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Abstract text

Discharge of trace organic contaminants (TOrCs) with wastewater treatment plant (WWTP) effluents is a
surface water quality concern due to their potentially negative effects on aquatic life. TOrCs are currently
partially removed during wastewater treatment, though new technologies will be needed if increasingly
lower discharge levels are to be achieved. Additionally, removal of TOrCs by sorption to solids is not
desirable due to societal concerns about their presence in biosolids has increased substantially in recent
years. TOrCs are biologically removed during wastewater treatment and complete mineralization of
TOrCs is possible. Therefore, this study hypothesized that Enhanced Biological Trace Organic
Contaminant Removal (EBTCR) can be achieved through continuous bioaugmentation with TOrC-

degrading bacteria.

Eleven bacteria capable of degrading various TOrCs were isolated from activated sludge, including the
first isolated bacteria known to degrade gemfibrozil. The bacteria were characterized for their ability to
function under conditions that might be encountered during bioaugmentation in a WWTP. Eight of the
isolated bacteria were capable of degrading the TOrCs to below concentrations thought to cause adverse
environmental impacts (i.e. low ng/L concentrations). The bacteria grew on a variety different carbon

sources, with most bacteria growing best on protein-rich substrates. This suggests that commonly



available materials could be used to grow the bacteria on-site at a WWTP. The bacteria maintained their
ability to degrade the contaminant after being grown in the absence of the TOrC, as would be necessary
when implementing continuous biocaugmentation at full-scale WWTPs. Eight of bacteria also degraded
their TOrC before measurable growth, or during early growth of the bacteria in a nutrient-rich media. This
was important because during continuous bioaugmentation the bacteria will bioaugmented in the activated
sludge portion of a wastewater treatment, which has many carbon sources at much higher concentrations
than the TOrC. Finally, seven of the isolated bacteria were determined to degrade the TOrCs at a rate that
predicted potential for improved contaminant removal without increasing the activated sludge biomass by
more than 10%.

Continuous bioaugmentation of five bacteria was modeled in two full-scale activated sludge processes, a
completely mixed activated sludge (CMAS) process and a 4-stage activated sludge process. The model
found that continuous bioaugmentation for EBTCR was a potential solution for all but one of the modeled
bacteria in the 4-stage activated sludge process, and was not feasible for a CMAS except with
bioaugmentation of one of the isolated bacteria. Next, continuous bioaugmentation for EBTCR was tested
in lab-scale sequencing batch reactors with an isolated BPA-degrading bacterium, Sphingobium sp.
BiD32. This study found that daily bioaugmentation improved the BPA degradation rates, concentrations
in the effluent, and concentrations in the waste solids. This study also found that the enhanced BPA
removal was lost with time from bioaugmentation, demonstrating that continuous bioaugmentation can be

used to overcome bacterial losses as a way to maintain predictably low TOrCs effluent concentrations.

As a part of this study, proteins were identified that are likely involved in the degradation of TOrCs by
isolated bacteria. Identification of these proteins and genes can assist in bioaugmentation monitoring by
allowing for the production of biomarkers to monitor degradation genes in WWTPs rather than the
augmented bacteria specifically. Also, if the gene is known, it can be searched for in other bacteria as a
way to identify other similar bacteria capable of degrading TOrCs more rapidly than through the
enrichment process. Using genomics, proteomics, and metabolomics, a novel p-hydroxybenzoate
hydroxylase enzyme and genes previously identified to be involved in protocatechuate degradation were
hypothesized to be involved in BPA degradation by Sphingobium sp. BiD32. These methods were also
used to identify proteins involved in 17B-estradiol (E2) degradation by Rhodococcus sp. EsD8,
confirming the involvement of proteins related to 3-beta-hydroxysteroid dehydrogenase and estradiol
17beta-dehydrogenase. These findings have identified genes involved in BPA and E2 degradation, which

will allow for the creation of gPCR primers to monitor these genes in future studies.



This study demonstrated the potential of continuous bioaugmentation to achieve EBTCR.
Bioaugmentation may also be applicable for a variety of other waste streams, including hospital waste,
pharmaceutical manufacturing waste, landfill leachate, and prior to reverse osmosis for direct potable
reuse. Future work should focus improving the bioaugmentation process. This includes continuous
bioaugmentation studies at the pilot-scale with automated bioaugmentation and a continuously stirred
tank reactor design instead of a sequencing batch reactor. This will help demonstrate its applicability to
full-scale systems. TOrC degradation genes should also be confirmed and used to monitor bacteria
augmented into the pilot-scale system. This will allow for monitoring of the TOrC degradation activity,
instead of just the bacterial signature. This study identified seven bacteria meeting the bioaugmentation
criteria and demonstrated improved TOrCs removal with bioaugmentation.
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CHAPTER 1: INTRODUCTION
Trace organic contaminants (TOrCs) are an emerging concern in surfaces waters due to their potentially
negative effects on aquatic life. These effects can include endocrine disruption, stunted growth, and
increased mortality. TOrCs include industrial chemicals and by-products, pharmaceuticals, personal care
products, hormones, detergents, and pesticides (Schwarzenbach et al. 2006). One source of TOrCs to
surface waters is wastewater treatment plant (\WWTP) effluent discharge. Current WWTP technologies
remove a significant portion of these contaminants (Samaras et al. 2013), though new technologies will be
needed if increasingly lower discharge levels are to be achieved. This study examines continuous
bioaugmentation as a technological advancement for Enhanced Biological Trace Organic Contaminant
Removal (EBTCR) during wastewater treatment. Biological methods have the potential for having lower
material costs and requiring less energy than the physical or chemical removal counterparts. The approach
is based on the observation that many TOrCs are partially destroyed biologically during the activated
sludge process at WWTPs (Bester 2005; Heidler and Halden 2007), and that microbial degradation can
result in full contaminant mineralization (Federle et al. 2002). To be practical for bioaugmentation,
bacteria must be able to:

(1) remove the TOrCs to levels substantially below typical WWTP effluent concentrations

(typically to ng/L concentrations),

(2) grow using common substrates while maintaining the ability to degrade the TOrC,

(3) degrade TOrCs in the presence of higher concentrations of other substrates, and

(4) degrade the TOrCs with degradation rates high enough to be able to reach low TOrC

concentrations within a time and with a reactor configuration similar to biological treatment in

WWTPs and with low bacteria dosages to activated sludge.
To assist in bioaugmentation monitoring, identification of TOrC degradation genes would be
advantageous. This would allow for the production of a gene biomarker, so the degradation gene could be
monitored in WWTPs rather than the bacteria specifically. Also, if the gene is known, it can be searched
for in other bacteria as a way to identify other bacteria capable of degrading TOrCs more rapidly than

through the enrichment process.

