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Ammonia-oxidizing bacteria (AOB) in nitrifying biofilters degrading four regulated trihalomethanes—
trichloromethane, bromodichloromethane, dibromochloromethane, and tribromomethane—were related to
Nitrosomonas oligotropha. N. oligotropha is associated with chloraminated drinking water systems, and its
presence in the biofilters might indicate that trihalomethane tolerance is another reason that this bacterium

is dominant in chloraminated systems.

No evidence indicates that trihalomethanes (THMs) support
microbial growth, but previous research demonstrated that
four regulated THMs—trichloromethane (TCM), bromodi-
chloromethane (BDCM), dibromochloromethane (DBCM),
and tribromomethane (TBM)—were cometabolized in batch
culture (15) by Nitrosomonas europaea (an ammonia oxidizer)
and in batch culture (14) and laboratory-scale biofilters (16,
17) by mixed-culture nitrifiers. The current research extended
such process evaluation by analyzing the ammonia-oxidizing
bacteria (AOB) present in biofilters through quantitative real-
time PCR (qPCR) and amoA gene sequence analysis.

Duplicate anthracite biofilters (1-min empty-bed contact
time; 1.3 gallons min~* ft~2 surface loading rate) were seeded
with one of two mixed cultures (14). Trains A and B were
seeded with a sample collected from Lake Austin in Austin,
TX, and trains C and D were seeded with an enriched nitrifier
culture initially dominated by Nitrosomonas oligotropha (N.
oligotropha enrichment, provided by D. R. Noguera, University
of Wisconsin). The trains were fed 4 mg N/liter TOTNH; (sum
of ammonia-nitrogen [NH;-N] and ammonium-nitrogen
[NH,"-N]). The three operational periods were based on in-
fluent THM concentrations as follows: period I, TCM-DBCM
(50 pg/liter TCM and 25 pg/liter DBCM); period 11, DBCM
(25 pgliter DBCM); and period III, all THMs (15 pg/liter
each of TCM, DBCM, BDCM, and TBM). THM removals are
summarized in Table 1 for each period; all biofilters removed
THMs with removals ranging from 7 to 24% (Table 1).

At the end of period II, backwash water was collected for
batch kinetic tests conducted as described previously (16). Be-
cause backwash water may have contained extracellular mate-
rial, attachment media, or nonnitrifying organisms, a biomass-
independent analysis was required. To accomplish this, a
previously described (16) simplified THM cometabolism
model (equation 1) was used, as follows:
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where Stypy, is the initial THM concentration (ug/liter THM);
Stiv, 18 the final THM concentration (pg/liter THM);
ATOTNHj is initial TOTNH; minus final TOTNH; (mg N/li-
ter); and ky, /krornm, is the ratio of THM and TOTNH; rate
constants (liter/mg TOTNH;). The k,_, /krornm, ratio repre-
sents the THM removal efficiency, relating THM to ammonia
removal. For purposes of comparison, the biofilter & /
krorn, ratios were calculated by pooling operational data for
duplicate trains (where biofilter THM removal was not statis-
tically different between duplicate trains, based on Tukey’s
paired comparison method with a two-sided 95% confidence
interval of the studentized range statistic [2, 4]). The backwash
batch kinetic test k. /krora, Tatios (Fig. 1) provided an-
other confirmation that the biofilters were able to degrade
THMs (initial concentrations, 70 to 120 pg/liter each THM
and 5 mg N/liter TOTNHS,).

At the end of period III, biofilter DNA was isolated using an
UltraClean soil DNA isolation kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA). The biofilters were divided into 4 equally
spaced vertical sections (influent end is designated section 1,
and effluent end is designated section 4). The amoA qPCR
method of Regan et al. (7) was used to assess the relative
abundance of AOB in three general classes: (i) non-Oligotro-
pha nitrosomonas, (ii) Nitrosospira, and (iii) N. oligotropha.
Only N. oligotropha was detected (data not shown), indicating
that this is the dominant AOB present.

Subsequently, amoA genes from trains A and C were cloned
and sequenced to supplement the qPCR results. For cloning,
amoA was amplified (7), and the amplicon purified using a
QIAquick PCR purification kit (Qiagen, Valencia, CA) and
cloned using a TOPO TA cloning kit for sequencing (Invitro-
gen, Carlsbad, CA). The clones were screened for inserts by
PCR with M13 forward and reverse primers. The amplicon was
sequenced using BigDye sequencing chemistry (Applied Bio-
systems, Foster City, CA).

Using MEGA 4 (12), 452-bp sequences (primer sequences
removed) were generated, and DOTUR was used to sort
amoA gene sequences with more than 98% similarity (11) into
operational taxonomic units (OTUs). Analyses of cloned
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TABLE 1. Biofilter performance®

% Removal (mean *+ standard deviation)®

Trai . No. of Ay, TOTNH;
rain Period 1 N/liter)?
samples (mg ) TCM BDCM DBCM TBM
A 1 6 2.7 +0.29 9.7 £ 6.4 12+53
11 3 3.4 *+0.26 24 £ 23
11 4 3.1+038 16+ 7.6 18 + 6.5 19 + 63 16 *+ 6.2
B 1 7 2.1 +0.36 7.7 *52 13 +83
11 3 3.0 £0.23 14 =20
111 4 2.5 +0.37 13 +6.2 14 = 6.0 15+52 13 +3.8
C 1 6 2.6 +0.74 6.9 £ 6.0 12 +5.0
11 2 2.5 +0.62 17 = 2.0
I 4 2.8 +0.67 14+57 21+ 81 23+ 6.0 18 + 3.8
D 1 7 2.0 = 0.56 6.5 *+6.5 13+73
11 3 1.7+0.22 10 =32
111 4 24+1.1 16 = 6.9 16 = 7.6 17 = 8.1 15+17.6

“ Trains were nominally fed 4 mg N/liter TOTNH; (sum of ammonia-nitrogen [NH;-N] and ammonium-nitrogen [NH,"-N]). The three operational periods were
based on influent THM concentrations as follows: period I, TCM-DBCM (50 pg/liter TCM and 25 pg/liter DBCM); period II, DBCM (25 pg/liter DBCM); and period

111, all THMs (15 pg/liter each of TCM, BDCM, DBCM, and TBM).

