyte-mediated transfer of oxygen to the rhizo-
sphere by leakage from roots increases aerobic degrada-
tion of organic matter and nitrification [4]. This constant
release of oxygen in the rhizosphere is of particular
interest to wastewater treatment in constructed wet-
lands, with microbial communities playing a major role



Table 2. Bacterial enumeration in the rhizosphere of different plants species

CFU (x 10°) (g ! soil)

Denitrifying bacteria Sulfate-reducing bacteria

Aerobic bacteria

Significance

Significance

Significance

Sampling depth

(t-test)

June
0.03 £ 0.00 a

January
0.02 +0.00 a

(t-test)

June
167.0 £ 9.0 b

January

2.4
121 +£23b

153 £23b

(t-test)

June
321+76a
1920+ 94D

January
103 £5.6 a

(cm)

Root interior

Plant species
T. latifolia

NS

X%

NS

+0.1a

51+14c NS

28+07b
0.6*0.1a

16.7 £ 4.5 a

%%

268+24b

NS

1.1+0.1Db

825+3.0a

%%

71.6 £ 3.6 a
730.0 £ 739 b

229+t38b
178.0 + 2.8 a

22
Root interior

457+ 0.3 a * 02£00a ND NS
105 £ 0.7 a

18.8 £ 0.4 ¢

%%

154+13a

C. indica

4%

23+0.1c
1.60 £ 0.01 b

30.0 £ 0.6 a
126.0 £ 14.1 b

155% 0.7 b

4%

334+6.1b

NS

11.7+4.0a

%%

NS

322+3.1Db 209.0 £ 12.7 a et 75+0.7a

22
Root interior

NS

1.3+£00a
e~

20104 a

48+00Db
1.0+0.1a

0.9

132.0 £ 85.0 a

24+04a
11.9+32b

3740+ 0.1 b bl
144 £23b

70£04a
274+19c¢

P. australis

237+ 86 a

>*

428 +30a
178.0 = 93.4 ab

*

52+0.2b

NS 29.5+£92a +0.1a

224+24b

22

Means of CFU g' soil obtained for the same plant at different sampling depths and indicated by same letter are not significantly different, according to Tukey’s test.

NS: Not significant; ND: Not determined.

*P < 0.05; **P < 0.01; ***P < 0.001.

in pollutant degradation. Aerobic processes are more
common near roots and rhizoplane, and anaerobic
processes, such as denitrification, occur more often in
microaerophilic to anoxic zones. Intensive convective gas
transport was observed in T. latifolia and P. australis
[21]. P. australis is the most common plant type used in
constructed wetlands, especially due to its high potential
productivity [23].

The ratio between aerobic and denitrifying bacteria
(Table 3) observed at both sampling times showed the
predominance of the first group, regardless of sampling
depth. However, this analysis did not allow inferring
about the influence of sampling depth and sampling
period on the proportion of the different physiological
bacterial groups.

Enrichments with Hydrolyzable and Condensed
Tannins. Enrichment cultures capable of polyphenol
degradation under aerobic, denitrifying, and sulfate
reducing conditions were obtained by using soil from
the effluent discharge area as inoculum. After 3 months of
successive transfers, aerobic cultures designated as E and
T, enriched, respectively, with effluent (wastewater from
the tannery) and Tara tannin presented the highest
percentage of tannin. Cultures E and T were able to
degrade 61 and 98%, respectively, of the total polyphenols
in the enrichment media used, as determined by the
Folin—Denis method. Nevertheless, the same cultures were
not able to use the condensed tannins (Quebracho and
Mimosa) as a carbon source. Cultures enriched with the
condensed tannins Quebracho or Mimosa as carbon
sources presented a degradation extent of those poly-
phenols lower than 20%. These results corroborate in-
formation available in the literature, which refer to
degradation of condensed tannins by bacterial cultures
as difficult, as they are more resistant to microbial attack
and more toxic, retarding the rate of decomposition of
soil organic matter via inhibition of biodegradative
enzymes [3, 20]. Cultures E and T were selected for fur-
ther degradation studies.

Degradation of Polyphenols by Selected Enrichment
Cultures. Degradation studies with tannic acid or Tara
tannin as substrate were carried out using enrichment
cultures E and T (Fig. 1). Cultures were pregrown for
24 h with the substrate to be tested (tannic acid or Tara
tannin), after which they were used as inocula for
degradation studies. Both cultures were able to use
tannic acid as substrate, using either a commercial
tannic acid or Tara tannin. After 30 h, culture T ceased
growth, having degraded ca. 75% of tannic acid. During
the stationary phase, degradation of tannic acid
continued, and after 72 h, ca. 95% had been degraded.
Similarly, for culture E, 50% of tannic acid was degraded
until late exponential phase, reaching about ca. 89% of



Table 3. Relative proportions of aerobic bacteria over denitrifying and sulfate-reducing bacteria in the rhizosphere of different

plant species

AER/DEN AER/SRB

Plant species Sampling depth (cm) January June January June
T. latifolia Root interior 4.3 1.9 500.0 1000.0
7 2.2 11.5 9.5 37.0

22 1.5 0.7 41.7 62.5

C. indica Root interior 0.4 8.2 37.0 ND
7 1.5 0.9 41.7 62.5

22 2.2 5.9 14.9 16.9

P. australis Root interior 5.4 5.5 3.2 500.0
7 2.2 5.9 14.9 16.9

22 4.3 1.7 18.5 17.9

AER: Aerobic bacterial group; DEN: denitrifying bacterial group; SRB: sulfate-reducing bacterial group; ND: not determined.