The overarching goal of this research is to decrease negative effects on aquatic life by TOrC by
decreasing TOrC concentrations in WWTP effluents discharged to surface waters. The background for
this work and the research hypotheses are summarized in Chapter 2 and 3, respectively. Chapter 4
discusses the isolation and characterization of eleven bacteria capable of degrading TOrCs and their
potential for bioaugmentation. Chapter 5 demonstrates the potential for bioaugmentation to achieve

EBTCR through modeling of full scale activated sludge processes. Chapter 6 demonstrates EBTCR in



lab-scale activated sludge reactors with bioaugmentation of a BPA-degrading bacterium. Chapter 7 and 8
document genomics, proteomics, and metabolomics during BPA and E2 degradation as a first step toward
identifying genes involved with degradation that may serve as potential activity biomarkers. Overall
conclusions and future work are discussed in Chapter 9. The appendices present work on the fate of
augmented bacteria in lab-scale reactors and a collaborative study identifying proteins involved in

gemfibrozil degradation by an isolated bacterium.



CHAPTER 2: BACKGROUND

2.1 Overview of trace organic contaminants studied

Triclosan, BPA, ibuprofen, E2, and gemfibrozil are described in Table 2.1. These compounds were

chosen because they have similar chemical structures, they have range of sorption partitioning

coefficients, they may have negative effects on aquatic life, and they are removed to varying degrees in

WWTPs. Compounds with similar structures were chosen for ease of analytical methods. By using

compounds with a range of sorption partitioning coefficients, effect of sorption on their removal during

bioaugmentation can be explored. Finally, compounds with various removal efficiencies in WWTPs were

chosen so that more readily degradable and recalcitrant compounds could be compared.

Table 2.1. Overview of studied trace organic contaminants

name and

formula chemical structure logKow source/use
i o oA Consumer product used in antibacterial
Triclosan o 4.76 soaps, toothpaste, deodorant, toys,
C12H7Cis02 (Westerhoff et al. 2005)  Surgical scrubs, etc. (Thompson et al.
Cl Cl 2005)
HC  CHg 34 Industrial and consumer product used
Bisphenol A ' in polycarbonate plastics, epoxy resins,
(Melcer and Klecka food packaging, etc. (“Bisphenol A
CisH1602 2011a) (BPA) Action Plan Summary | Existing
Ho oA Chemicals | OPPT | US EPA” 2014)
CHy
o Pharmaceutical used to reduce fever
Ibuprofen 2.48 and treat pain or inflammation. Is is a
0 non-steriodal antiinflammatory drug
Ci13H150; /(’@’/Hr (Scheytt et al. 2005) (“Ibuprofen Uses, Dosage & Side

17B-estradiol

C18H240;

Gemfibrozil

C15H2203

HO

4.01
(Westerhoff et al. 2005)

4.77

(Westerhoff et al. 2005)

Effects - Drugs.com” 2014).

Natural human hormone produced by
females and at lower concentrations by
males (“Estradiol - PubChem” 2014).

Pharmaceutical used to treat
hypertriglyceridemia and
hypercholesterolemia. It is a lipid
regulator (Jackevicius et al. 2011).




2.2 Trace organic contaminants in surface waters

TOrCs in surface waters can have a variety of negative effects on aquatic life. TOrCs enter surface waters
through many sources including WWTP effluent discharge, industrial effluent discharge, runoff of
biosolids from croplands, runoff of animal husbandry pharmaceuticals, and aquaculture (Daughton 2007).
Some negative effects TOrCs have on aquatic life include endocrine disruption, increased mortality, and
slowed development.

Endocrine disrupting compounds (EDCs) interfere with the endocrine system by mimicking a natural
hormone, blocking the effects of a hormone from specific receptors, or stimulating or inhibiting the
endocrine system directly (“What Are Endocrine Disruptors?| Endocrine Disruptor Screening Program |
US EPA” 2014). Some common effects include increased vitellogenin production, production of intersex
fish, and feminization of genetic males (Sumpter 2005). Vitellogenin is a yolk protein that is required at
very high concentrations in female fish so they can grow ovaries with many yolky oocytes. It is barely
detected, if at all, in males. However, with exposure to EDCs, vitellogenin production can be increased in
males (Sumpter and Jobling 1995). Increased vitellogenin production can lead to intersex fish and
feminization of fish. Generally, intersex fish are males with female oocytes. In some cases with exposure
to high concentrations of WWTP effluents, genetically male fish gonads contain only oocytes, so they

appear to be fully female (Sumpter 2005).

The five TOrCs studied in this research are all potential EDCs (Dann and Hontela 2011; Caliman and
Gavrilescu 2009) and are present in surface waters at concentrations shown to have effects on aquatic life
(Table 2.2). Triclosan has been shown to cause changes in the alga community structure at 120 ng/L
(Wilson et al. 2003), decrease tadpoles activity at 230 ng/L (Fraker and Smith 2004), and cause earlier
and higher rate of mortality of American Toad tadpoles at the maximum detected concentration of 2,300
ng/L (Smith and Burgett 2005). Triclosan also bioaccumulates in both algae and marine mammals (Fair et
al. 2009; Coogan et al. 2007). BPA has also been shown to have effects on aquatic life at environmentally
relevant concentrations. Gonad morphology of female Gasterosteus aculeatus was affected with an
exposure of 1,000 ng/L. BPA (de Kermoysan et al. 2013). The gonadosomatic index in male minnows
increased with exposure to 5,000 ng/L BPA (Zhang et al. 2013). Exposure of medaka to 10,000 ng/L BPA
resulted in some intersex fish (Metcalfe et al. 2001). Most effects on aquatic life by ibuprofen occurs at
concentrations higher than have been detected in aquatic samples (Corcoran et al. 2010). However,
changes in medaka reproduction patterns were seen at concentrations ranging from 1,000 to 100,000

ng/L. Increasing concentrations of ibuprofen caused medaka to spawn eggs less frequently and to spawn



more each time (Flippin et al. 2007). E2, which has been better studied than other TOrC compounds, can
cause a variety of negative effects on aquatic life at concentrations commonly detected in waterways. For
example, it causes vitellogenin induction in brown trout at 2 ng/L and effects their fertility at 10 ng/L
(Burkhardt-Holm et al. 2008). It caused an increase in hepatic vitellogenin in male medaka at 55.7 ng/L
(Kang et al. 2002), and at 100 ng/L E2 caused an increase in phenotypic female medaka resulting in many
male medaka expressing intersex characteristics (Metcalfe et al. 2001). At the upper end of
environmentally relevant concentrations (1,000 and 1,000,000 ng/L), gemfibrozil has been shown to
effect aquatic life by inducing stress, damage, and reproduction biomarkers in marine mussels (Schmidt et
al. 2011). There is evidence that gemfibrozil may be an EDC as it has been found to reduce testosterone
levels in the goldfish, Carassius auratus (Bulloch et al. 2012; Mimeault et al. 2005). Also, its high
partitioning coefficient causes it to be a concern due to bioaccumulation potential. It has been taken up
and concentrated in goldfish at 1500 ng/L (Mimeault et al. 2005) and was detected in the livers of
common carp and White sucker (Ramirez et al. 2009).

