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Abstract
The application of low-temperature (10oC) anaerobic digestion (LTAD) for the treatment of
complex dairy-based wastewater in an inverted fluidized bed (IFB) reactor was investigated.
Bioreactor performance was negatively influenced by increases in the organic loading rates
(OLRs) between 0.5 to 5 kg COD m-3 d-1. An applied OLR above 2 kg COD m-3 d-1 strongly
influenced the microbial composition and dynamics. The hydrogenotrophic methanogenic groups:
Methanomicrobiales and Methanobacteriales were monitored via quantitative polymerase chain
reaction (qPCR) and demonstrated a 16478-fold and 85-fold decrease in their abundance,
respectively. This suggests that those organisms were inhibited or washed out from the system
after the OLR stress was applied. The bacterial community in the bioreactor was monitored via
denaturing gradient gel electrophoresis (DGGE), and the results of this analysis also suggested an
influence of OLR stress on bacterial community structure and population dynamics. Possible
shortcomings in the bioreactor operation are indicated, which could be helpful in future design and
optimization of fluidized reactors intended for digestion of complex industrial wastewaters during
LTAD.
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INTRODUCTION
Although low-temperature AD (LTAD) has been successfully demonstrated at laboratory- and
pilot-scale, the majority of recent studies were based on granular sludge systems (Bergamo et al.,
2009; McKeown et al., 2012). It is well known that temperature (Bergamo et al., 2009) might
influence the process performance and microbial community composition and population dynamics
during AD and, therefore, bioreactors intended for low-temperature applications should compensate
for the negative effects of low temperature during AD, including increased liquid viscosity.
Increased contact between retained sludge and wastewater would facilitate increased effectiveness
of anaerobic wastewater treatment systems for cold wastewater. Progress on the optimization of the
contact between sludge and wastewater led to the development of an advanced reactor design, the
inverted fluidized bioreactor (IFB) using floatable particles with a specific density lower than the
liquid (Garcia-Calderon et al., 1998). Another important factor to be considered during LTAD is the
reported failure of the bioreactors to retain granular sludge, which may lead to severe hydraulic
wash-out of psychroactive biomass (McKeown et al., 2009). Non-granule-based systems, using
inert nuclei to promote re-granulation might thus be of advantage during psychrophilic reactor
operation. Additionally, LTAD at temperatures ≤10oC has been predominantly applied to relatively
low-strength, simple VFA-based wastewaters (McKeown et al., 2012) and, therefore, the potential
for anaerobic digestion of complex industrial wastewaters with suspended, fluidized biomass
remains largely unexplored. In this context, the objective of this study was to assess the effect of
variable organic load, defined by different hydraulic retention times (HRT) and variable influent
concentrations, on the bioprocess performance and microbial community dynamics of an IFB
treating complex dairy-based wastewater at 10oC, during a 335-day trial.
MATERIALS AND METHODS
Reactor operation and biomass sampling
A laboratory-scale IFB bioreactor (7.2 l working volume) treated a synthetic, skimmed milk-based
dairy wastewater, at 10oC, for 335 days. ExtendosphereTM light mineral material was used as a

