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(7) Control of Sulfate Reduction under Nitrogen Deficient Condition in a Natural Anaerobic Pond
Process for Cultivation of Purple Non-Sulfur Bacteria as Protein Source of a Fishpond
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ABSTRACT; Influence of nitrogen and sulfate concentrations in wastewater on a purple non-sulfur bacteria (PnSB)
pond process were investigated. A laboratory-scale chemostat photobioreactor treating four types of simulated wastewater
were tested with different combinations of nitrogen and sulfate concentrations. Rhodopseudomonas palustris and
sulfate-reducing bacteria were detected by a fluorescent in-situ hybridization (FISH) technique using specific probes, and
their population was quantified by pixel counting in fluorescent microscopic observations. As a result, ratios of Rpal686
on EUB338 probe were over 25% throughout the operation period. Average removal of dissolved organic carbon was
94% independent of nitrogen and sulfate concentrations. However, it was found to be difficult to suppress sulfate
reduction, even in case that nitrogen-limited wastewater was fed.

KEYWORDS; Fluorescent in-situ hybridization (FISH), purple non-sulfur bacteria, stabilization pond, sulfate reduction,
wastewater treatment.

1. INTRODUCTION

A stabilization pond process is popular in various countries, such as USA, tropical Asian countries etc., due to its low
capital cost and easy maintenance. The stabilization pond often utilized also as a fishpond. However, a high organic load
often drives its oxidation status into anaerobic condition, which might create an odor problem and a treatment failure.
Wastewater treatment utilizing purple non-sulfur bacteria (PnSB) have a high efficiency on treatment of wastewater at
high organic loadings 2 An additional benefit of the system is that cell mass of PnSB is reported to be a good
alternative of fish feed or supplement because of its richness in proteins and vitamins ***. By introducing PnSB, it might
be possible to develop a high-efficiency treatment pond without odorous gas production (Figure 1). The proposed system
is consisted of two ponds connected in series. In the first pond of this process, it is expected that acidogenic bacteria
consume organic matter in wastewater and PnSB grow with their metabolite. Then the following aerobic fishpond is
expected to have a high fish yield.

It is known that PnSB are rarely found as mass propagations in nature. Therefore, from the engineering point of view, it
is important to clarify the requirements for selective growth of PuSB. Although many researches have investigated on
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application of PnSB to wastewater treatment and single-cell protein production, there have been small amount of reports
on mixed culture studies. Sawada ef al. © and Izu et al. ” revealed that microaerobic or anaerobic condition is preferable
to keep PnSB predominant under constant light condition. In addition, impacts of timing control of inflow and runoff of
wastewater under day and night conditions were investigated in the previous study % which conctuded that the single-cell
production and protein content were higher in case that wastewater was fed in the morning and the treated water was

drained in the next morning.
Wastewater+ Anaerobic photosynthetic # . Fish_p.ond‘ * Treated
treatment pond Aerobic stabilization pond water
Organic
matters

Fatty acids, alcohols

Figure 1. Process flow of photosynthetic pond treatment system

One of the important factors for cultivation of PnSB in mixed culture is to prevent sulfate reduction. Sulfate reduction
easily occurs in case sulfate-rich wastewater is treated in anaerobic wastewater treatment processes. It produces toxic
hydrogen sulfide as an end product, and it often causes not only an odorous gas but also a treatment failure in anaerobic
processes. In a methane fermentation process, it is necessary to give a consideration in design to treat wastewater with
COD/SO; ratio below 4 ®. Growth of PnSB is also inhibited with hydrogen sulfide ' 9. However, in this PnSB process, it
could be possible to treat sulfate-rich wastewater if it is deficient in nitrogen. It is because PnSB can fix nitrogen, while
sulfate-reducing bacteria (SRB) don't have that ability. The objective of this study was to investigate influence of nitrogen
and sulfate concentration in wastewater in terms of treatment performance, sulfate reduction and growth of PnSB. In this
study, four types of simulated wastewater with different combinations of nitrogen and sulfate concentrations was treated
in a laboratory-scale chemostat photobioreactor.