® Ay, TOTNH;, TOTNH; removed through biofilter (mean = standard deviation).
< TCM, trichloromethane; BDCM, bromodichloromethane; DBCM, dibromochloromethane; TBM, tribromomethane.

amoA gene sequences found two OTUs (GenBank accession
numbers HQ399455 and HQ399456) that were present in both
trains, hereinafter designated Biofilter OTU 1 and 2 (Table 2).
These OTUs were incorporated into a phylogenetic tree
(Fig. 2) constructed in MEGA4 by the neighbor-joining
method using 10,000 bootstrap replicates. The sequence anal-
ysis confirmed the qPCR results, as these two OTUs were
related to N. oligotropha whether the phylogenetic tree was
generated based on amoA gene sequences (data not shown) or
on deduced amino acid sequences from the amoA gene se-
quences (Fig. 2). Considering deduced amino acid sequences,
the Biofilter OTU 1 consensus sequence was a 100% match to
samples taken from a wastewater treatment plant activated
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FIG. 1. Backwash batch kinetic test &y, /Arornm, ratios and asso-
ciated 95% confidence limits. A, B, C, and D correspond to experi-
ments conducted with backwash from trains A, B, C, and D, respec-
tively. For comparison purposes, ki /krorny, ratios were also
calculated using equation 1 and biofilter performance data. LA, Lake
Austin; NO, N. oligotropha enrichment.

sludge and membrane bioreactor and to Nitrosomonas NL7
and NM47, and the Biofilter OTU 2 consensus sequence was a
100% match to an environmental sample taken from a chlo-
raminated drinking water distribution system. Taken together,
the qPCR and gene sequence analyses show that the dominant
AOB in the biofilters used for THM removal were related to N.
oligotropha. AOB related to N. oligotropha have been reported
as the dominant AOB in chloraminated drinking water systems
(7-9). Because these systems contain THMs at levels similar to
those used in our biofilter experiments, it is possible that one
reason for the presence of AOB related to N. oligotropha in
chloraminated drinking water systems is their ability to tolerate
THMs. This is supported by the results of Bayer and Speitel
(1), who found that the transformation capacities (including
those of an N. oligotropha-dominated culture) were greater
than those for N. europaea (15).

TABLE 2. amoA gene sequences and OTU biofilter
sample summary

No. of amoA gene sequences in:

Sample®
Biofilter OTU 1 Biofilter OTU 2
Al (influent end) 105 25
A2 67 3
A3 8 1
A4 (effluent end) 14 0
Total for A 194 29
C1 (influent end) 73 0
C2 74 0
C3 73 1
C4 (effluent end) 65 0
Total for C 285 1
Total for A and C 479 30

“ The influent end of the biofilter was designated section 1, with the numbering
progressing down the length of the biofilter in equal lengths such that the effluent
end was designated section 4. Each section was divided into three subsamples
that were used for DNA extraction, resulting in triplicate extractions for each
section. For the extractions, the mass of dry anthracite used was 0.60 = 0.06 g
(mean * standard deviation) per extraction (wet anthracite moisture content,
32% * 0.74% [mean * standard deviation]).
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o4, @ Biofilter OTU 2 (30/509)

1Chloraminated DW clone DQ181657
Membrane bioreactor sludge GU121150
- Nitrosomonas oligotropha AF272406
WWTP activated sludge clone FJ423005
Nitrosomonas species NL7 AY958704
Nitrosomonas species NM47 AY 123830
@ Biofilter OTU 1 (479/509)
L Nitrosomonas species Nm59 AY 123831
Nitrosomonas species Nm84 AY 123818
Nitrosomonas species AL212 AF327918
Nitrosomonas ureae AF272403
Nitrosospira species NpAV AF032438
Nitrosospira multiformis DQ228454
Nitrosospira tenuis AJ298720
Nitrosospira briensis AJ298715
Nitrosospira species Np39-19 AF042170
Nitrosomonas nitrosa AJ298714

Nitrosomonas eutropha AJ298713

Nitrosomonas europaea AF058691

Nitrosomonas halophila AF272398

—
0.05

Nitrosococcus oceanus AF047705

FIG. 2. Phylogenetic tree based on deduced amino acid sequences of the amoA gene sequences of AOB. The evolutionary history was inferred
using the neighbor-joining method (10). The percentage of replicate trees (those >50%) in which the associated taxa clustered together in the
bootstrap test (10,000 replicates) are shown next to the branches (3). The tree is drawn to scale, with branch lengths in the same units as those
of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the JTT matrix-based method
(5), and the unit of measure is the number of amino acid substitutions per site, shown by the bar. The number of sequences belonging to the

OTU/total number of sequences is given in parentheses.

Overall, four regulated THMs found in treated drinking
water were degraded in biofilters seeded with Lake Austin
and N. oligotropha enrichment cultures. The ability of the
biofilter biomass to remove THMs was verified in batch
kinetic tests. amoA qPCR and gene sequence analyses dem-
onstrated that the biofilter AOB were related to N. oligo-
tropha. Their presence in biofilters removing THMs suggests
that one potential reason for their dominance in these sys-
tems is their THM tolerance. Future research should
broaden the nitrifier community analysis to include ammo-
nia-oxidizing archaea, since they are being reported in
drinking water systems (6, 13).
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