carrier material as described previously (Bialek et al., 2011). The seed sludge used to inoculate the
reactor was sourced from the previous experiment (Bialek et al., 2012) and the VSS concentration
inoculated into the bioreactor was 17.9 g l-1. Bioreactor operation was divided into six operational
phases (PI-PVI; Table 1). Analysis of effluent volatile fatty acids (VFA) and residual chemical
oxygen demand (COD) concentrations were performed as described previously (Bialek et al.,
2011). For microbial community analysis, biomass was directly collected from the IFB bioreactor.
DNA was extracted as described previously (Bialek et al., 2011).
qPCR
Real-time PCR (qPCR) analysis was performed using a LightCycler 480 instrument (Roche,
Mannheim, Germany) using four methanogenic order- or family-specific primer/probe sets as
described previously (Bialek et al., 2011; Bialek et al., 2012). All DNA templates were analysed in
duplicate.
Specific methanogenic activity (SMA) testing
Biomass sampled from the bioreactor was screened for metabolic capability using specific
methanogenic activity (SMA) values as described previously (Siggins et al., 2011). Assays on day 0
were performed at 15 and 37oC, assays on day 335 were performed at 10 and 37oC, and the results
were expressed as ml CH4 gVSS-1 day-1.
RESULTS AND DISCUSSION
Bioreactor performance
Figure 1 illustrates the COD removal efficiency (RE) profiles and effluent VFA concentrations
associated with the IFB bioreactor during the trial. The operating parameters and performance are
summarized in Table 1. The IFB bioreactor showed on average 69±10% COD RE during PI. With
increasing OLR (since PII; Table1) the COD RE started to decrease. Marked fluctuations in the
COD RE corresponded to build-up of in-reactor effluent VFA concentrations, especially during PV
(characterized by increase in OLR from 2 to 5 kg COD m-3 d-1), where effluent VFA concentrations
oscillated between 328-2050 mg COD l-1. The return to a fixed OLR of 2 kg COD m-3 d-1 during
PVI resulted in a decrease in the VFA effluent concentrations to <140 mg COD l-1 by the end of
trial (Figure 1).
It is generally accepted that low temperatures (10oC as investigated in this study) show a very
strong negative effect on metabolic activity of the anaerobic microorganisms and bioprocess
performance (Lettinga et al., 2001). Although successful application of the LTAD of dairy
wastewater has been already demonstrated in an EGSB bioreactor (Bialek, 2012), the majority of
recent studies were based on granular sludge systems (McKeown et al., 2012). Poor bioprocess
efficiency as observed in this study could be a reflection of inadequate mixing intensity and low
down flow velocity (1.5 m h-1), when compared to other fluidized systems (Arnaiz et al., 2003).
Additionally, Extendosphere particles covered with biomass tended to adhere to each other forming
conglomerates which easily settled at the bottom of the bioreactor (SEM examination) and
supported loss by sedimentation. Additionally, it has been demonstrated that the excessive
accumulation of fixed biomass leads to a progressive decrease of biofilm specific activity associated
with mass transfer limitations and this could have been one of the reasons for the inefficient
performance observed in our bioreactor. Furthermore, at temperatures below 20oC the solubility of
fats, particles and organic polymers is slow and may constitute the limiting stage of the process
causing instability of the reactor.
Real-time PCR of archaeal populations
The 16S rRNA gene concentration of the hydrogenotrophic orders Methanomicrobiales and
Methanobacteriales showed only slight fluctuations during PI to PIV associated with the applied
HRT reductions (from 48h to 12h; Table 1). By the end of the trial (PVI; day 335), however, a
significant decrease in the 16S rRNA gene concentration of both groups was recorded, with a
16478-fold and 85-fold reduction for Methanomicrobiales and Methanobacteriales, respectively
(Figure 2). The significant decrease in the 16S rRNA gene concentrations of both hydrogenotrophic
groups suggest that stress induced by increases in the OLR during PV had a negative effect on those
methanogenic groups. Although the operational conditions applied during PVI (day 335) were the
same as applied during PIV (before the OLR shock loads), both hydrogenotrophic groups could

have been washed out of the IFB bioreactor, outcompeted by different microorganisms or were
suppressed due to unfavorable conditions.
Despite an 8-fold reduction noted in the 16S rRNA gene concentration of Methanosaetaceae by
the end of the trial (Figure 2), this group seemed to be the least disturbed by the deteriorating
reactor conditions. The acetoclastic family, Methanosarcinaceae, although detected during PI-PIV,
was undetectable in the bioreactor by the end of trial (PVI; day 335; Figure 2).

Figure 1. Chemical Oxygen Demand (COD) Removal Efficiency (RE), Volatile Fatty Acids (VFA concentrations; presented as sum
of: acetic-, butyric-, iso-butyric-, propionic-, valeric- and iso-valeric) and Organic Loading Rate (OLR; red line) applied to the
Inverted Fluidized Bioreactor (IFB).
Table 1. Operational and performance characteristics during phases I to VI of the bioreactor operation.
Phases
Days
HRTa
OLRb

PI

PII

PIII

PIV

PV

PVI

0-146
48

147-230
24

231-265
18

266-294
12

295-322
12

323-335
12

0.5

1.0

1.3

2.0

2.0/5.0

2.0

CODREc

69±10

55±4

37±13

38±14

44±8

33±9

Qd

0.0036

0.0072

0.0096

0.0144

0.0144

0.0144

C se
1.0
1.0
1.0
1.0
1.0/2.5
1.0
a
Hydraulic retention time (h); bOrganic loading rate (kg COD m-3d-1); cChemical oxygen demand removal efficiency (%), where values are the phases
mean (±s.d.); dFlow rate (m3d-1); Cse Substrate concentration (kg COD m-3)

Figure 2. Absolute quantification of the 16S rRNA gene concentration of the methanogenic/archaeal populations during
psychrophilic (10oC) IFB operation.