Table 2.2. Trace organic contaminants in surface waters and their effects on aquatic life

frequency in

. median maximum lowest concentration with effect
trace organic surface . .
; concentration concentration and observed effect
contaminant waters tested
(ng/L) (ng/L) (ng/L)
(%)
Triclosan 57.6° 0.4 - 1023"¢ 2,300° 120; alga community structure®
BPA 41.28 2.1 - 881k 12,0002 5,000; increase in GSI of male minnows®
Ibuprofen 9.5 - 12.5% 11.3 - 2007 1,000? 1,000; changes in medaka reproduction pattern?
E2 852 1.1 -160™ 2002 2; vitellogenin induction in brown trout'
Gemfibrozil 3.62 1.9 - 4834 1,500 - 17,0364 1,000; induction of stress biomarkers in mussels™

GSI, gonadosomatic index

aKolpin et al. 2002; Kleywegt et al. 2011; °Peng et al. 2008; “Wilson et al. 2003; ¢Zhang et al. 2013; \Wu et al.
2014; 9Flippin et al. 2007; "Kim et al. 2009; ‘Burkhardt-Holm et al. 2008; iLin et al. 2011; *Sanderson et al. 2003;
'Spongberg et al. 2011; ™Schmidt et al. 2011

Endocrine disrupting effects are cumulative when multiple compounds are present (Caliman and
Gavrilescu 2009). The concentrations at which TOrCs have effects on aquatic life may be lower due the
additive nature of the compounds (Jin et al. 2012; Petersen et al. 2013). For example, a high concentration
(12.5 pg/L) of an EDC mixture including E2, 17a-ethinylestradiol, permethrin, atrazine, and nonylphenol
had a greater effect on innate immune-related gene transcription in zebrafish than the same concentration
of each compound individually (Jin et al. 2010). Also, exposure of minnows to a mixture of E2,
diethylstilbestrol, and nonylphenol at environmentally relevant concentrations resulted in an significant
increase in VTG concentrations compared to the concentrations in minnows exposed to individual

compounds (Jin et al. 2012). The mixture also induced the reduction change of testis somatical index and



GSI and the feminization of fish, unlike the single compound exposed minnows. This makes it important
to try to decrease the concentrations of many compounds in surface waters rather than just the compounds

known to individually have effects.

2.3 Trace organic contaminants in wastewater treatment plants

2.3.1 Sources and influent concentration of trace organic contaminants in wastewater treatment plants
TOrCs can enter WWTPs following post-consumer use through excretion with urine or feces, bathing,
washing, improper disposal of medication, cleaning, swimming, urban runoff, etc. (Luo et al. 2014). Their
influent concentrations range widely among compounds and WWTPs (Table 2.3). While the TOrCs are
typically found at low pg/L concentrations in the influent, they are also detected at high concentrations in
some WWTPs. For example, a review of triclosan concentrations in untreated wastewater found a median
concentration of 3,130 ng/L (n=218), and a maximum concentration of 393,000 ng/L (Perez et al. 2013).
Also, BPA has been detected in influent at concentrations up to 37,000 ng/L (Melcer and Klecka 2011),
ibuprofen at concentrations up to 373,000 ng/L (Santos et al. 2007), E2 at concentrations up to 3000 ng/L
(Foster 2007), and gemfibrozil at concentrations up to 17,100 ng/L (Rosal et al. 2010). The minimum
detected influent concentrations are very low (<113 ng/L) for all of the compounds, and frequent they are

not detected in the influent.

Table 2.3. Summary of trace organic contaminants in wastewater treatment plants

. average influent average effluent removal biological removal
trace organic . . S O
contaminant concentrations concentrations range  efficiencies efficiencies

(ng/L) (ng/L) (%) (%)

Triclosan <] - 3,1303bcd <0.2 - 44(abede 46 - 9gbede 48 - 81™
BPA 80 - 2,500°%? 4 - 1,600°" 55 - 96° 54 - 85P
Ibuprofen <112.9 - 12,000°¢ 5 - 3,4009K 26 - 100°cl 50 - 100°™
E2 <0.3 - <80™ 0.1-19% 21.8-99.97 75 - 95"
Gemfibrozil <60.5 - 2,200 4 - 2009 46 - 1009 32 - 100™

3Perez et al. 2013; PSamaras et al. 2013; *Nakada et al. 2006; 9Snyder et al. 2007; ®Bester 2005; fYu et al. 2011;
9Duong et al. 2010; "Ballesteros-Gomez et al. 2007; 'Kosma et al. 2014; iTernes 1998; ¥Gross et al. 2004; 'Tauxe-
Wuersch et al. 2005; ™Yan et al. 2014; "Foster 2007; °Zhang et al. 2011; PTernes et al. 1999; 9Zorita et al. 2009;
Zhou et al. 2012; sIfelebuegu 2011; *Khan and Ongerth 2005; Kim et al. 2007; YRosal et al. 2010; “Stumpf et al.
1999; *Huang et al. 2011; YGuerra et al. 2015; 2Melcer and Klecka 2011

2.3.2 Fate in wastewater treatment plants

Documented TOrC effluent concentrations and removals are shown in Table 2.3. Average effluent
concentrations range from low ng/L concentrations to low pg/L concentrations for all five studied TOrCs,
though maximum concentrations detected can be higher (Munoz et al. 2010; Santos et al. 2007; Rosal et
al. 2010; Karnjanapiboonwong et al. 2011). Reported removal efficiencies also are reported over a broad

range; some are efficiently removed in WWTPs with many removals reported above 90% for triclosan



(Lozano et al. 2013; Foster 2007; Snyder et al. 2007), BPA (Samaras et al. 2013; Clara et al. 2005;
Drewes et al. 2005; Nakada et al. 2006), ibuprofen (Zorita et al. 2009; Snyder et al. 2007; Lishman et al.
2006; Samaras et al. 2013), and E2 (Foster 2007; Joss et al. 2004; Ternes et al. 1999; Baronti et al. 2000),
whereas gemfibrozil generally has moderate removal (Lishman et al. 2006; Paxeus 2004; Stumpf et al.
1999; Ternes 1998).

