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HIGHLIGHTS

* UASB reactors are widely used in vinasse wastewater.

* Archaea, Bacteria Domain and sulfate-reducing bacteria.

* Population differences were found by DGGE technique.

* PCRq was effective in the quantitative differentiation among populations.

Brazilian Archives of Biology and Technology. Vol.62: €19180268, 2019 www.scielo.br/babt


mailto:elopozzi@sc.usp.br

2 Brown, A. I. T..; et al.

Abstract: The microbiological characterization by molecular techniques (DGGE and
guantitative PCR) of Archaea, Bacteria domain and sulfate-reducing bacteria (SRB) from a
laboratory scale Up-flow Anaerobic Sludge Blanket (UASB) processing sugar cane vinasse
was performed during the operational phase with increasing organic loads. The organic
load removal efficiency was between 97% and 75% for volumetric organic loads (VOL) in
the range of 0.6 to 15.4 kgCOD.m?.d™" and for higher VOL (until 27.0 kgCOD.m?.d™") the
removal efficiency decreased to 48%. Archaea represented the majority of the estimated
population (10’ copies of 16S RNA ribosomal gene. mL™) followed by bacteria (10° copies
of 16S RNA ribosomal gene. mL™) and sulfate-reducing bacteria (SRB) (10° copies of dsrB
gene. mL™). There was a significant difference between the populations of Archaea and
SRB with increasing VOL. DGGE profiles show differences among populations with
increasing VOL, especially with respect to sulfate-reducing bacteria. The presence of SRB
together with a high sulfate removal percentage (97%) of about 15 kgCOD.m3d™,
indicates the establishment of a sulfidogenic process.

Keywords: UASB reactor, microbial characterization, Methanogenesis, Sulfidogenesis,
DGGE, quantitative PCR.

INTRODUCTION

The success of any anaerobic process depends greatly on the permanence of adapted,
stress resistant biomass with high microbial activity in the reactors. UASB (Up-flow
Anaerobic Sludge Blanket) reactors are widely used in vinasse wastewater treatment [1-2].
In UASB-type reactors the active granulated biomass is considered as the major reason for
the success of industrial effluent treatments and this reactor operates at relative low
hydraulic retention time and biogas production favoring contact with microorganisms. The
guality of the treatment system is directly related to the stability of the sludge, which is vitally
important for processing complex effluents, such as distillery vinasse.

Ethanol distillery vinasse is characterized as a dark brown liquid waste with organic
matter concentration measured as chemical oxygen demand (COD) that can be higher than
100 g.L™" and having pH between 3.5 and 5 [3-4]. Because it is rich in inorganic constituent,
mainly calcium and potassium, it is applied to the soil as a biofertilizer. However, this
wastewater also contains phytotoxic, recalcitrant compounds such as phenols, polyphenols
and heavy metals that can cause deleterious effects to soil microfauna and plants besides
groundwater contamination [3].

Contamination of the industrial fermentation of sugarcane juice by bacteria and also by
spurious yeast strains is controlled by acid treatment, generating sulfate-rich acidic
wastewater [5]. In anaerobic reactors, sulfate-reducing bacteria (SRB), mainly in substrates
such as vinasse that is rich in sulfate, compete with the methanogenic and acetogenic
microorganisms for the same substrate. Hydrogenotrophic SRB obtains more energy
relative to molecular hydrogen such as hydrogenotrophic methanogenic archaea (HMA) that
have a greater affinity for hydrogen. This causes the concentration of bioavailable hydrogen
to decrease for such archaea. This explains the rapid inhibition of HMA when sulfate ions
feed the anaerobic reactor. SRB also compete with acetoclastic methane archaea (AMA) for
acetic acid. In addition, they may compete for hydrogen and sodium formate, which is an
intermediate in the process of anaerobic degradation with syntrophic acetogenic bacteria [6]
and also by acetic acid [7-8].

The correlations between microbial diversity and operational aspects to obtain
additional information on the performance of the reactor can provide tools to better design
treatment processes.

In this study we used Denaturing Gel Gradient Electrophoresis (DGGE) molecular
techniques with the aim of monitoring changes in microbial communities of Archaea and
Bacteria in a UASB reactor on a laboratory scale fed with increasing organic loads of
vinasse from a sugar cane ethanol distillery.
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In addition, population estimates of Archaea, Bacteria and Sulfate Reducing Bacteria
(SRB) by Polymerase Chain Reaction (PCR) in real time (quantitative) allowed comparisons
among them and inferences about the possible removal efficiency variations.

