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Open

Abstract

Natural Organic Matter (NOM) is a mixture of aromatic and aliphatic organic compounds of natu-
ral origin in any type of aquatic system. Human activities impact the constituents of NOM, from its
production to its fate, particularly in the treatment of domestic waste waters. In this work, the
impact of microorganisms isolated from a Waste Water Treatment Plant (WWTP) was investigated
to determine the fate of NOM fractions in raw sewage, using fluorescence spectroscopy. Wastewa-
ter samples were taken at three different times from a WWTP, and incubated for 4 days under two
treatments: 1) “raw sewage”, and 2) “spiked”, i.e., the same raw sewage, spiked with bacteria pre-
viously isolated from the WWTP. The incubated waters were analyzed by fluorescence spectros-
copy, digitally resolved into NOM components: humic- and fulvic-like, and two types of protein-
like, i.e., tryptophan- and tyrosine-like, using a Parallel Factor Analysis routine (PARAFAC). The
results demonstrate that the “spiked” samples showed the largest changes with incubation time.
The signals of the tryptophan- and tyrosine-like components decreased, suggesting a net microbial
digestion of proteinaceous material. In contrast, the fulvic-like signals, and to some extent, the
humic-like signals increased, suggesting the production of the associated molecular materials
during the incubation period. This study provides direct evidence of human impact on the make-
up of NOM: the cultures of microbes found at a WWTP consume the proteinaceous material, whe-
reas humic-like and fulvic-like materials are produced.
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1. Introduction

Natural Organic Matter (NOM) is a term used to describe the material derived from the naturally occurring de-
gradation of organic compounds, and it is present in all natural waters. NOM is a collection of aromatic and ali-
phatic macromolecules ranging from a few hundred to several thousand of Daltons (Da) in size. Sources of
NOM constituents include accumulated organic matter, the decay of higher plants, grasses, leaf litter and other
living material, all of which are found in all types of waters, such as lakes, peat bogs, rivers, and marine envi-
ronments [1]-[11]. In addition to the decomposition of already formed organic matter, normal biological func-
tions also produce NOM through excretion, leaching and other metabolic functions [12]-[15]. Human activities
can produce other forms of NOM, and potentially modify existing NOM in aquatic systems [15]-[17], either in-
directly through land use (e.g., deforestation, agriculture, urbanization, etc.) or more directly through processes
such as landfilling, composting [18] [19], or waste water treatment [20] [21].

In recent years, fluorescence spectroscopy has been applied to track changes in NOM constituents through
aquatic and environmental processes [16] [21]-[25]. The technique is fast, non-destructive and non-invasive, and
can yield specific information on the classes of NOM. Fluorescence signals are usually resolved using digital
techniques; one of the most utilized is Parallel Factor Analysis (PARAFAC; see [1]). Resolved signals have
been reported as Humic-like, Fulvic-like, and Protein-like [16] [21] [24]-[28].

The current study complements our previous work [21], on the scale of a Waste Water Treatment Plant
(WWTP) at a mid-sized city in Northern Ontario, Canada, in which fluorescence/PARAFAC was applied to
track the changes of the NOM between raw sewage and effluent samples of the plant. The work focused on the
dynamics of humic-like, fulvic-like and protein-like components. The work has shown a preferential degradation
of the protein-like components, and a moderate degradation of humic-like material. On the other hand, fulvic-
like material did not degrade appreciably; rather, it showed a slight apparent increase at the effluent. That work
lacked specific information on the proteinaceous material degraded (tyrosine- vs. tryptophan-like), and other in-
formation on the production or utilization of fulvic- and humic-like material.

Because of the lack of specific information on the degradation or production of specific components, we have
decided to complement the earlier work by incubating incoming raw waste water in a laboratory environment.
Therefore, the main objective of this work is to determine if microbial consortia found in raw sewage from a
WWTP produces or decreases specific NOM fractions from raw sewage. Three different samples, taken within
an 8-week span, were incubated immediately after collection, over a 4-day period under two different treatments
conditions: 1) incoming raw sewage; and 2) the same sewage water, inoculated with bacteria previously isolated
from an earlier sampling at the WWTP. These solutions were monitored for changes in NOM components using
fluorescence spectroscopy in combination with PARAFAC spectral resolution. The benefit of this work is to
show how human intervention, such as a wastewater treatment plant, influences the quality of NOM, which
leads to a better understanding of pollution control.