2. MATERIALS AND METHODS
2.1. Inoculants

Rhodopseudomonas palustris JCM 2524 was used for the initial inoculant. Pre-cultivation was conducted under
illumination of a 60W incandescent lamp (approximately 2000 lux) in a waterbath at 30 °C. A culture medium n (per
liter) contained 2.0 g of L-malic acid, 2.0 g of sodium glutamate, 2.0 g of yeast extract, 1.0 g of KH,PO,, 0.5 g of
NaHCOs, 0.2 g of MgSO, 7H,0, 0.1 g of CaCl,2H,0 and 1 mL of vitamin & metal solution for Rps. rutila. The vitamin
& metal solution for Rps. rutila (per liter) contained 2000 mg of MnSO,4H,0, 1000 mg of thiamine hydrochloride, 1000
mg of nicotinic acid, 500 mg of FeSOy 7H20, 500 mg of CoCly-6H,0 and 10 mg of biotin. The pH value of the medium
was adjusted to 6.8.

2.2,  Operation and monitoring of photobioreactor

Working volume of a photobioreactor was approximately 3 liter, and its diameter and depth were approximately 14 cm
and 30 cm, respectively. Each reactor was illuminated by two incandescent lamps (60W) for 12 hours a day. Observed
light intensity at the surface of the reactor was 5800 lux. The reactor tanks were covered with infrared transmitting filters
in order to prevent algal growth. Heat emitted from the incandescent lamps was cooled by fans. The reactor was a
complete mixed type and the hydraulic retention time (equal to studge retention time) was kept at 6 days. The reactors
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were purged with nitrogen gas. Simulated wastewater was fed at the beginning of light condition, and reactor effluent was
runoff at the end of dark condition.

Four operations were conducted to treat simulated wastewater with different combinations of nitrogen and sulfate
concentrations (Table 1); low nitrogen and low sulfate concentrations (Run I), with low nitrogen and high sulfate
concentrations (Run II), with high nitrogen and low sulfate concentrations (Run [il), with high nitrogen and high sulfate
concentrations (Run IV).

Table 1. Glucose, nitrogen and sulfate concentrations in simulated wastewater

Rn | OMeose  NHAN SO/ CN  ThODYSO,
[mgCL]  [mgN/L]  [mgS/l]

Runl 500 26 32 192 139

Run Tl 500 % 216 192 20

Run I 500 183 32 27 139

Run IV 500 183 216 27 20

? Theoretical oxygen demand for oxidation of glucose.

A glucose medium was used as simulated wastewater, which (per liter) contained 1.25 g (500 mgC/L) of glucose, 0.1 g
or 0.7 g of NH,Cl (depending on operation conditions mentioned above), none or 1.0 g of K,SOy, (depending on
operation conditions mentioned above) 1.0 g of Ko;HPO,, 1.5 g of KH,POy, 0.25 g of MgSO,-7H,0, 0.20 of NaCl, 0.05 g
of CaCl2H;0, 1 mL of vitamin solution and 1 mL of trace metal solution. The vitamin solution (per liter) contained 500
mg of thiamine hydrochloride, 500 mg of nicotinic acid, 300 mg of p-aminobenzoic acid, 100 mg of pyridoxine
hydrochloride, 50 mg of biotin and 50 mg of vitamin By,. The trace metal solution (per liter) contained 1000 mg of
EDTA-2Na, 2000 mg of FeCl;-6H,0, 100 mg of ZnCl,, 120 mg of MnSO,4H,0, 100 mg of H;BOs, 100 mg of
CoCly6H,0, 20 mg of Na;MoOy, 10 mg of CuCly2H;0, 10 mg of NiCly'6H,0 and 5 mg of Na,SeOs.

Rps. palustris was pre-cultured for two weeks under constant light condition for the purpose of acclimatization to the
reactor environment. The simulated wastewater (mentioned above) was also used as a pre-culture medium, though it
contained 2.83 g (500 mgC/L} of CH;COONa-3H,0 as a carbon source instead of glucose, 0.1 g of NH,Cl and none of
K5SO;. After the pre-cultivation, approximately 50 mL. of digested sludge (30-50% [sludge mgSS / PnSB mgSS)) from a
sludge treatment plant were added to the pure culture reactor as a source of heterotrophic bacteria. Oxidation-reduction
potential (ORP), temperature and pH were monitored. pH was automatically adjusted at 7.0 + 1.0 by pH controllers
(SIBATA, Japan) with IN HCl and IN NaCl. Bacterial cells attached on the wall of the reactors were detached with
magnet equipments once a day.

2.3.  Sampling procedures

Samples were taken from the effluent at runoff time every 6-day from day 0 (the first runoff after the sludge were
added) to day 42. On day 36, samples were taken from the reactor every 3-hours to investigate fluctuations of water
qualities in the reactor throughout a day.