The importance of this study is the use of techniques of molecular biology to
characterize the main microbial groups responsible for anaerobic digestion in UASB
reactors fed with vinasse and to relate them to the performance of the reactor subject to the
increase of volumetric organic loads.

MATERIAL AND METHODS
Wastewater and inoculum

During the experimental tests, the wastewater used was vinasse, the distillate product
of the fermented sucrose broth for ethanol production, provided by a vinasse distillery plant
in Sdo Paulo state, Brazil. The low concentrations of the vinasse used to feed the reactor
were obtained by dilution with tap water with NaHCO;, depending on the desired
concentration.

The inoculum used was granular sludge from a UASB reactor, treating wastewater from
a poultry slaughterhouse [9] and was adapted to the vinasse from a prototype methanogenic
UASB reactor in continuous operation with low loads of ethanol distillery vinasse.

Experimental apparatus and operational conditions

A laboratory scale anaerobic reactor was used based on the design adopted by UASB
type reactors with a total operating capacity of 20 liters. The reactor is of approximately 10
cm diameter and total height of 200 cm. The bottom half, which is for the reaction chamber,
has a 10 L capacity. The upper part, with 10 L volume capacity is used as a separator
(sedimentation and separation of biogas). Although built as a one piece reactor due to its
aspect ratio (1:20) for performance assessment, it can be considered as a reactor and a
sedimentation chamber assembled in series. The gas outlet is at the top part. The reactor
was fed with the vinasse diluted with the reactor effluent. During the operation period, the
operational parameters were: up flow velocity equal to 0.13 m.h™", temperature equal to
30°C+1°C; feed flow rate equal to 23.6 L.d™". The feed was continuously kept by a peristaltic
pump (Prominent Dosiertechnik). The volume of added vinasse varied from 100mL at the
beginning of the operational period to 3.6 L at the end of the period, with a gradual increase
of COD affluent from 1000 to 20700 mg.L™ (volumetric organic load from 0.63 to 24.3 kg
coD.m?3.d*, respectively). The load was increased whenever the system had COD removal
efficiency greater than or equal to 70%. The experimental phase lasted 202 days/operation
and 52 hours hydraulic retention time (HRT) was maintained.

The conversion potential of the organic matter in methane was estimated for the
inoculum and during the period of operation with VOCs between 3-4 Kg COD.m™3.d™" (86
days of operation) in batch experiments and calculating the specific methanogenic activity
(SMA) using carbon sources of sodium acetate and sodium formate (20 and 10 mM,
respectively)[10].

Operational and performance parameters
The organic volumetric load was calculated by equation (1):

VOL=( Q* CODjpsy +5.5 *CODegiux ) / Vi (1)
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Where: VOL is volumetric organic loading; CODefflu is the effluent concentration;
CODinflu is the vinasse concentration; Vr is the volume of reactor and Q the vinasse flow
rate.

The organic load (OL) removal efficiency was evaluated by equation (2):
Nk = (OL) — ( Q* CODegsux) / (OL) (2)
Analytical methods

Physico-chemical analyses were performed of glass fiber filtered samples (45 pm of
porosity): soluble chemical oxygen demand (sCOD) and pH of the influent and effluent
according to Standard Methods [11].The volatile fatty acids (VFA) were quantified by gas
chromatography (GC201, Shimadzu) equipped with a flame ionization detector and
INOWAX column, 30m*25mm*0.25 pym [12]. Sulfate was measured by lon Chromatographic
Method using a chromatograph model Dionex ICS 5000® equipped with a chemical
conductivity suppressor. Sample preparation consisted of only a filtration (1.2-pym glass fibre
membrane followed by 0.22 um cellulose acetate membrane) and sample dilution.
Calibration curves were linear and well-adjusted between 2.5 and 50 mg.L™". The column
temperature was set at 35 °C, and the conductivity detector was 30 °C. Injection was made
through an AS auto-sampler device, and the injection loop volume was set at 10 pL. All parts
of the IC, such as the injection valve, high-pressure pump, conductivity detector, suppressor
module, peristaltic pump and auto-sampler were fully controlled by the Chromeleon
Chromatography Management, 7.1 program. Isocratic elution (at a flow rate of1.0 mL. min™")
was used, and an analytical grade (> 99%) sodium carbonate (Aldrich) and sodium
hydrogen carbonate (Sigma-Aldrich_Steinheim, Germany) were diluted in ultra-purified
water to prepare the eluent at a concentration of 4.5 and 0.8 mM, respectively [13]. Sulfide
concentration was determined by the colorimetric method on HACH DR-2800 ®
spectrophotometers using a Sulfide Analysis Kit (Reagents Code 1816-32 and 1877-32).