2. Experimental Procedures
2.1. Bacteria Sampling & Isolation

A composite raw sewage sample was taken on May 5 2011 from the raw sewage of the WWTP in Sudbury,
Ontario, for seeding purposes (see [21] for a description of the plant). Two raw sewage aliquots of 10 mL each
were transferred to separate flasks containing 500 mL of pre-autoclaved Luria-Bertani broth (BioShop, Burling-
ton, ON). These were then incubated for 20 hours at 37°C with agitation at 180 rpm in an Innova 4300 incubator
shaker (New Brunswick, Edison, NJ). Both cultures were then combined into a 1 L bottle and centrifuged at
2250 g for 1 hour at 4°C using an Avanti J-20 XPI cooled centrifuge (Beckman Coulter, Mississauga, ON). Af-
ter supernatant removal, the cell suspension (~25 mL) was supplemented with 5 mL of sterile glycerol, then split
into 6 aliquots of ~5 mL each and stored at —80°C. Cell viability was assessed by streaking out 50 pL of the
suspension onto LB agar plates, followed by incubation overnight at 37°C.
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2.2. Sampling, Incubations and Processing

Three separate samples of incoming raw water were taken on May 9", June 20" and July 4" 2011. For each one
of these dates, a fresh 1 L sample was taken and split into pre-cleaned 500 mL polycarbonate bottles (2 x 500
mL subsamples; PETE by I-Chem), transported to our lab in a dark cool container, and then stored in a refrige-
rator until use (typically within the day). Two subsamples were used for each one of the three incubations: 1)
“raw sewage”, which consisted of filtered incoming raw wastewater (0.45 pum pore size, A/G technologies); and
2) the “spiked” sample, which was the second aliquot of raw sewage water, filtered (0.45 um), and supple-
mented with a 5 mL aliquot of the bacterial cell suspension isolated earlier (section 2.1).

The two subsamples (1) and (2) were set into separate autoclaved 1-L lecture bottles, capped and wrapped in
tin foil to keep in subdued darkness. Subsample (1) was left as-is in the lecture bottle, whereas the lecture bottle
of subsample (2) was attached to a recirculation system set-up (Figure 1). The cartridge (A/G technologies, 0.45
um pore size) and the recirculation system were pre-treated with detergent (Sparkleen, Fisher Scientific), tho-
roughly rinsed with Millipore water, and pre-sanitized with a 1/100 solution of commercial bleach (5% NaOCI).
This cleaning was repeated prior to introducing the next cell suspension. Rinse water (retentate and filtrate) were
monitored with a Dohrmann DC-80 carbon analyzer to ensure low TOC levels before incubation.

Aliquots (~40 mL) were withdrawn directly from the bottom outlet of the lecture bottle (“raw sewage” sam-
ple), or from the filter outlet for the “spiked” sample (“Filtrate” in Figure 1). These aliquots were taken once
daily over the 4-day incubation period (96 hours). The aliquots of the “raw sewage” incubated subsamples were
then filtered with a standard 0.45 um Durapore filter (Millipore), whereas the subsamples from the “spiked” set
up did not require additional filtration. The filtered aliquots were transferred into pre-cleaned, Teflon-backed
stoppered 40 mL amber glass bottles (I-Chem) for immediate fluorescence analysis.

2.3. Fluorescence Analysis

An Olis RSM 1000 F1 spectrofluorometer controlled by the OlisGlobalWorks software (version 4.8.17, Bogart,
GA) was used for fluorescence analysis. Standard 1-cm quartz cuvettes (Starna Cells, Atascadero, CA) were
used. The raw spectra were downloaded as a numerical file, and saved using Excel™ spreadsheets. The data was
processed with an in-house interface Kile routine (Smith, unpubl.) to remove the Rayleigh/ Tyndall scattering
lines, and then resolved with PARAFAC to isolate individual components of the fluorescence spectrum. Addi-
tional details of the analysis and the spectral resolution are given in [21].

