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Abstract The biofilm community structure in a granular activated carbon (GAC) filter was investigated by

ribosomal intergenic spacer region analysis (RISA). The results showed that microbial diversity diminished and

stabilized with time of filter operation. One bacterium (Hydrogenophaga palleronii) was identified according to

its 16S-rRNA sequence. However, this bacterium did not degrade any of the HAAs tested. Another bacterium

was isolated from biofilm enrichment cultures and was capable of degrading ClAA and Cl2AA.
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Introduction

Haloacetic acids (HAAs) are a group of disinfectant byproducts produced during chlori-

nation of drinking water supplies. Several studies have pointed to the possibility that

HAAs may undergo biodegradation in granular activated carbon (GAC) filters and distri-

bution systems (Singer et al., 1993; Williams et al., 1998; Singer et al., 1999; Xie and

Zhou, 2002). Based on data from laboratory column studies and field filter observations,

GAC filter effluent exhibits a time-dependent HAA concentration profile (Tung et al.,

2002): Due to the adsorptive characteristics of GAC, HAA concentration in a GAC filter

effluent will be low at the beginning. After a period of filter run, the effluent concen-

tration will increase gradually due to carbon saturation. During this time, microorganisms

that have colonized the filter form biofilm on the GAC surface. HAA concentration in the

effluent will then gradually decrease owing to biodegradation of HAAs. Once the biofilm

achieves maturation, HAAs can be removed effectively. Although biodegradation was

thought by previous investigators to be the major process of HAA removal after GAC

saturation, knowledge of the microbial ecology of the GAC biofilm was lacking.

Due to the inability to cultivate typically better than one percent of members of a

natural mixed microbial population, molecular tools are now widely used to gain an esti-

mate of the taxonomic make up of microbial consortia. Conventionally, highly conserved

16S-rRNA (approx. 1,500 bp in size) has been the target nucleic acid domain of

phylogenetic interest among species. However, variations of 16S molecular length

between species are extremely low and can not be easily separated. The intergenic spacer

region (ISR) located between 16S and 23S rRNA genes has great variability and has been

used to differentiate closely related bacterial species (Jensen et al., 1993; Garcia-Martinez

et al., 1999). Including ISR in the community fingerprinting enables greater utility in the

molecular characterization of bacterial communities.

The objectives of this study were to: 1) explore the bacterial diversity of a

biofilm during the course of development in GAC and establish the relation between
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HAA effluent profile and biofilm development; 2) identify possible HAA degrading

microorganisms using enrichment cultures and molecular techniques.

Methods

Pilot filter

The pilot filter was constructed with a 244 £ 5 cm (length £ diameter) acrylic column

and was packed to a 92 cm depth with virgin GAC (Calgon F-100, Pittsburg, PA).

Finished water spiked with HAA5 (50mg/L each: chloroacetic acid, ClAA; dichloroacetic

acid, Cl2AA; trichloroacetic acid, Cl3AA; bromoacetic acid, BrAA; dibromoacetic acid,

Br2AA) was used as the pilot filter influent (empty bed contact time ¼ 5 mins). Influent

and effluent samples were analyzed using modified EPA method 552.2 (Xie et al., 1998).

Ribosomal intergenic spacer analysis (RISA)

Crude nucleic acids from GAC biofilm were extracted using a modification of Tsai and

Olson (1992). Polymerase chain reaction (PCR) was used to amplify the intergenic spacer

region (Borneman and Triplett, 1997). 16S-rDNA forward (926F, 50-AAACTYAAAK-

GAATTGACGG) and 23S-rDNA reverse (115R, 50-GGGTTBCCCCATTCGG) primers

were used to amplify the 16S-rDNA sequence and the ISR. The PCR products were

separated with 6% polyacrylamide-Tris-borate-EDTA gel (1mm thick) and stained with

SYBR green (Molecular Probes, Eugene, OR).

Cloning and sequencing

PCR products recovered from the RISA were cloned into pCR4-TOPO vector (Invitro-

gen, Carlsbad, CA). The TOP10 cells (chemically competent) were used for transform-

ation. Inserts were sequenced from both directions using T3 and T7 sequencing primers.

Enrichment and isolation

Freshly collected BAC was added to a basal medium (Feigel and Knackmuss, 1988) con-

taining 1mmol l21 of HAAs and agitated on an orbital shaker (50 rpm). ClAA, Cl2AA,

and Cl3AA degrading bacteria were enriched separately. After 5 to 9 days of incubation,

a quantity of BAC was collected and the biofilm detached (Camper et al., 1985). The

detached biofilm was again enriched with HAAs. Several subcultures were carried out to

isolate HAA degrading organisms.

HAA degradation tests

Bacterial isolates were pre-cultured in nutrient broth at 26 8C with 0.5mmol l21 HAAs.

Cells were harvested at mid log phase, washed and resuspended with 25mmol l21

phosphate buffer (pH 7.0). Final biomass was 160mg/L ash free dry cell (APHA, 1995).