Microbiological tests

The samples for the molecular analyses were taken from the sludge of the reactor bed
at VOL of 6.75 kg COD. m®.d*, 15.44 kg COD. m>.d*and 24.31 kg COD. m®.d™. Extraction
of genomic DNA [14] from sludge and PCR were done for the analysis of DGGE [15] and
qPCR [16].

The microbiota of the Archaea Domain was characterized by the set of primers
1100FGC and 1400R [17]. For the Bacteria Domain, the set of primers 968FGC and 1392R
[18] was used, both for 16S RNA ribosomal. For the sulfate reducing bacteria (SRB), a pair
of specific primers (DSRp2060F and DSR4R) was used for amplifying the dsrB gene
fragments [19].The dendrograms of the band profiles, obtained from DGGE gel images,
were constructed by the Bionumerics® program (version 3.5) using the unweighted pair
group method with arithmetic average (UPMA) method. A matrix of similarities was
calculated based on the Pearson correlation.

The relative quantification of organisms by real-time PCR (QPCR) was done using the
fluorophore SYBR® Green [20] in a thermocycler (Roche® Light Cycler 2.0) at the
Laboratory of Biofilms and Environmental Microbiology, Biotechnology Center, University of
Concepcion, Chile.

The 787F and 1387R primers were used for the Bacteria Domain (amplification of the
16S rRNA gene) [21] for the analysis of qPCR. The 344F and 915R primers were used for
the Archaea Domain (16S rRNA gene) [22]. The DSRp2060F and DSR4R primers were
used for the SRB [10]. For the melt curve analysis, the temperature was increased at a rate
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of 0.1 °C. s increments from 65 to 95°C. Threshold cycle (Ct) values were automatically
calculated by the Light Cycler software 4.05. Calibration curves were constructed from serial
decimal dilutions (10" to 10° from pure cultures of Listeria mocitogenes (ATCC 1915)
(Bacteria Domain), Methanosarcina mazei (ATCC BAA-159D) (Archaea Domain) and SRB
isolated from environmental samples at the institution’s research laboratory in Chile. The
number of copies of the 16S rRNA gene and dsrB gene (number of cells) from the DNA
concentration in ng/uL was calculated [23].The comparison of results for the density of the
three groups of microorganisms, obtained by gPCR and related to the different VOL
followed the analysis of variance (ANOVA, significance level of 5%) [24].

RESULTS

The characterization of raw vinasse is shown in Table 1. Volumetric organic load (VOL),
organic load removal efficiency (n) and VOL removed from the sludge blanket is shown in
Table 2.

Table 1. Mean values of raw vinasse characterization [26]

Parameter Concentration (g. L™)
Electrical conductivity (mS cm™) 5.15

COD Total 27.8 £ 4.08
COD Soluble 245+ 4.16
Total solids 30.8+4.21
Total volatile solids 209+ 242
Volatile suspended solids 1.62+1.01
Total volatile fatty acids 1.31+0.41
Total nitrogen 0.244 £ 0.02
P-PO,* 0.092 + 0.03
Carbohydrates 45+1.04
Na* 3.82+0.71
K" 3.67£0.75
Mg** 0.346 + 0.13
ca* 0.430+0.18
S0, 1.41 +0.49
CI 1.62 + 0.56
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Table 2. Volumetric organic load (VOL), organic load removal efficiency (n) and VOL removed from
the sludge blanket.

VOL removed in the sludge

VoL appied_1 f blanket
(kgCOD.m™.d™) (%) (kgCOD.m~.d"™"
0.63 93.2 0.59
0.87 89.6 0.78
1.18 97.2 1.15
1.34 97.3 1.30
2.54 96.0 2.44
2.80 96.1 2.69
3.17 95.2 3.02
3.57 95.7 3.42
3.64 93.0 3.38
4.27 95.0 4.06
6.75 91.0 6.14
10.25 85.1 8.72
13.73 75.1 10.31
15.44 75.3 11.62
24.49 56.1 13.73
24.31 59.3 14.42
27.01 48.9 13.20

Estimation of microbial density by quantitative PCR in different VOL for Bacteria,
Archaea and sulfate-reducing bacteria is shown in Figure 1.

DBactena
@ Archaea
BSBR

1.0E+08
1.,0E+07
1.0E+06
1,0E+05

f=}
tri
+
o
=N

1.0E+03
1.0E+02
1,0E+01
1,0E+00

Copies of genes.mL

6.75 15.44 2431

Figure 1. Estimation of microbial density (gPCR) in different VOL for Bacteria, Archaea and SRB.
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DGGE profiles band of Archaea, Bacteria and sulfate—reducing bacteria and similarity
coefficient in percentage (Pearson correlation) for different volumetric organic load are
shown in Figure 1, Figure 2 and Figure 3, respectively.