The PARAFAC routine yielded these spectral regions: humic-like, fulvic-like and protein-like, based on ear-
lier work [21] [25] [29] [30] and established literature [3] [16] [24] [26]. We have further refined the protein-like
regions in PARAFAC into tryptophan- and tyrosine-like signals which correspond to the protein-like B and T
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Figure 1. Experimental setup of the recirculation
system for the “Spiked” samples, showing the fil-
trate sampling point.
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peaks reported by [3], respectively. This distinction was important in this work, as the fluorescence signal of
tryptophan-like material is sensitive to its microenvironment: its emission maximum is at ~330 nm if trypto-
phan-like moieties are surrounded by hydrophobic structures (i.e., in a non-polar microenvironment such as in
folded or undegraded proteins), whereas the emission maximum is near 350 nm if the constituents are in a polar,
hydrophilic microenvironment such as that encountered in degraded proteins [31] [32]. Tyrosine-like material,
on the other hand, does not exhibit this behaviour [33]. In addition, the excitation wavelength of the latter is ~5 -
10 nm lower than that of tryptophan, and the emission regions are different, making it possible to distinguish
tyrosine- and tryptophan-like materials from one another in PARAFAC.

2.4. Standards & Corrections

Salicylic acid (SA) was our primary standard to monitor instrument drift, and to normalize the signal intensities
[21] [34]. We also prepared solutions of L-tryptophan (Eastman Organic Chemicals) and L-tyrosine (BDH
Chemicals) to validate the signals of the protein-like region for processing the files in PARAFAC (Ex/Em of
~280/350 and ~280/310, respectively). All these solutions were prepared weekly, in Millipore water, at a con-
centration of 10 > M. The blanks were fresh de-ionized water (Millipore). The absolute fluorescence units may
or may not be comparable to other studies; however, our results are normalized to these standards for an inter-
nally consistent set of data.

3. Results

The fluorescence signals of the components (isolated by PARAFAC) of the three waste water samples (May, June
and July), and the two treatments, produced similar features throughout the incubations (Figure 2). The compo-
nent centroids were found at distinct emission and excitation wavelengths (Ex/Em). For instance, the humic-like
(~340/420 nm) and fulvic-like (~320/380 nm) signals were generally broad and almost featureless, with overlap-
ping portions. The two protein-like signals were assigned to tryptophan-like (~280/340 nm) and tyrosine-like
(~275/310 nm) material. Although these were close together, they were fairly narrow and intense, and hence suf-
ficiently distinct from one another to classify them accordingly.

Despite these similarities, the three samples exhibited different relative signal intensities (Figure 3), suggesting
different NOM feedstocks (Figure 3). This could be due partially to differences in diet of inhabitants, different
NOM in urban runoff, or different seasonal sources of NOM. Although no seasonal trend was found [21], the
May sample was taken after the snowmelt but before the growing season, whereas the June and July samples were
well into the growing season. We also noted that the tyrosine-like signals were low but could be easily distin-
guished from those of tryptophan-like signals for these three samples. Figure 4 shows an example of the changes
in relative fluorescence intensities for the three samples as a function of time for the two incubation modes (“raw
sewage” and “spiked”). For all three samples, differences in the NOM composition were observed between the
two incubation modes, and also with time.

3.1. Incubation of Raw Sewage

The relative distribution of components in the “raw sewage” samples was different between day 0 and day 1
for all three samples, possibly due to a change in initial conditions (temperature change, filtering, etc.). Only
small changes were apparent with incubation time between day 1 and 4 for all three samples, except perhaps
for decreases in tryptophan-like signals. The microbial populations in the raw water might have been too low,
not very active in substrate utilization, or not producing NOM to a significant extent.

3.2. Incubation of “Spiked” Sewage

The relative intensities of humic- and fulvic-like material remained similar or slightly smaller in all three
“spiked” samples at day 0, compared to their corresponding “raw sewage” samples. On the other hand, the
signal intensities of both protein materials (tryptophan- and tyrosine-like) increased several-fold. This in-
crease could be caused by the initial introduction of protein material during the cell inoculation. Later on
with incubation times, we have observed a systematic decrease of both tryptophan- and tyrosine-like signals
(although the decrease was not so clear for the incubation of the May sample). This decrease could be attri-
buted to the bacterial consumption of protein material, until its concentration was too low to be a target nu-



R. Riopel et al.

450
400
350
300
250

400
350
300
250

Excitation wavelength (nm)

(a)

0 Tryptophan-like Component

Humic-like Component Fulvic-like Component

450
400
@ 350
300
250
300 400 500 600 300 400 500 600

0 Tyrosine-like Component

400
350
300
@ -
250
300 400 500 600 300 400 500 600

Emission wavelength (nm)