A range of removals exist for the same compound between different WWTPs (Table 2.3; Onesios et al.
2009). Even in conventional activated sludge (CAS) treatment processes with similar operating conditions
the removal rates can vary. For example, in a CAS with a 9 hour hydraulic retention time (HRT) and a 8
day SRT the removal efficiency of triclosan is 52% (Samaras et al. 2013) and in another CAS with a 8.9
hour HRT and a 8.4 day SRT the average removal efficiency of triclosan is 65% (Nakada et al. 2006).
Different activated sludge bacterial communities are able to remove TOrCs with different efficiencies,
likely due to the acclimation of the community to the TOrC (A. Layton et al. 2000). The removal
efficiencies also depend on operating conditions such as HRT and SRT (Ying and Kookana 2007).

TOrCs are removed primarily through sorption and biological degradation. Primary treatment is
ineffective at removing most TOrCs (Carballa et al. 2005), though removal through sorption onto primary
sludge can be high for compounds with high partitioning coefficients, such as the fragrances, galaxolide
and tonalide (Carballa et al. 2004). TOrC removal in secondary treatment by sorption and their
subsequent transfer to biosolids is also important for very hydrophobic compounds (Heidler and Halden
2007). For example, Lozano et al. (2013) found that 64% of the triclosan was transferred to the solid
phase. However, significant removal by biological degradation has been demonstrated (Onesios et al.
2009). Estimations of biological removals have been documented by evaluating the mass balance of the
TOrC on the secondary treatment systems, with lost components attributed to biological removal. A

summary of these results is shown in Table 2.3, with removal efficiencies above 50% for all compounds.

Studies showing mineralization of triclosan, ibuprofen, and E2 further support hypotheses for microbial
degradation (Federle et al. 2002; Kimura et al. 2010; Layton et al. 2000). Triclosan fate in activated
sludge was studied using a continuous activated sludge system with *C-labeled triclosan. Greater than
94% of the triclosan was degraded with between 81 and 92% of the triclosan mineralized or incorporated
into the activated sludge biomass and the remaining triclosan transformed into metabolites (Federle et al.
2002). Ibuprofen biodegradation was studied using **C-labeled ibuprofen. Biosolids from an activated
sludge plant and a membrane bioreactor were used as the inocula in batch tests. When the biosolids were

collected from the activated sludge plant, approximately 15% of the radioactivity was incorporated into



the biomass and 40% of the radioactivity was gone. When the biosolids were collected from the
membrane bioreactor, approximately 20% of the radioactivity was incorporated into the biomass and 55%
of the radioactivity was gone (Kimura et al. 2010). E2 biodegradation was studied using “C-labeled E2
and biosolids from municipal WWTPs. Between 70 and 80% of the *C-labeled E2 was mineralized to
CO; by municipal WWTP biosolids (A. Layton et al. 2000).

24 Bioaugmentation as an option to improve trace organic contaminant removal in wastewater
treatment plants

2.4.1 Previously documented bacteria that degrade trace organic contaminants

Many bacteria have been isolated that are capable of degrading TOrCs (Table 2.4). Seven (7) of the
previously isolated bacteria are capable of degrading E2 to very low concentrations (<0.5 and 1.8 ng/L)
(Hashimoto et al. 2010; Pauwels et al. 2008). Other bacteria either are not able to achieve low residual
concentrations or were not tested. For the six E2-degrading bacteria, E1 was found to be the primary
transformation product of E2 (Pauwels et al. 2008). The TOrC-degrading bacteria are all within phylum
typically found in WWTPs (Ye and Zhang 2013). A majority of the bacteria are proteobacteria, gram-
negative, and aerobic. Some of the TOrC-degrading bacteria are amongst bacterial genera known for their
degradation of contaminants, including Sphingomonas (Aylward et al. 2013), Sphingopyxis (Aylward et
al. 2013), Pseudomonas (Mrozik et al. 2003), and Rhodococcus (Solyanikova and Golovleva 2011).

Table 2.4. Characterization of previously reported bacteria for their bioaugmentation potential

lowest reported

organism degradation level (ng/L) citation
Bacteria degrading triclosan

Pseudomonas putida TriRY 10,000 Meade et al. 2001
Alcaligenes xylosoxidans subsp. denitrificans TR1 20,000 Meade et al. 2001
Sphingomonas sp. PH-07 7,500,000 Kim et al. 2011
Sphingomonas sp. RD1 325,000,000 Hay et al. 2001
Nitrosomonas europaea not reported Roh et al. 2009
Sphingopyxis sp. KCY1 not reported Lee et al. 2012

Bacteria degrading bisphenol A
Achromobacter xylosoxidans B-16 <13,000 Zhang et al. 2007
Pseudomonas sp. KA4 89,000 Kang and Kondo 2002
Streptomyces sp. <100,000 Kang et al. 2004
Pseudomonas putida KA5 112,000 Kang and Kondo 2002
Sphingomonas sp. WH1 <890,000 Ronen and Abeliovich 2000
Sphingomonas bisphenolicum AO1 <1,000,000 Oshiman et al. 2007
Cupriavidus basilensis JF1 3,900,000 Fischer et al. 2010



Table 2.4. (continued)

organism

lowest reported
degradation level (ng/L)

citation

Pseudomonas sp. KU1
Pseudomonas sp. KU2
Bacillus sp. KU3
Enterobacter sp. HA18
HN8

Enterobacter sp. H19
Bacillus sp. NO15
Serratia sp. HI110
Pseudomonas sp. FU12
Klebsiella sp. SU5
Pseudomonas sp. NAR11
Bacillus sp. NO13
Pseudomonas sp. FU20
Alcaligenes sp. OIT7
Pseudomonas sp. SU19
Pseudomonas sp. SU1
Pandoraea sp. HYO6
Klebsiella sp. NE2
Pseudomonas sp. SU4
Pseudomonas sp. NO14
Pseudomonas sp. KA16
Bordetella sp. OS17
Sphingomonas sp. SO11
Sphingomonas sp. SO4a
Sphingomonas sp. SOla
Bacillus sp. YA27
Klebsiella sp. SU3
Pseudomonas sp. HUK21
Pseudomonas sp. HUK?22
Bacillus sp. GZB
Sphingomonas sp. MV1
Pseudomonas paucimobilis FJ-4
Sphingomonas sp. TTNP3
Pseudomonas monteilii N-502
Nitrosomonas europaea
Bacillus cereus BPW4
Enterobacter sp. BPR1
Enterobacter sp. BPW5
Sphingomonas sp. BP-7