24. Runoff water qualities

One mL of sample filtered by a cellulose acetate membrane (pore size: 0.45um, ADVANTEC) was taken for dissolved
organic carbon (DOC) and dissolved nitrogen (DN) analyses by a TOC analyzer (TOC-V, Shimadzu, Japan). TOC and
total nitrogen (TN) were analyzed by the TOC analyzer after ultrasonic homogenization. Particulate organic carbon
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(POC) was calculated as the balance of DOC and TOC. Particulate nitrogen (PN) was calculated as the balance of DN
and TN. Crude protein concentrations were calculated by multiplying PN concentrations by 6.25. Dissolved sulfide ions
(HS’, $%) concentrations were analyzed by a sulfide test kit (Dr. Bruno Lange GmbH, Denmark). Dissolved free
hydrogen sulfide concentrations were determined from an equilibrium state with dissolved suifide ions and pH.

2.5.  Fluorescent in-situ hybridization (FISH) and quantification by image analysis

Four oligonucleotide probes were used: Rpal686 ", which detected Rhodopseudomonas palustris specifically; SRB385
12 which detected members of Desulfovibrionaceae (incomplete oxidizers); SRB385Db '), which detected members of
Desulfobacteriaceae (mostly complete oxidizers); and EUB338 14), which detected most of eubacteria. Probe Rpal686
had the sequence of 5-CTCACCTCTGCCATACTC-3' (complementary to 16S rRNA positions 703 to 686 [Escherichia
coli numbering]) and labeled with X-rhodamine isothiocyanate (XRITC). Probe SRB385 had the sequence of
5-CGGCGTCGCTGCGTCAGG-3' (complementary to positions 402 to 385 [E. coli numbering]) and labeled with FITC.
Probe SRB385Db had the sequence of 5-CGGCGTTGCTGCGTCAGG -3' (complementary to the same positions as
those of probe SRB385) and labeled with XRITC. Probe EUB338 had the sequence of 5'-GCTGCCTCCCGTAG
GAGT-3' (complementary to positions 353 to 338 [E.coli numbering)) and labeled with CyS5.

A sample at the volume of 1.8 mL was taken for FISH analysis. The sample was immediately frozen in gas phase of
liquid nitrogen and stored at ~80 °C. Suspensions of the samples were fixed with 3% paraformaldehyde (PFA) for 2
hours and stored in a 1:1 mixture of 1XPBS and 99% ethanol at —20 °C, as described by Amann '”.

In order to quantify population ratio of Rps. palustris against total bacteria, probes Rpal686 and EUB338 were
simultaneously used as described by Snaidr et al. %, In situ hybridization of these probes were performed as described by
Amann . The percent formamide in a hybridization buffer was 20%, and a sodium chloride concentration was 0.9 M. In
order to quantify population ratio of sulfate reducing bacteria against total bacteria, probes SRB385, SRB385Db and
EUB338 were used simultaneously. In situ hybridization of these probes were performed as described by Rabus ef al. B
The percent formamide in a hybridization buffer was-30%, and a sodium chloride concentration was 1.8 mM.

The slides were observed with a confocal laser microscope (TCS-NT, Leica Microsystems, Hidelberg, Germany)
equipped with Ar/Kr laser. Images were taken at 630-fold magnification. Ten microscopic fields per sample were
randomly chosen when images were taken. The images were saved in TIFF format. Fluorescent areas in the images were
quantified with Quantimet 600HR image analyzing system (Leica Microsystems) by pixel counting, Total fluorescent
areas were calculated in a threshold by which signal from probe fluorescence and from mechanical noise were clearly
separated. Ratio of fluorescent area of probes on that of EUB 338 was calculated for each image. Subsequently the mean
and 95%-confidence interval (CI) for 10 images were respectively calculated.

3. RESULTS AND DISCUSSION

4 [ ¢ - «©- - - 1(26mgN/L, 32mgS/L)

31. Sulfate reduction o } .- -4 - 11 (26mgN/L, 216mgS/L)

Sulfate reduction occurred in all the runs (Figare E 12 A oo i‘\l/(igmggj If, ;TE%S/S I/*i
2). The maximum concentration was observed at 3 8 6 ad a8 Q“ (183mg meS/L)
hours after feeding in all the runs. In case that ‘-‘g 4
sulfate-limited wastewater was fed (I and III), the % 2 .
total sulfide concentration decreased to less than 1 e 00— s v
mgS/L at 6 hours after feeding. However, in case that 036 9Txmé Z[h r]IS 182
sulfate-rich wastewater was fed (I and TV), the total Figure2. 24 hours time course of total sulfide (HS, s*
sulfide concentration was kept at larger than 2 and dissolved free H,S) concentration on day 36.
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mgS/L until 12 hours after feeding of wastewater. Nitrogen concentrations in wastewater did not result in significant
difference in tendencies of sulfide concentrations.