450
400
350

W
[=3
(=]

250

Excitation wavelength (nm)

Humic-like Component Fulvic-like Component

400
o | =
300
250
300 400 500 600 300 400 500 600

Tryptophan-like Component 0 Tyrosine-like Component

450
400 400
350 350
300 300
250 250 @
300 400 500 600 300 400 500 600
(b) Emission wavelength (nm)
450 Humic-like Component 450 Fulvic-like Component
400 400
350 © 350
o) 300 300
i 250 250
g 300 400 500 600 300 400 500 600
©
z
; 450 Tryptophan-like Component 450 Tyrosine-like Component
:;E; 400 400
& 350 350
300 300
250 250 @
© 300 400 500 600 300 400 500 600

Emission wavelength (nm)

Figure 2. Plots of excitation/emission components (Ex/Em, in nm) after resolution with PARAFAC: samples from May (a);
June (b); and July (c). Each plot was obtained for a sample, one analysis per day, for the 5 incubation times, and two incuba-
tion modes (“raw sewage”, “spiked”). The concentric lines indicate signal intensities (in relative fluorescence units).
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Figure 4. Example of the changes in relative fluorescence intensity of the NOM
components as a function of the incubation period (July sample).

trient. The consumption of both types of protein-like material has been reported in our earlier study, at the

scale of the WWTP [21]. Increases of fulvic-like and, to a lesser extent, humic-like material were observed
for all three samples.

4. Discussion

The type of NOM consumed or produced by microbial activity is not well known for any type of water (lakes,
sediments, waste waters, etc.). The bacterial consortia present in wastewaters are likely mixed, which means that
they have different abilities to adapt as a response to conditions [4] [35]-[37]. Despite the differences in the
original NOM feedstock, the relative fluorescence intensities of the components have become almost identical
for the three samples at the end of the incubation period (Figure 5). This has implications for treatment plants
using activated sludge: we have reported that our three samples, taken in a time span of ~8 weeks, had different
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Figure 5. Comparison of the relative fluorescence signal intensities for the 3 “spiked”
samples, at the end of the 4-day incubation period.

original NOM compositions (Figure 3). This suggests that the microbes produce NOM with similar fluores-
cence signals upon digestion, and likely similar compositions. We believe this applies to the scale of a treatment
plant, as also suggested earlier [21]. Our study does not differentiate between NOM feedstock utilization, or
NOM from decomposition [15]; our incubations are likely a combination of both.

The changes in fluorescence intensity in the “raw sewage” samples were minimal for the 4-day incubation pe-
riod of this experiment (Table 1). There is undoubtedly microbial and/or other activity in these samples; it is
possible that the incubation period is too short to reveal any substantial changes in the fluorescent NOM. On the
other hand, in our “spiked” experiment, the samples provided some key and unique results. These samples
showed a substantial increase in fulvic-like intensity with incubation time for the three samples, and a smaller
but noticeable increase in humic-like signal (Figure 6). Decreases in tryptophan- and tyrosine-like intensities
were also observed (Table 1), albeit the signal intensity was smaller for the latter.

Two mechanisms could be suggested: 1) substrate utilization, and 2) decomposition/respiration. For mechan-
ism (1), the spiked material may dominate early on in the incubations. Decreases in tryptophan- and tyrosine-
like signals can be interpreted as the net microbial assimilation or degradation of protein-like material. The rela-
tive changes of the proteinaceous signals (tyrosine- and tryptophan-like) were different, suggesting that the bac-
terial consortium in the cultures degraded the components differently. For mechanism (2), NOM produced by
decomposition or respiration would be produced later in the incubations, at the expense of protein-like material
(mostly tryptophan-like). The substances produced have humic- and fulvic-like properties. Our suggestions for
these two mechanisms are reasonable in this context, and are consistent with the experiments of Kang et al.
[15] , and in constructed wetland systems [38]. This is also consistent with our earlier work [21], in which sub-
stantial decreases in labile protein-like material were reported at a WWTP outlet.