5,000,000
7,500,000
1x 107
9.51 x 107
1.161 x 108
1.179 x 108
1.209 x 108
1.221 x 108
1.269 x 108
1.29 x 108
1.299 x 108
1.32 x 108
1.341 x 108
1.359 x 108
1.389 x 108
1.449 x 108
1.461 x 108
1.47 x 108
1.509 x 108
1.53 x 108
1.689 x 108
1.77 x 108
1.851 x 108
1.95 x 108
1.98 x 108
2.019 x 108
2.211 x108
2.267 x 108
2.769 x 108
not reported
not reported
not reported
not reported
not reported
not reported
not reported
not reported
not reported
not reported

Kamaraj et al. 2014
Kamaraj et al. 2014
Kamaraj et al. 2014
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Matsumura et al. 2009
Lietal. 2012

Lobos et al. 1992

Ike et al. 1995
Kolvenbach et al. 2007
Masuda et al. 2007
Roh et al. 2009
Saiyood et al. 2010
Saiyood et al. 2010
Saiyood et al. 2010
Sakai et al. 2007



Table 2.4. (continued)

lowest reported

organism degradation level (ng/L) citation
Pseudomonas sp. LBC1 not reported Telke et al. 2009
Novosphingobium sp. TYA-1 not reported Toyama et al. 2009
Bacillus pumilus BP-2CK not reported Yamanaka et al. 2007
Bacillus pumilus BP-21DK not reported Yamanaka et al. 2007
Bacillus pumilus BP-22DK not reported Yamanaka et al. 2007
Sphingomonas yanoikuyae BP-11R not reported Yamanaka et al. 2008
Enterobacter gergoviae BYK-7 not reported Badiefar et al. 2015
Klebsiella pneumoniae BYK-9 not reported Badiefar et al. 2015
Bacteria degrading ibuprofen
Patulibacter sp. 111 65,000 Almeida et al. 2013
Gordonia sp. 12 74,000 Almeida et al. 2013
Paracoccus sp. 15 83,800 Almeida et al. 2013
Acinetobacter sp. 14 87,200 Almeida et al. 2013
Nocardia sp. NRRL 5646 <4x108 Chen and Rosazza 1994
Variovorax sp. Ibu-1 not reported Murdoch and Hay 2015
Sphingomonas sp. 1bu-2 not reported Murdoch and Hay 2005
Bacteria degrading 17f-estradiol
Novosphingobium sp. JEM-1 <0.5 Hashimoto et al. 2010
Acinetobacter sp. BP 10 1.8+0.4 Pauwels et al. 2008
Phyllobacterium myrsinacearum BP 1 1.8+0.4 Pauwels et al. 2008
Ralstonia pickettii BP 2 1.8+0.4 Pauwels et al. 2008
Pseudomonas aeruginosa BP 3 1.8+0.4 Pauwels et al. 2008
Pseudomonas sp. BP 7 1.8+0.4 Pauwels et al. 2008
Acinetobacter sp. BP 8 1.8+0.4 Pauwels et al. 2008
Rhodococcus zopfii Y 50158 <1,000 Yoshimoto et al. 2004
Rhodococcus equi Y 50155 <1,000 Yoshimoto et al. 2004
Rhodococcus equi Y 50156 <1,000 Yoshimoto et al. 2004
Rhodococcus equi Y 50157 <1,000 Yoshimoto et al. 2004
Novosphingobium tardaugens ARI-1 <1,000 Fujii et al. 2002
Rhodococcus sp. KC4 <5,000 Yu et al. 2007
Sphingomonas sp. KC8 <5,000 Yu et al. 2007
Stenotrophomonas maltophilia ZL1 20,000 Lietal. 2012
Mycobacterium sp. MI21.2 60,000 Isabelle et al. 2011
Aminobacter sp. KC7 100,000 Yu et al. 2007
Ochrobactrum sp. M19.3 140,000 Isabelle et al. 2011
Pseudomonas sp. M114.1 300,000 Isabelle et al. 2011
Ochrobactrum sp. M16.1B 610,000 Isabelle et al. 2011
Aminobacter sp. KC6 750,000 Yu et al. 2007
Sphingomonas sp. KC14 800,000 Yu et al. 2007
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Table 2.4. (continued)

lowest reported

organism degradation level (ng/L) citation
Novosphingobium sp. EDB-LI1 <5,000,000 lasur-Kruh et al. 2011
Rhodococcus sp. ED6 <20,000,000 Kurisu et al. 2010
Rhodococcus sp. ED7 <20,000,000 Kurisu et al. 2010
Rhodococcus sp. ED10 <20,000,000 Kurisu et al. 2010
Sphingomonas sp. ED8 <20,000,000 Kurisu et al. 2010
Sphingomonas sp. ED9 <20,000,000 Kurisu et al. 2010
Flavobacterium sp. KC1 not reported Yu et al. 2007
Terrimonas sp. KC2 not reported Yu et al. 2007
Nocardioides sp. KC3 not reported Yu et al. 2007
Microbacterium sp. KC5 not reported Yu et al. 2007
Sphingomonas sp. KC9 not reported Yu et al. 2007
Sphingomonas sp. KC10 not reported Yu et al. 2007
Sphingomonas sp. KC11 not reported Yu et al. 2007
Brevundimonas sp. KC12 not reported Yu et al. 2007
Escherichia sp. KC13 not reported Yu et al. 2007
Nitrosomonas europaea not reported Shi et al. 2004
Bacillus sp. E2Y1 not reported Jiang et al. 2010
Acinetobacter sp. LHJ1 not reported Ke et al. 2007
Agromyces sp. LHJ3 not reported Ke et al. 2007
Sphingomonas sp. CYH not reported Ke et al. 2007

2.4.2 Early bioaugmentation studies

Bioaugmentation involves the addition of a specific bacteria, an enrichment of bacteria, or specific genes
to an existing microbial community (Semrany et al. 2012). This technique has been used extensively for
groundwater bioremediation (Gentry et al. 2004; Tyagi et al. 2011) and was recently studied for its
application to water treatment (Semrany et al. 2012). Many lab-scale bioaugmentation studies have been
completed with many resulting in little benefit to the system (Qasim and Stinehelfer 1982; Stephenson
and Stephenson 1992) and some resulting in improved COD removal (Yeh and Hung 1988), improved
startup (Wilderer et al. 1991; Stephenson and Stephenson 1992), and improved TOC removal and
nitrification (Abllah and Lee 1991). Bioaugmentation has also been applied to a few full scale WWTPs
resulting in improved BOD removal (Stephenson and Stephenson 1992) and a reduced sludge blanket
(Hung et al. 1986).

Bioaugmentation with nitrifiers has resulted in improved nitrification efficiencies and allowed for lower
SRTs to be used (Salem et al. 2003; Wett et al. 2011; Bartroli, Carrera, and Pérez 2011; Cui et al. 2014).