It is considered that C/N ratio of simulated wastewater was sufficient for growth of sulfate reducing bacteria, even in
case that the nitrogen concentration was low. Growth yields of sulfate reducing bacteria are reported to be 0.023-0.049
mgVSS/mgCOD . The necessary C/N ratio in wastewater for their growth is 90-130 by calculating based on three
assumptions: that they oxidize glucose completely; that C/N ratio of their cells is 4; and that VSS/carbon ratio of their
cellsis 2.

As we consider that nitrogen is supplied from dead cells as well, it should be quite difficult to suppress growth of
sulfate reducing bacteria completely in the presence of sulfate. Therefore, control of sulfide concentrations is important in
order to prevent inhibition of PnSB growth. Hansen ' reported that Rhodobacter sphaeroides is able to grow in the
presence of total sulfide at 12.8 mgS/L. In this study, growth of PnSB was not inhibited in all the runs (as mentioned
below). It is considered that sulfide concentrations were not high enough to inhibit growth of Rps. palustris.

The most appropriate approach for sulfide control in a PnSB pond process should be ORP control by aeration. The
possible ways of sulfide control are precipitation with metals, such as iron or zinc, and oxidation by aeration or oxidizers.
In these approaches, aeration is the most preferable in terms of biomass production in a pond process, because most of the
oxidizing reagents are biologically harmful and precipitation treatment requires dredging. In order to oxidize sulfide in
anaerobic condition, controlling of ORP is important. Khanal er al. '” reported that ORP control by aeration was effective
to control sulfide and to regulate oxygen dosing in an upflow anaerobic filter (UAF) process. It is expected to be effective

in a PnSB process as well.
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Figure3.  DOC concentration and DOC Figure4.  POC concentration in runoff water. TOC of
removal % simulated wastewater was 500 mgC/L.

3.2. Treatment performance

Averages of DOC removal ratios during the operation period were 94% in all the runs (Table 2). DOC concentrations
of runoff water were below 50 mgC/L throughout the operation period except day 42 of Run I, day 36 of Run 11 and day
18 of Run IV (Figure 3). In general, DOC removal ratio of an oxidation pond is 80-95% in an aerobic pond, and 50-85%
in an anaerobic pond '*. Treatment performance was sufficient independent from nitrogen and sulfate concentrations of

wastewater.,
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~ Table2. Runoff water qualities (averages during the operation period)

Run DOC DOC removal % POC Crude protein  Crude protein /
[mgC/L] (RSD¥) [mgC/L] [mg/L] MLSS
Runl (26 mgN/L, 32 mgS/L) 326 94% (0.02) 525 620 0.59
Runll (26 mgN/L, 216 mgS/L) 28.0 94% (0.03) 390 464 0.63
RunTll (183 mgN/L, 32 mgS/L) 30.8 94% (0.03) 714 859 0.57
RunIV (183 mgN/L, 216 mgS/L) 302 94% (0.04) 747 879 0.56

*) Relative standard deviation throughout the operation period.

3.3. Single-cell protein production

Crude protein contents were more than 45% throughout the ---©--- 1(26mgN/L, 32mgS/L)
operation period in all the runs. There was no significant ---@--- 11 (26mgN/L, 216mgS/L)
. . . .. —o— 111 (183mgN/L, 32mgS/L)
difference depending on nitrogen and sulfate concentrations in o 10 — e TV (i83mgN/L, 216mgS/L)
w2
wastewater. These values of protein contents were comparable g !
to those of past studies on cultivation of PnSB as a fish feed. In =
those studies, the crude protein contents of pure-cultured Rps. 2
palustris strains were reported to be 40% ¥ and 72-74% ', =
=]
POC concentrations had exceeded TOC of simulated S
wastewater, 500 mgC/L, after day 24 except day 42 of Run If
) e . 0 6 12 18 24 30 36 42
(Figure 4). Neither microalgae nor purple sulfur bacteria, day
which are possibly existing autotrophic bacteria in this reactor Figure5.  Crude protein / MLSS in terms of
condition, was found in microscopic observation. The most protein contents

possible reason is improper sludge drainage, because detaching
PnSB cells on the wall was conducted after draining.