These observations are unique and original, providing clear and direct evidence that material of humic- and
fulvic-like properties are produced by bacteria in raw sewage, and that proteinaceous material (tryptophan- and
tyrosine-like) is consumed. The consumption of proteinaceous material at the scale of waste water plants has
been reported before [21] [38]-[40]. The direct production of fulvic-like material has been suggested by Kang et
al. (2016) [15] in their bioreactor, for the senescent or respiration stage. Similarly, on a larger scale, Riopel et al.
(2014) [21] suggested the formation of fulvic- and humic-like material in a WWTP; Yao et al., (2016) have re-
ported a decrease of tryptophan-like and an increase of humification in constructed wetlands [38].

The formation of humic substances (humic and fulvic acids) is not a straightforward process, and it is differ-
ent between soils, sediments, lakes, etc. These substances can originate from the agglomeration and decay of
lignin precursors (retaining some degree of aromaticity), or from the polycondensation of glycerides, among
others [41]. Stevenson (1982) [42] has also postulated that microorganisms can synthesize polyphenols from
non-lignin carbon sources which could be converted into quinones, and combine with other metabolites, such as
amino acids or peptides, to from humic polymers. The fulvic acids could be created first, since they are smaller
in structures. It is conceivable that fulvic acids agglomerate into the larger humic acids, aided by microbial de-
cay and re-condensation. In our cultures, the incubation time might be too short to observe this directly.

The production of NOM with humic-like and fulvic-like characteristics, along with the consumption of ma-
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Table 1. Relative changes in fluorescence signal between day 1 and day 4 (“+” is a relative signal increase, “~" is a de-
crease). Note that the comparison is done with the second incubation date (day 1) to exclude the potential bias due to the lag
phase at day 0, usually present upon inoculation.

Humic-like Fulvic-like Tryptophan-like Tyrosine-like
Raw sewage sample
May 13% 13% 6% 10%
June -30% -13% -18% —2%
July -9% 3% —22% 6%
Spiked sample
May 5% 372% -1% —35%
June 13% 63% —46% —20%
July 14% 137% —28% —41%
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Figure 6. Averages of the fluorescence signal intensities for the four components from the
“spiked” samples, for all three samples. The error bars are calculated “standard deviations”
and represent variabilities around the mathematical averages, with the understanding that
the sample feedstock was different among samples (see text).

terial with protein-like characteristics, has also been reported before for extracellular organic matter in algae
cultures [43]. Riopel et al. (2014) [21] have also shown a direct decrease of protein-like material between the
inlet and outlet of a WWTP, and a potential increase of fulvic-like material. However, they have reported a de-
crease of humic-like material, which is in contrast to the results of the current study. Other evidence of the pro-
duction of protein-like material, at the expense of humic- and fulvic-like material, has been proposed in car-
bon-poor systems [25] [29] [44], and in human-impacted systems [16]. Other studies [1] [4] [15] have suggested
that, even though protein-like material can be a substrate for microbial degradation, it can be produced as well.
Our observations constitute a unique and original contribution to the field of waste treatment, because we are
able to demonstrate directly that bacterial consortia from a WWTP change the distribution of NOM. Despite
different NOM feedstock, the relative distribution of NOM was similar at the end of the incubations. These con-
clusions were reached directly from cultures of actual waste water, and complementing earlier work at the scale
of a WTTP, hence showing the possibility of wide-ranging implications for treatment plants. This also provides
how human activities impact the assimilation, transformation, and production of different types of NOM in nature.
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5. Conclusions

Incubations of three different waste water samples were performed over a period of 4 days, under two different
pre-treatments: as-is (or “raw sewage™), and after inoculation (“spiked™) with a suspension containing bacterial
cells previously isolated from raw sewage. The NOM feedstock was different from these samples, yet the sam-
ples spiked with previously isolated bacteria yielded NOM with similar fluorescence signals.

The “spiked” incubations showed an overall increase in the fluorescence signal of the fulvic-like and humic-
like materials, and an overall decrease of the tryptophan- and the tyrosine-like materials. These observations
suggest that the microbial cultures are consuming the protein-like materials (tryptophan- and tyrosine-like), and
producing humic- and fulvic-like materials. Although the specific mechanisms of degradation and/or assimila-
tion are currently unknown, the relative composition of the NOM components is fairly similar, based on the flu-
orescence signals, suggesting that similar classes of molecules are produced after degradation. Our experiments
confirm earlier suggestions that fulvic-like, and to some extent, humic-like material, can be produced in waste-
water treatment plants, hence providing an example of NOM production or modification from human activities.
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