Physiological characterization of biomass
SMA results indicated the mesophilic nature of the inoculum (day 0) and biomass at the end of trial
(day 335), exhibiting higher activity at 37oC than at 10 and 15oC, for all substrates tested (Table 2).
In assays carried out at the beginning of the trial (day 0), the biomass displayed a preference for
acetoclastic methanogenesis at 37oC and for hydrogenotrophic methanogenesis at 15oC. However,
metabolic activity determined by the end of trial (day 335) at 10oC and at 37oC indicated a
preference for H2/CO2-mediated methanogenesis (Table 2).
The use of SMA assay, with acetate as sole substrate, determines the metabolic activity of
acetoclastic methanogens and it was well correlated with the absolute quantification of the 16S
rRNA gene copy concentration of the acetoclastic methanogens, utilizing acetate as a carbon source.

In this experiment the whole acetate conversion was attributed to the members of two acetoclastic
families Methanosaetaceae (Mst) and Methanosarcinaceae (Msc) (Boone et al., 2001). The sum of
16S rRNA gene concentration of Mst and Msc indicated 8-fold decrease at the end of the trial
(Table 2). At the same time the SMA activity at 37oC against acetate displayed almost 3-fold
reduction at the end of the trial (Table 2). The SMA determined at 15oC (day 0) and 10oC (day 335)
was always lower than the activity determined at 37oC.
In the case of the hydrogenotrophic methanogens, the members of two orders Methanobacteriales
(MBT), and Methanomicrobiales (MMB) (Boone et al., 2001) were correlated with SMA activity
against H2/CO2. Despite almost 910-fold decrease in the sum of 16S rRNA gene concentration of
the MMB and MBT by the end of the trial the SMA activity determined against H2/CO2 at 37oC at
day 335 was only 1.6-fold lower than SMA value determined at day 0 (Table 2). Such results might
indicate that, although absolute quantity values of hydrogenotrophic methanogens significantly
decreased, their metabolic activity was not affected to such a high degree. It is also possible that
hydrogenotrophic methanogens were suppressed by unfavorable conditions in our bioreactor after
overloading but were able to maintain high methanogenic activity when the conditions were
changed and biomass was exposed to optimum conditions during SMA assays.
Table 2. Specific methanogenic activity (SMA) profiles against direct and indirect methanogenic substrates expressed as ml CH4 gVSS-1 day-1 and the
absolute quantification of 16S rRNA gene copy concentration expressed in copies/ml, of day 0 and day 335 biomass.
Specific methanogenic activity (ml CH4 g VSS-1day-1)
Absolute quantification by qPCR
SMA Substrate
Biomass T (oC)

Trial day

37
IFB

15
37

0
335

16S rRNA gene copy concentration (copies/ml)

Acetate

H2/CO2

Ethanol

Propionate

Butyrate

Mst+Msc

MBT+MMB

ARC

BAC

455±11

391±11

518±18

239±13

312±45*

4.8×106

4.1×105

2.1×107

2.2×106

87±6

101±1

111±5

56±4

65±5

4.8×106

4.1×105

2.1×107

2.2×106

5

2

6

1.9×104

158±13

244±1

62±15

111±15*

164±9

5.8×10

5

4.5×10

2

4.3×10

6

10
6±1
86±16
23±2
1±1
2±1
5.8×10
4.5×10
4.3×10
1.9×104
All SMA values are the mean of triplicates (std. error; n = 3), except * where values are the mean of duplicates (std. error; n=2). Absolute
quantification of 16S rRNA gene copy concentration of the groups: Mst (Methanosaetaceae) + Methanosarcinaceae (Msc), MBT
(Methanobacteriales) + MMB (Methanomicrobiales), ARC (Archaea), BAC (Bacteria).

CONCLUSIONS
1. The low-temperature (10oC) anaerobic biotreatment of complex dairy-based wastewater in the
IFB bioreactor displayed adverse behavior to increased organic loading rates (OLR).
2. OLR values >2 kg COD m-3 d-1 influenced the abundance of hydrogenotrophic methanogens,
although the SMA did not record such extreme reduction in the metabolic activity. This indicates
need for future studies to elucidate the correlation between DNA-based and function-oriented
analyses during LTAD.
3. The use of inert nuclei (Extendospheres) in the fluidized bed bioreactors to promote biomass
retention during psychrophilic reactor operation presents an interesting possibility, but an
optimization of this technology is required.
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