3.4. Bacterial community

Rpal686/EUB338 ratios were over 0.25 throughout the operation period in all the runs (Figuare 6). Averages of
Rpal686/EUB338 ratio were 0.36-0.44 (Table 3). Although these ratios are lower than those of Izu er al.”, which is over
60% as ratio of Rb. sphaeroides, it is still comparable to the previous study ”. Rps. palustris is considered to have played
an important role in these bacterial communities. It

B1(26mgN/L, 32mgS/L)
B I (26mgN/L, 216mgS/L)
T (183mgN/L, 32mgS/L)
IV (183mgN/L, 216mgS/L)
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shows that sulfide concentrations were not large
enough to inhibit growth of Rps. palustris (as
mentioned above).

Averages of SRB385/EUB338 and
SRB385Db/EUB338 ratios were less than 0.1. Average

o o
(= o0
T

Rpal686/EUB338 ratio
=)
S

MLSS corresponding to SRB385/EUB338 and 0.2

SRB385Db/EUB338 ratios was 50-94 mg/L (Table 4). 0.0

The reason why ratios of sulfate reducing bacteria were 0 6 12 18 24 30 36 4
much lower than PnSB is related to their growth yield. day

Growth yields of sulfate reducing bacteria on carbon Figure 6.  Ratios of detected areas by probe Rpal686
are calculated as 0.061-0.088 mgVSS/mgC if they are per area by probe EUB338. Vertical lines on the bars stand
assumed to oxidize glucose completely. Based on these for 95%-CL
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yields, the maximum VSS of sulfate reducing bacteria in this study is 44 mgVSS/L, because TOC concentration of
simulated wastewater was 500 mgC/L.

However, this also means that not a small amount of sulfide might be produced even if sulfate reducing bacteria do not
appears to be dominant. Their growth yields on sulfate is calculated to be 0.015-0.033 mgVSS/mgSO, by using
theoretical COD/SOy ratio of sulfate reduction, 0.67. Based on these yields, 10-20 mgS of sulfide is produced by 1
mgVSS growth of sulfate reducing bacteria. This result shows that it is quite important to control sulfide concentrations if
growth of sulfate reducing bacteria is difficult to suppress.

Table 3. Average ratios of fluorescent areas of probes Rpal686, SRB385 and SRB385Db on EUB338 durmg the
operation period. The values in parentheses show 95%-confidence interval.

Run Rpal686 SRB385 SRB385Db

Runl (26 mgN/L,32 mgS/L) 044 (£0.10)  0.04 (20.01) 0.05 (£0.02)
Runll (26 mgN/L, 216 mgS/L) 043 (20.10)  0.08 (£0.05) 0.05 (£0.03)
RunQl (183 mgN/L, 32 mgS/L) 040 (20.09) 002 @0.01) 0.02 @0.01)
RunlV (183 mgN/L, 216 mgS/L) 036 (0.08)  0.02 (£0.01) 0.01 &0.01)

Table 4. Averages of MLSS concentrations corresponding to ratios of Rpal686, SRB385 and SRB385Db on EUB338
during the operation period. The values in parentheses show 95%-confidence interval.

Sulfate reducing bacteria
Run . Rpal686
SRB385 SRB385Db SRB385+SRB385Db
Runi (26 mgN/L,32 mgS/L) 453  (*10D) 38 (%12) 49 (¥24) 87 (£36)
RunlI (26 mgN/L, 216 mgS/L) 287 (72) 59 (£33) 35 (£26) 94 (£59)
Runlll (183 mgN/L, 32 mgS/L) 653  (*136) 36 (x18) 40 (£28) 76 (:46)
RunlV (183 mgN/L, 216 mgS/L) 560 (£120) 29 (#21) 21 (#22) 50 (*43)

4. CONCLUSIONS

It was found to be difficult to suppress sulfate reduction even in nitrogen deficient condition. Therefore, sulfide
concentration control is important in order to prevent inhibition of PnSB growth. 94% of DOC removal was achieved
independent of nitrogen and sulfate concentrations in wastewater. Protein contents were sufficient in comparison with the
previous studies. In this study, average ratio of Rps. palustris was 36-44% since sulfide concentration did not reached
high enough to inhibit growth of PnSB.

At present, a pilot-scale plant of a PnSB pond process is operated in Thailand. Control of algae will be tested in the
pilot-scale reactor by using infrared transmitting filters.
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