Flasks containing cell suspension received a sole HAA (ClAA, Cl2AA or Cl3AA,

1mmol l21 each) and were incubated at 26 8C.

Results and discussion

Pilot filter performance

The HAA effluent concentration profiles for the pilot filter are presented in Figure 1. The

HAA5 influent concentrations for this filter were between 40 and 60mg/L for each HAA.

The effluent profiles observed for ClAA, BrAA and Cl2AA were similar to the typical

HAA removal profile (Tung et al., 2002). Low effluent concentrations at the beginning of

the filter run indicated GAC adsorption. After the breakthrough point (within 3 days for

ClAA, Cl2AA and BrAA) effluent concentrations increased due to carbon saturation and

later decreased. After 13 days of filter operation, effluent concentrations for ClAA, BrAA
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and Cl2AA were reduced to 10mg/L. This indicated that a mature HAA-degrading bio-

film had achieved over 80% of HAA removal. Due to the GAC’s high adsorption

capacity for Cl3AA and Br2AA, full effluent profiles for Cl3AA and Br2AA were not

observed during the study (Tung et al., 2003).

RISA finger printing of BAC biofilm

The PCR products from RISA are shown in Figure 2. From day 0 to day 9, multiple

bands showed a diversified microbial community at the beginning of the filter run. From

the 11th day and on, band patterns showed that the bacterial community had stabilized.

These progressive microbial band patterns paralleled the HAA effluent concentration pro-

files presented in Figure 1. The effluent concentrations for ClAA, BrAA and Cl2AA were

stabilized after 11 to 13 days of filter operation in concert with steady biodegradation

activity.

Cloning of RISA products

DNA fragments from the distinctive band appearing at day 11 forward (Figure 2, arrow

indicated) were cloned and sequenced. The cloned sequence was aligned with the

National Center for Biotechnology (NCBI) Gene Bank database. The 16S-rDNA frag-

ments from the GAC biofilm were found to be similar to Hydrogenophaga palleronii

with a 99% similarity (AF019073).

Figure 2 PCR products of BAC biofilm on a 6% TBE-PAGE. Lane numbers are the days of filter operation.

m: Lambda DNA HindIII/EcoRI marker. Numbers next to marker bands are the molecular weight (bp)

Figure 1 HAA5 effluent concentrations in pilot filter over the course of filter run
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H. palleronii type strain (ATCC 17724) was purchased from American Type Culture

Collection and tested for HAA degradation. However, no evidence of dehalogenation

activity was obtained. The primers used in PCR were designed to amplify most eubac-

teria and archaea (Lane, 1991). PCR products may not represent a specific metabolic

group. Since the filter influent used in this study was finished water, HAAs were not the

only substrate in the BAC biofilm. Heterogeneous bacteria accumulated on the GAC

surface may utilize other organics unrelated to HAAs.

HAA-degrading bacterial isolates

One isolate (MC5) from enrichment cultures was able to grow on both ClAA and Cl2AA.

The 16S-rRNA sequence matches that of ultramicrobacterium ND5 with 100% similarity

(AB008506). Ultramicrobacterium ND5 was originally isolated from polluted urban soil

(Iizuka et al., 1998) and was positioned in the beta subclass of the Proteobacteria. It was

rod-shaped, oxidase-positive and formed achromogenic colonies on agar plate.

HAA degradation tests

Isolate MC5 demonstrated the ability to degrade ClAA and Cl2AA but not Cl3AA in

batch cultures. Figure 3 shows the degradation of ClAA by isolate MC5. Similar results

were found for Cl2AA. The mass of chlorine, as chloride, released from both ClAA and

Cl2AA incubation was equivalent to the mass of chlorine contained in the HAA degraded.

This confirmed that the decrease of HAA concentration was due to biological

dehalogenation.

Conclusions

The intergenic spacer region rDNA finger printing of BAC revealed that the microbial

diversity diminished and stabilized with time of filter operation. In the beginning of the

filter run (,11 days), HAAs appeared in the filter effluent as a result of breakthrough

from carbon adsorption. At this time, bacterial diversity from RISA analysis was high in

the biofilm. After the bacterial community stabilized (after 11 to 13 days), the filter

achieved a steady removal of HAAs. Therefore, the HAAs removal in a GAC filter after

carbon saturation may be predominated by the matured biofilm.

One bacterium (H. palleronii) was identified in the biofilm of stabilized GAC filter.

H. palleronii did not grow on any of the HAAs tested as sole carbon sources. Due to the
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Figure 3 Biodegradation of ClAA in batch incubation with isolate MC5. Standard deviations for duplicates

at each sampling point were less than 2% of the mean
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primer design in this study, the RISA reflected a community profile at a specific time, but

could not represent a specific metabolic group. H. palleronii may not be the key organism

responsible for HAA degradation or may not have had suitable environmental conditions

to promote HAA degradation in this study. However, the bacterium isolated by enrich-

ment cultures (isolate MC5) was able to degrade ClAA and Cl2AA rapidly.
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