Different strategies have been explored including the parallel-plants, enricher-reactor, and enricher-
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reactor return activated sludge approaches (Leu and Stenstrom 2010). These strategies all utilize a side
reactor in which the bacteria to be augmented are enriched using reactor centrate as the feed source. In the
parallel-plants approach, the enrichment is grown in a side continuously mixed activated sludge system
that is fed influent wastewater and centrate, allowing the enrichment to acclimate in a long SRT reactor
before augmentation into a low SRT system. The enricher-reactor approach uses a side sequencing batch
reactor fed centrate to grow the bacteria prior to bioaugmentation. Finally, in the enricher-reactor return
activated sludge approach, the enrichment reactor is fed centrate and receives some recycle activated
sludge. These strategies differ greatly from the bioaugmentation strategy that would likely work best for
TOrCs removal because the bacteria to be augmented for TOrCs removal are pure cultures, rather than an
enrichment. This strategy would involve growing an isolated bacteria that degrades the TOrC in a side

chemostat reactor using an inexpensive, readily available carbon source, rather than reactor centrate.

Bioaugmentation for improved removal of recalcitrant compounds has previously been proposed, though
its testing has been limited (Van Limbergen et al. 1998) and it has also been proposed as option for
removal TOrCs during drinking water treatment (Benner et al. 2013). An early bioaugmentation study
focused on the enhanced removal of polyaromatic hydrocarbons (PAH; naphthalene and phenanthrene)
(Cardinal and Stenstrom 1991). During this study, enricher reactors were used to enrich for bacteria
capable of degrading PAHSs. Three different enricher reactors were tested and they were fed different
concentrations of naphthalene. Enhanced PAH removal was seen when bacteria were augmented from the
enricher reactor into the continuous flow reactor. However, the degradation ability of the bacteria in the
enricher reactor was lost when the naphthalene was removed from the influent to the reactor. This
demonstrates the importance of bioaugmentation criterion 2, which states that bacteria must be able to
grow on common substrates while maintaining the ability to degrade the contaminant. Therefore, bacteria

to be augmented will be tested for this ability.

More recent studies for enhanced TOrCs removal have involved bioaugmentation of pure cultures rather
than enrichments. Three studies have bioaugmented single organisms to improve E2 removal during
wastewater treatment and one study has bioaugmented a single organism to improve triclosan removal.
Starting with an equal biomass of the E2-degrading bacterium Sphingomonas sp. KC8, Roh and Chu
(2011) demonstrated removal of 1 mg/L E2 in lab scale sequencing batch reactors, though contributions
by Sphingomonas sp. KC8 were obscured by high background degradation rates by the activated sludge.
This study was important in demonstrating the rapid loss of the bioaugmented Sphingomonas sp. KC8,
which decreased by over 1 to 2.5 orders of magnitude within one solids retention time (SRT). lasur-Kruh

(2011) used a different approach by demonstrating that the integration of an E2-degrading bacteria, EDB-
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LI1, into a wetland pond biofilm resulted in enhanced removal of 40 mg/L E2 over 24 hours. Hashimoto
et al. (2010) bicaugmented the E2-degrading bacteria, Novosphingobium sp. JEM-1, in lab scale reactors
consisting of aeration and settling tanks with an SRT of 5 days. Improved E2 and E1 removal was seen in
the experimental reactor, compared to the control reactor (residual of 1 vs. 2.9 ng/L). Similar to the Roh
and Chu (2011) study, the bioaugmented bacterial concentrations decreased by almost two orders of
magnitude in two days, so that after seven days the E2 effluent concentrations and the Novosphingobium
sp. JEM-1 concentrations were approximately the same in both the experimental and control reactors. Lee
et al. (2015) bioaugmented the triclosan-degrading bacteria, Sphingopyxis sp. KCY1, into batch reactors
with nitrifying activated sludge. No improvement in triclosan removal was seen with bioaugmentation,
potentially due to grazing of the augmented bacteria by protozoa, lack of preferential degradation of
triclosan by Sphingopyxis sp. KCY1, or slow degradation rates.

Future studies should focus on continuous bioaugmentation with bacteria that meet bioaugmentation
criteria. Many challenges remain for successful implementation of bioaugmentation for improved TOrC
removal during wastewater treatment, including the rapid loss of augmented bacteria and the extreme low
TOrC concentrations in WWTPs. Predators favor grazing on dispersed bacteria, which may be a
contributing factor to the rapid loss of bacteria following bioaugmentation into activated sludge, as
demonstrated by protozoan grazing of bioaugmented denitrifying bacteria (Bouchez et al. 2000).
Continuous or periodic bioaugmentation would compensate for losses and help maintain improved TOrCs
removal, and will be tested to account for the rapid loss seen during Sphingomonas sp. KC8 and
Novosphingobium sp. JEM-1 bioaugmentation. Bioaugmentation will also be done with a bacterium that
preferentially degrades its TOrC and has practical degradation rates to account for the issues seen with
Sphingopyxis sp. KCY1. Also, because the TOrCs concentrations are too low to sustain bacterial growth,
the bacteria to be augmented must grow using other carbon sources. Therefore, pure cultures with known
TOrCs degradation capabilities would be cultured in a side growth reactor on a common carbon source.
This differs from nitrification bioaugmentation techniques, which utilize the higher concentration of
ammonia in anaerobic digester centrate to enrich for nitrifiers in a side stream reactor. But the low TOrCs
concentrations preclude this type of in-line enrichment approach. Bioaugmentation has not previously
been studied for many TOrCs, and in only one study were the augmented bacteria capable of degrading

the TOrC to low ng/L concentrations.

13



25 Trace organic contaminant degradation pathways and associated enzymes and genes

2.5.1 Trace organic contaminant biological degradation pathways

Biological degradation pathways have been proposed for triclosan, BPA, ibuprofen, and E2 degradation
by isolated bacteria. Intermediates were observed during triclosan degradation by Sphingomonas sp. PH-
07 (Kim et al. 2011). Two of the metabolites identified during triclosan degradation by Sphingomonas sp.
PH-07 (monohydroxy-triclosan and 2,4-dichlorophenol) were also seen during triclosan degradation by
Sphingopyxis sp. KCY1 and a triclosan degradation pathway was proposed (Figure 2.1; Lee et al. 2012).
A commercially available standard was used to identify 2,4-dichlorophenol. Other metabolites were
tentatively identified based on mass spectrometry and their fragmentation patterns. This pathway
proposed a meta-cleavage, as the addition of 3-flurocatechol, a meta-cleavage inhibitor, caused the
inhibition of triclosan degradation. Also, catechol 2,3-dioxygenase was detected in the bacteria grown on
triclosan. Transformation by Sphingopyxis sp. KCY1 results in the complete dechlorination of triclosan,
as demonstrated by the release of chloride ions. These experiments were completed with an initial
triclosan concentration of 5 mg/L and have not been documented within the concentration ranges

observed in wastewater or natural waters (Lee et al. 2012).
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Figure 2.1. Proposed triclosan degradation pathway by Sphingopyxis sp. KCY 1. Figure reprinted from Water
Research, 46, Lee et al., Biodegradation of triclosan by a wastewater microorganism, 4226-4234, (2012), with
permission from Elsevier. Metabolites boxed in blue result from the blue pathway and metabolites boxed in red
result from the red pathway, with the detected metabolite, 2,4-dichlorophenol, a metabolite of both pathways.
Metabolites not in brackets were identified through mass spectra and fragmentation patterns.