degradation after 52 h of incubation. The degradation of
tannic acid during the stationary phase may be due to
extracellular tannases involved in the hydrolysis of this
tannin [3]. Uninoculated medium, used as an abiotic
control, showed that 11% of tannic acid was degraded
during the same time period (72 h) due to autoxidation,
as indicated by the absence of gallic acid release to the
medium. Both cultures T and E produced gallic acid as a
degradation product of tannic acid (Fig. 2). Gallic acid
accumulated in the medium and reached concentrations
close to that which would be obtained from tannic acid

hydrolysis, assuming a stoichiometry of 1 tannic acid:10
gallic acid [15]. Tannins, as tannic acid or gallotannins,
are hydrolyzed to gallic acid and glucose by the enzymatic
activity of tannases or by nonbiological acid hydrolysis
[3]. During the growth period, cultures T and E probably
would have assimilated the glucose as a readily available
carbon source, explaining why gallic acid remains in the
medium [13].

Characterization of Bacterial Isolates. Three
bacterial strains, CE1, CE2, and CE3, were isolated
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Figure 2. HPLC chromatograms of the supernatant of culture
T grown in the presence of 0.5 g L™" tannic acid at 0 (A),

30 (B), and 72 h (C) of incubation. Tannic acid (TA) components
were eluted in the range of retention times 10.1-17.4 min and
gallic acid (GA) was eluted at 6.5 min. Arrows indicate tannic acid
and gallic acid elution peaks.

from enrichment culture E, and another three, CT1, CT2
and CT3, from enrichment culture T. All isolates were
aerobic, Gram-negative bacteria, with a rod-shaped
morphology, except CT2, which was composed of
spirilla. All isolates were members of the y-
Proteobacteria. Based on 16S rDNA sequence analysis,
isolate CE1 was phylogenetically most closely related to
Serratia proteamaculans (99% identity to accession num-
ber AY040208), isolate CE2 to Stenotrophomonas malto-
philia (99% identity to several strains, e.g., accession
number AJ131114), isolate CE3 to various strains belong-
ing to the genus Serratia (e.g., 97% identity to S.
proteomaculans, accession number AJ288155), isolate
CT1 to Klebsiella oxytoca (97% identity to accession
number AF543296), isolate CT2 to Herbaspirillum chlor-
ophenolicum (98% identity to accession number
AB094401), and isolate CT3 to Pseudomonas putida
KT2440 (99% identity to accession number AE016774).
The results obtained suggest that the isolates purified from
the enrichment cultures were closely related to bacteria
colonizing man-made habitats, such as sewage and pol-
luted soils.

To investigate whether tannic acid was degraded by
the bacterial isolates purified from enrichment culture T,
assays were conducted using either tannic acid or Tara
tannin. After a 70-h incubation period, isolates CT1,
CT2, and CT3 were able to degrade ca. 75% of tannic
acid in mineral medium, indicating their ability to use
that polyphenol as a single carbon source. Concerning
the degradation of tannic acid present in Tara tannin,
after the same time period, the extent of hydrolysis was
82, 97, and 63% for isolates CT1, CT2, and CT3,
respectively. As observed with the enrichment cultures,
HPLC analysis showed the accumulation of gallic acid as
a degradation product. Bacterial isolates CT2 and CT3
produced, respectively, 96 and 75% of the quantity of
gallic acid that could be expected, considering the
stoichiometric hydrolysis of tannic acid available in Tara
tannin. Strain CT1 seemed to degrade gallic acid after
tannic acid hydrolysis, as indicated by HPLC (data not
shown). However, this was only observed when Tara
tannin was used as substrate. When using analytical-
grade tannic acid as carbon source, bacterial isolates CT1,
CT?2, and CT3 produced 74, 78, and 89%, respectively, of
the quantity of gallic acid that could be expected,
considering the stoichiometric hydrolysis of tannic acid.

Biodegradation of polyphenols is often reported as
being a slow process. Nevertheless, polyphenol-degrading
bacteria have been reported over the last decade. For
example, bacteria belonging to the genera Klebsiella,
Achromobacter, Bacillus, and Streptococcus have been
reported to degrade polyphenols as a sole carbon source
[12, 17]. More recently, other studies have reported the
degradation of polyphenols by bacterial strains isolated
from sewage. Strains belonging to the species P. putida,



as isolate CT3, have been reported as able to break down
and degrade condensed and hydrolyzable tannins, either
as a tannin mixture or as a pure compound [17]. Genera
to which the other isolates of this study belong have been
reported as plant endophytes or pathogens (e.g., Herbas-
pirillum sp., CT2) or as belonging to the microbial soil
community (like Serratia sp., CT1) [14].

Conclusion

The understanding of microbial activity in plant rhizosphere
and root interior in contaminated soils is important when
developing phytoremediation technologies. The enumeration
of the culturable bacterial groups from a tannery discharge
place showed a predominance of the aerobic bacterial group
in the rhizosphere or root interior of the colonizing plants.
Although other important bacterial groups (such as
denitrifying and sulfate-reducing bacteria) were enumerat-
ed, the results presented here do not let us infer on their
significance to the rhizosphere of the site studied. The
degradation of hydrolyzable polyphenols (such as tannic
acid or Tara tannin) was achieved by aerobic bacteria
obtained through enrichment techniques, using soil col-
lected from the tannery discharge site. This study is a
contribution to a clearer understanding of polyphenol
biodegradation in man-impacted environments.
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