88
o2
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T 6.75
I ]l: n 24.31

Figure 2. Dendrogram (UPMA) of the band profiles of the Archaea and their similarity coefficient in
percentage (Pearson correlation [0.0%-100.0%)]) for sludge blanket to VOL of 6.75 kg COD.m™.d™";
VOL of 15.44 kg COD.m™.d"and VOL of 24.3 kg COD.m2.d™".

Feo
Fes
F7o
F7s
;80
Fss
Foo
Fos
ilOO

g
15.44
24.31

Figure 3. Dendrogram (UPMA) of the band profiles of the Bacteria and their similarity coefficient in
percentage (Pearson correlation [0.0% - 100.0%]) for sludge blanket to VOL of 6.75 kg COD.m™>.d™*
: VOL of 15.44 kg COD.m™*.d™" and VOL of 24.31 kg COD.m™>.d™".
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Figure 4. Dendrogram (UPMA) of the band profiles of the SRB and their similarity coefficient in
percentage (Pearson correlation [0.0% - 100.0%]) for sludge blanket to VOL of 6.75kg cob.m>.d?;
VOL of 15.44 kg COD.m™%.d™" and VOL of 24.31 kg COD.m™>.d".

DISCUSSION

The influent composition and the organic loading rate (OLR) have effects on the
performance of the UASB reactor, as well as the biological composition of the granules.
Specific methanogenic activity (SMA) assay characterized the methanogenic potential of the
inoculum from a poultry slaughterhouse and the sludge from the UASB reactor blanket with
86 days of operation feed with vinasse. The maximum methane production rate for the
inoculum was 38 mL CH, g. SSV™. d*, indicating that the inoculum was adequate for starting
the UASB reactor. For granular sludge used as inoculum "seed" in anerobic treatment
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processes, the activity rate ranging from 0.1 to 0.5 g CH,COD. gSSV*.d* (35-175 mL of
CH,. gSSV™.d?) is considered suitable for starting the reactor [25]. The activity value of the
sludge with 86 days of operation was 134.6 mL CH,. gSSV*.d™). This value was higher than
the activity value of the anaerobic granular sludge used as inoculum during the reactor
startup.

With the reactor operating with volumetric organic load (VOL) in the range of
0.6-10.2 kgCOD. m™.d™" (calculated according to equation 1), the removal efficiency values
of the reactor (n) ranged between 93 and 85%, respectively. There was a subsequent
removal efficiency decrease for loads above 15.4 kg COD. m™ .d™", reaching values
between 59 and 48%, when the reactor was operated with VOL close to 24.0 kg COD. m™
.d™" (Table 2). Chemical oxygen demand (COD) removal efficiency was 69% at an optimum
organic loading rate (OLR) of 17.05 kg COD. m®.d" in a modified UASB reactor treating
vinasses from hydrous ethanol [2]. Similar results were obtained from a UASB reactor
treating raw vinasse at an optimum OLR of 12.5 £ 2.1 with n of 71.2 % [26].

The characterization of raw vinasse [26] is shown in Table 1, however the
concentration of organic matter in the mixture was more diluted (raw vinasse with effluent of
UASB reactor).

The VOL removed by the sludge blanket increased with increasing applied loads
(Table 2). Despite the reduction in the COD removal efficiency of the system, the
contribution of the organic load due to the dilution with the reactor effluent was partially
absorbed by the microorganisms, not collapsing the reactor.

The COD removal efficiency dropped when the organic load exceeded 15kg COD
m=2.d”" due to the accumulation of fatty acid intermediates that were not removed by
methanogenic organisms. During the operation of the reactor with VOL between 7 kg COD
m=>.d™" and 27 kg COD m™.d™, there was an increasing concentration of acetic and
propionic acid in the effluent samples at concentrations of 580 mg. L™ and 400 mg. L™,
respectively to VOL of 27 kg COD. m™.d™". These same acids were the main ones found in
UASB reactors fed with raw vinasse [26].

The acetic acid produced was not completely consumed by the acetoclastic
methanogenic archaea and the presence of propionic acid indicates an increase in the
partial H, pressure in the system [27]. The possible reduction of the hydrogen consumption
by the hydrogenotrophic methanogenic archaea contributed to the efficiency decrease of the
reactor, but not reaching inhibition of the process [28]. Moreover, at such concentrations,
acetic acid and propionic acid are not considered to be inhibitory to both acidogenic bacteria
and methanogenic archaea [28-26].

