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Abstract Inhibition effect of humic acid (HA) on anaerobic
digestion of cellulose and xylan and the mitigation potential of
the inhibition were evaluated in controlled fed batch reactors
at 30 °C and a hydraulic retention time (HRT) of 20 days.
Reactor performances were evaluated by biogas production
and metabolite measurements for 220 days. Microbial popu-
lation dynamics of the reactors were monitored with next-
generation 16S rRNA gene sequencing at nine different sam-
pling times. Our results showed that increasing levels of HA
inhibited the hydrolysis efficiency of the digestion by 40%
and concomitantly reduced the methane yield. Addition of
hydrolytic enzymes helped to reverse the negative effects of
HA, whereas calcium addition did not reverse HA inhibition.
Microbiological analyses showed that the relative abundance
of hydrolytic/fermentative bacterial groups such as
Clostridiales, Bacteroidales and Anaerolineales was signifi-
cantly lowered by the presence of HA. HA also affected the
archaeal populations. Mostly hydrogenotrophic methanogens
were negatively affected by HA. The relative abundance of

Methanobacteriaceae, Methanomicrobiales-WCHA208 and
Unassigned ThermoplasmataWCHA1-57were negatively af-
fected by the presence of HA, whereasMethanosaetacea was
not affected.

Keywords Hydrolysis . Inhibition .Mitigation . Hydrolytic
enzymes . Calcium .Microbial community analyses

Introduction

Recently, sustainable energy production has drawn great in-
terest. Although there are many sources of sustainable energy
(e.g. wind, solar, thermal, etc.), specifically biomass is an at-
tractive energy source due to its high energy potential.
Traditional biomass processing is the most common way to
produce energy (Kopetz 2013; Lauri et al. 2014; Toka et al.
2014). Globally, approximately 47% of the sustainable energy
production is derived from biomass (Sawin et al. 2015).
Anaerobic digestion is one of the prominent technologies to
conserve energy in biomass as biogas (Appels et al. 2011;
Tiwary et al. 2015; van Meerbeek et al., 2015). However,
available technologies for anaerobic biomass digestion can
only recover around 50% of the potential energy (Liu et al.
2015; Raposo et al. 2012). The reason for the lower energy
recovery is mainly related to biodegradability of the biomass
and the presence of several inhibitors (Azman et al. 2015a;
Chen et al. 2008).

Pretreatment technologies have been extensively studied to
improve the biodegradability of the biomass and increase the
biogas yield during anaerobic biomass digestion (Hendriks
and Zeeman 2009; Zheng et al. 2014). Physical, chemical
and biological pretreatments and combinations of these pre-
treatment methods are generally applied. In many cases, pre-
treatment has a positive effect on biogas yield. However,
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inhibitory compounds usually remain within bioreactors and
even additional recalcitrant molecules can be produced after
the pretreatment (Klinke et al. 2004; Negro et al. 2003).
Because of that reason, more insights in the effect of inhibitory
compounds on anaerobic digestion is required to achieve a
more efficient methane production.

Humic acids (HAs) are inhibitors of anaerobic biomass
digestion. HA have a very complex chemical structure that
their presence can alter the chemistry of the environment
(Davies et al. 2001). HA can be found in several environments
as they are formed as a result of biological decay. HA are
abundant in soil as well as in natural waters, sewage, leaching
sites, anaerobic digesters treating manure and agricultural bio-
mass (Fernandes 2010; Kang et al. 2002; Li et al. 2011).

Although the ecological role of the HA in nature is well
documented, there are only few papers that describe the
(negative) effects of HA on anaerobic cellulosic biomass hy-
drolysis (Azman et al. 2015b; Brons et al. 1985; Fernandes
et al. 2015). The exact mechanism of HA inhibition on hydro-
lysis is not known, but binding properties of HA to hydrolytic
enzymes are proposed to explain the inhibition (Fernandes
et al. 2015). HA may play an important role in the low biogas
production within biogas plants in which cellulose and xylan
are highly abundant (derived from plant residues and manure)
(Vassilev et al. 2010). HA content within anaerobic digesters
are not well defined, and HA concentrations can reach up to
1.5% w/w of total solids in the treatment sludge, manure and
energy crops that may cause low conversion efficiencies dur-
ing anaerobic digestion (Fernandes 2010). Thus, negative ef-
fects of HA on anaerobic digestion should be taken away to
improve biogas production.