BPA degradation by isolated bacteria is shown in Figure 2.2 (Zhang et al. 2013a). Three of these four
bacteria initially followed a similar degradation path, with 1,2-bis(4-hydroxyphenyl)-2-propanol
(metabolite 11, Figure 2.2. circled in red) as the first or second metabolite in BPA transformation. BPA
degradation by Sphingomonas sp. MV 1 resulted in the transformation of 85% of the BPA to metabolite Il
and only 15% to metabolite . Metabolite Il is further degraded and finally mineralized to carbon dioxide
and cell biomass, as determined by HPLC. A majority of metabolite | (90%) is then transformed to

metabolite VI, which is further degraded, and 10% of metabolite I is transformed into metabolite X,
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which is not degraded any further (Spivack et al. 1994). Metabolites | and Il were detected during BPA by

Sphingomonas sp. AOL. Further investigation of the degradation products was completed as it was not the
focus of the study (Sasaki et al. 2005). BPA degradation by Sphingomonas sp. TTNP3 followed a

different pathway than proposed for the other bacteria. BPA was initially transformed into metabolite 111

through an ipso substitution and metabolite 111 was further transformed through a cleavage of the carbon-

carbon bond between the isopropyl and phenolic groups and through the hydrogenation of the

hydroxylated or quinol ring (Kolvenbach et al. 2007). BPA degradation by unidentified bacterial strain

WHZ1 was predicted to follow the degradation pathway proposed for Sphingomonas sp. MV1 due to the
detection of the metabolites, HBA and HAP (Ronen and Abeliovich 2000).

Thi

\’/ Sphingomonas sp. strain MY I———>
Py Lo pring P
I l\ Sphingomonas sp. stirain AO1—-—-»
O P i, N LA
{‘Q an 1K v p S-Irhtl-m‘]‘lu.mlr-’ﬂ:’l.\ 5p. thr.llT'I TTNP3 =
J L Unidentified strain WH 1 -
- ¥
) o
./Ir\f/ v “-..‘. . . H CHOH
o ~ HaC /LHJ- L 4 P
S s Sy —eee O L — 0T
T ad L [ Wi b T omdb g
R (s T T R
i Ho BEA O l l
1
i HOL v - 4, OH
e Ll HC oo L e
e O L1, ™ Ty g Yo e, A
o A S & 0w OH [ T 11 vir
J e | L) y 1 { o e e
PN ¢ B X1 - K X OH HO
T . [ OH
! wo o N s on
! -.,I. p OH E
o, H 0, -CHy [ . ] A ) " " \uw I
e | J Ho VI
S an | T
- o on .
. . HQ  Carbocalionic 4 1 1vidroxypropan-2-yliphenol
L8 isopropylphenol Ve Ol 0, CHROH
HBAL Har o b
. i PR o
: ' Organic acids A o
] i > a4 [ ‘=| + l
i 1 '*-,T/ ‘/ - e
1 -
1
o, M ' T Ol OH
[ v | I
. o HBA X
5 COy + Cell Biomass
OH OH
o A-isopropenylphencl  d-isopropylphenal

HEA

Figure 2.2. Proposed BPA degradation pathways by Sphingomonas sp. MV1, Sphingomonas sp. AO1, and
Sphingomonas sp. TTNP3 and unidentified strain WHL1. Figure reprinted from Springer and Applied Microbiology
and Biotechnology, 97, 2013, pg. 5684, Bacteria-mediated bisphenol A degradation, Zhang, Figure 1, with kind

permission from Springer Science and Business Media.

16



Ibuprofen degradation by Sphingomonas sp. Ibu-2 is proposed to proceed through a meta-cleavage of the
aromatic ring. GC-MS analysis of ibuprofen-grown Ibu-2 confirmed the production of metabolites b, c,
and d (Figure 2.3; Murdoch and Hay 2005). Knockout of the ipfF gene, a coenzyme A ligase, resulted in
no transformation of ibuprofen. This suggests that ipfF is necessary for that first step in ibuprofen

degradation by Sphingomonas sp. lbu-2 (Murdoch and Hay 2013).

COOH oy OH OH
oH
COOH _ ¢ COOH
\Sj/ 30 SCOOH
a b d

c

Figure 2.3. Proposed ibuprofen degradation pathway by Sphingomonas sp. 1bu-2. Figure reprinted from Applied
and Environmental Microbiology, Murdoch and Hay, Formation of catechols via removal of acid side chaings from
ibuprofen and related aromatic acids, 6121-25, (2005) with permission from American Society of Microbiology.

The current understanding for E2 biological degradation indicates that the first transformation product is
estrone (E1). Some bacteria are not capable of degrading it further including E2Y2, E2Y3, and E2Y5
(Jiang et al. 2010), though others are able to degrade E1 (Pauwels et al. 2008; Kurisu et al. 2010). S.
maltophilia is proposed to initially transform E2 to E1 and then eventually to tyrosine (Figure 2.4; Li et
al. 2012). The gray arrow represents an enzyme identified in the genome and the black arrow represents
an enzyme identified in the proteome. The degradation of E1 through a meta-cleavage by Sphingomonas

sp. ED8 was proposed (Kurisu et al. 2010).
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Figure 2.4. Proposed E2 degradation pathway by S. maltophilia ZL1. Figure reprinted from Environmental Science
and Technoloyg, Li et al., Proteomic analysis of 17 beta-estradiol degradation by Stenotrophomonas Maltophilia,
5947-55, (2012) with permission from American Chemical Society.