As the propionic acid accumulated in the reactor was not directly used by the
methanogenic archaea, it can be used by some sulfate reducing bacteria (SRB) producing
acetic acid. Some SRB can oxidize volatile fatty acids incompletely producing acetate and
also producing sulfide. Others can completely oxidize volatile fatty acids (propionic and
butyric acid) to CO, and produce sulfide during the process [29]. This microbial group is
similar to methane-producing archaea (MA) in terms of the physiological and ecological
aspects. SRB are more competitive with acetate and hydrogen than MA in medium with
higher sulfate concentrations [30].
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The sulfate concentration in the feed showed values varying between 1460+10 and
1650+13 mg.L™ reaching removal values of 89% and 97%. The sulfate concentration in the
effluent samples varied between 41+ 3 and 171+ 5 mg.L‘l. The total sulfide concentration,
calculated on the basis of sulfate removal, would be in the range of 400-500 mg.L™.
However, part of the sulfide produced was lost in the gaseous fraction of the reactor. The
inhibitory sulfide levels reported in the literature are hight, in the range of 100-800 mg.L™[2].

The main parameter controlling the interactions between SRB and AM is the
relationship between the amount of organic substrates available, measured indirectly as
chemical oxygen demand (COD) and sulfate concentration, [SO,*]. During the operation of
the reactor with VOL of 24.31 kg DQO m>d™, the COD/[SO,?*] ratio was 15.0. This value was
not considered inhibitory to methanogenesis in the horizontal fixed bed anaerobic reactor
(HFBAR) with immobilized biomass treating sulfate-rich organic wastewater®'. Theoretically,
when the COD/ [SO4*] ratio is equal to 0.67, there is enough sulfate for all organic matter to
be consumed via sulfetogenesis[29]. In situations of COD/ [SO,*] ratio above 0.67,
sulfetogenic and methanogenic processes may occur simultaneously, and below that value,
sulfetogenesis may be the dominant process. Inhibition by sulfide is generally not found in
anaerobic treatment, whereas the COD/ [SO42'] ratio in wastewater is above 10, but
inhibition is severe when the ratio is below 0.5. This is caused by the stripping effect of high
biogas production rates, which rapidly remove sulfide as it is formed at neutral pH [32]. The
guantification of sulfate in the affluent and sulfide in the effluent, samples of the DGGE band
profiles, as well as gPCR confirm the presence and activity of SRB bacteria.

The accumulation of acids associated with sulfide and enhanced by the effluent
recirculation, which concentrates potentially inhibitory substances, caused a removal
efficiency decrease of organic matter in the UASB under study. However, in this assay,
matanogenesis and sufetogenesis occurred simultaneously.

The pH in the UASB reactor ranged between 7.3+ 0.2 and 8.5+ 0.3 and affluent
alkalinity reached values between 2000 and 5500 mg CaCOs.L™. The alkalinity of the
effluent remained constant in values close to 6000 mg CaCOs .L™ indicating buffer capacity
and good performance of the reactor. The bicarbonate alkalinity, required to maintain stable
pH values in a neutral-alkaline preventing unbalance of the system as the apparent
volumetric organic load, increased. Maoreover, the effluent recirculation in the UASB reactor
was important for increasing the alkalinity of the system, promoting microbial growth and
reducing preferential paths, and for improving mass transfer and decreasing the volumetric
organic load variation [33].

CONCLUSION

For volumetric organic loads (VOL) in the range of 0.6 kgCOD.m>d" o 10
kgCOD.m™.d", the dilution of vinasse with reactor effluent was a positive potential strategy
to treat vinasse from ethanol distillery since the removal efficiencies achieved were above
85%.

The reactor operation did not have favorable results for volumetric organic loads
above 24 kgCOD. m™ .d*, considering that the efficiency removal dropped below 60%.
Above 15 kgCOD. m™ .d™, the organic load removed did not increase with increasing VOL.
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The maintenance of the organic load removed indicates that the population developed in the
reactor was adequate to maintain the process.

The real-time PCR technique was effective in the quantitative differentiation of
Archaea, Bacteria and SRB, however when subjected to increasing VOL no differences
were observed among the populations. The population differences were found by the DGGE
technique. Thus, these molecular biology techniques are complementary, thus evaluating
the importance of these organisms to stabilize the vinasse in the UASB reactor under study.

The microbial populations of the SRB were more variable with the different organic
loads, however the Archaea was quantitatively higher, besides showing greater stability.
The presence of SRB, together with a high sulfate removal percentage for loads of about 15
kgCOD.m™.d™", indicates the establishment of a sulfidogenic process.
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