2.5.2  Potential for biomarker genes

Identification of proteins involved in TOrC degradation can lead to the identification of genes involved in
TOrC degradation that might serve as biomarkers for this functional ability. These biomarker genes
would be useful because the degradation genes could be monitored during bioaugmentation rather than
the 16S rRNA gene and the degradation genes could be searched for in other bacteria, possibly allowing
for the identification of other bacteria capable of degrading TOrCs. The 16S rRNA gene may be
insufficient to monitor augmented bacteria because the bacteria may lose their ability to degrade the
TOrC resulting in an overestimation of TOrC degradation. Also, the degradation genes may transfer to
other bacteria resulting in an underestimation of TOrC degradation. An example of this was shown by
Gedalanga et al. (2014). The degradation of 1,4-dioxane by Pseudonocardia dioxanivorans CB1190 in
activated sludge was predicted better by monooxygenase-based biomarkers than by P. dioxanivorans 16S
rRNA genes (Gedalanga et al. 2014). Monard et al. (2013) also showed that atzD, the atrazine-degrading

gene, may be a suitable biomarker to monitor atrazine biodegradation in soils.
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2.5.3 Proteomics methods used to identify proteins involved trace organic contaminant degradation
Quantitative proteomics is a valuable tool to study the physiological response of a bacteria to a specific
compounds, such as TOrCs. This aids in the identification of degradation pathways, as well as the
development of biomarker genes. The expression of proteins involved in TOrC degradation, as well as
stress proteins and efflux pumps amongst others, are induced in many bacteria when they are grown in the
presence of the TOrC. Comparison of proteomes in the presence and absence of the TOrC may allow for
identification of proteins involved in TOrC degradation (Kim et al. 2007; Kim et al. 2009). Label-free
quantitative proteomics allows for faster and less expensive measurement of protein expression levels
than previous proteomic techniques (Zhu et al. 2010). Also, label-free proteomics results in more proteins
identified and less proteins identified based on a single peptide (Patel et al. 2009). Label-free quantitative
proteomics has some disadvantages however. Even the same sample can have differences in the peak
intensities, which can be corrected for by normalization amongst the samples. Also, drifts in retention
time and the mass to charge ratio can complicate the analysis extremely. The use of a highly reproducible
LC-MS and careful peak alignments are necessary (Zhu et al. 2010).

Proteomics has been used to study the degradation of several aromatic hydrocarbons (Kim et al. 2009),
though the degradation of TOrCs has been less extensively studied (Li et al. 2012; Almeida et al. 2013).
Ibuprofen degradation by Sphingomonas sp. 111 was studied using quantitative proteomics (Almeida et al.
2013). 251 proteins upregulated in the presence of ibuprofen were identified. The Sphingomonas sp. 111
genes were compared to the Sphingomonas sp. 1bu-2 ipf genes previously proposed to be involved in
ibuprofen degradation (Kagle et al. 2009) and four (4) upregulated genes matched to Sphingomonas sp.
Ibu-2 ipf genes (Almeida et al. 2013). This study confirmed genes potentially involved in the degradation
of ibuprofen by Sphingomonas sp. Ibu-2 are also potentially involved in the degradation of ibuprofen by
Sphingomonas sp. 111 and demonstrated the usefulness of proteomics to study TOrC degradation. Protein
expression during E2 degradation by S. maltophilia ZL1 was studied over time using quantitative
proteomics (Li et al. 2012). For this study a protein was considered upregulated if the expression level
increase by more than a 100% from hour zero to hour sixteen. One of the identified, upregulated protein,
aromatic-amino-acid transaminase, is known to be responsible for the transformation from 4-
hydroxyphenyl pyruvate to tyrosine. This study proposed that E2 was transformed into tyrosine (Figure
2.4). This study furthers the knowledge of the E2 degradation pathway and provides genomic and

proteomic support.
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CHAPTER 3: RESEARCH HYPOTHESES
Biological degradation of trace organic contaminants has been established as an important removal
mechanism during wastewater treatment (Onesios et al. 2009; Luo et al. 2014). This leads to the over-

arching hypothesis that bioaugmentation of TOrC-degrading bacteria into the activated sludge portion of

a WWTP can improve the removal efficiencies of the TOrC. The overarching goal of this research is to

decrease negative effects on aquatic life by TOrC by decreasing TOrC concentrations in WWTP effluents
discharged to surface waters while also minimizing the transfer of TOrCs to biosolids. To progress
towards this goal the following objectives were completed.

Hypothesis I: Bacteria suitable for bioaugmentation can be isolated from activated sludge.

Obijective I: Isolate and characterize bacteria that have potential for successful bioaugmentation

Approach: Bacterial cultures from activated sludge were enriched for bacteria capable of degrading
TOrCs, with the TOrC as the sole carbon and energy source. TOrCs used included triclosan,
BPA, ibuprofen, E2, and gemfibrozil. These contaminants were chosen for their different sorption
potentials and their similar chemical structures for ease of measuring. Isolated bacteria were
evaluated for their ability to (1) degrade TOrCs below ng/L concentrations, (2) grow using
readily available, common substrates, (3) preferentially degrade TOrCs in the presence of higher
concentrations of other substrates, and (4) degrade the TOrCs with high enough degradation rates
that bioaugmentation is practical. TOrC degradation kinetics by isolated bacteria were determined
in nutrient rich media, in nutrient poor media, and when bioaugmented activated sludge. To better
account for the bio-degradable fraction during evaluation of TOrC degradation Kinetics in

activated sludge, sorption partitioning coefficients were determined.

Hypothesis 11: Continuous bioaugmentation is a sustainable and practical technique to enhance

trace organic contaminant removal in activated sludge.

Obijective 11: Model bioaugmentation of isolated bacteria in full scale activated sludge processes

Approach: BPA and triclosan degradation was modeled in a completely mixed activated sludge reactor
(CMAS) and in a 4-staged activated sludge process (ASP). The model included BPA/triclosan
degradation by bioaugmented bacteria (Sphingopyxis sp. BiD10, Sphingobium sp. BiD32,
Sphingopyxis sp. TrD1, Sphingomonas sp. TrD23, and Sphingomonas sp. TrD34) and by
activated sludge using measured degradation rates. Also, sorption of BPA/triclosan was included
using measured sorption coefficients. The required bioaugmentation doses to reach a desired

BPA/triclosan effluent concentration were calculated and compared to the total system VSS, with
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increases of less than 10% considered practical. The bioaugmentation doses were also calculated

over a range of activated sludge VSS, SRT, and level of contaminant removal.

Obijective II: Test the feasibility of bioaugmentation to improve TOrC removal in lab scale reactors

Approach: Lab-scale sequencing batch reactors were operated with BPA in the feed and periodic
additions of higher concentrations of BPA to determine degradation kinetics. One reactor
received regular doses of a BPA-degrading bacteria, Sphingobium sp. BiD32, to simulate
continuous bioaugmentation. The control reactor was bioaugmented with a closely related, non-
BPA-degrading 