Removal of HA can be an option to overcome the negative
effects. Indeed, removal of HA from drinking water treatment
plants by membrane filtration systems has been successfully
achieved (Ren and Graham 2015). On the other hand, extrac-
tion, absorption, ion exchange, coagulation and flocculation
processes have been proposed to remove HA from several
matrices (Li et al. 2014; Song et al. 2013; Tan 2014).
Aforementioned methods are not suitable for anaerobic di-
gesters due to the high solid content of the biomass. Thus,
different approaches are needed to reverse the inhibitory ef-
fects of HA. Two different approaches have been described to
overcome HA inhibition in anaerobic digesters. These are hy-
drolytic enzyme addition and polyvalent cation addition
(Azman et al. 2015b; Brons et al. 1985; Fernandes et al.
2015). Addition of hydrolytic enzymes and polyvalent cations
can reduce the active binding sites of the HA. In this way,
scavenging of the hydrolytic enzymes by HA might be
minimised and microbial conversion can proceed. Although
these methods reversed the HA inhibition on anaerobic diges-
tion, all the reported experiments were conducted in batch
incubations. Therefore, their application possibilities to
large-scale digester operations are still unclear.

This study investigates HA inhibition on anaerobic cellu-
lose and xylan digestion and the mitigation of the HA inhibi-
tion with three objectives: firstly, to confirm the HA inhibition
in fed batch reactors; secondly, to show the feasibility of cal-
cium and hydrolytic enzyme addition to reverse the inhibitory
effects of HA; and thirdly, to investigate the effect of HA on
the microbial community. In this scope, we operated five fed
batch anaerobic reactors in parallel. One reactor was used as a
control reactor (R1), whereas the other reactors were used as
test reactors (R2–R5). In the test reactors, increasing levels of
HAwere applied (R2–R5), while additional treatments of cal-
cium addition (R3), hydrolytic enzyme addition (R4) and
combination of hydrolytic enzyme and calcium addition
(R5) were applied. Reactor performance and microbial com-
munity composition were evaluated for 220 days. Correlations
between microbial population dynamics and operational pa-
rameters were made to couple reactor performances to micro-
bial population dynamics.

Material and methods

Operation of fed batch reactors

In total, five lab-scale anaerobic double-wall reactors (total
volume 6 L; working volume 5 L) were operated in parallel.
All reactors were inoculated with crushed anaerobic granular
sludge which was taken from a full-scale up-flow anaerobic
sludge bed (UASB) reactor, treating pulp and paper industry
effluents (Industriewater Eerbeek, Eerbeek, The Netherlands).
Each reactor was equipped with water jackets that were con-
nected to a water bath, circulating water to the water jackets.
Constant temperature was assured for each individual reactor
at 30 ± 0.5 °C, and operational pH was kept between 6.8 and
7.2 by adding 5MNaOHwhen necessary. Continuous stirring
of the reactors was obtained by anchor-type propellers at
100 rpm.

Following the inoculation of the reactors, seed sludge was
acclimatised to the reactor environment at 30 °C with 1.8 g
volatile solids (VS) L−1 day−1 organic loading rate (OLR) and
a hydraulic retention time (HRT) of 20 days for 190 days. A
starch, glucose and volatile fatty acids (VFA) mixture (acetate,
propionate and butyrate) was fed for 55 days; after that, the
feeding continued with a cellulose and xylan mixture till day
190. After the acclimation period, the experiment was initiat-
ed. Five reactors were fed every day for another 220 days with
synthetic medium, using cellulose (avicel; PH-101, Fluka,
Darmstadt) and beech wood xylan (Roth, Karlsruhe,
Germany) at a ratio of 75:25 (w/w). OLR was kept at 1.8 g
VS L−1 day−1. The feed was mixed with mineral based medi-
um which was previously described (Plugge 2005; Stams
et al. 1993), with additional 100 mg L−1 Fe2(SO4)3 and omit-
ting reducing agents to maintain a HRTof 20 days throughout

890 Appl Microbiol Biotechnol (2017) 101:889–901



the experiment. After the first 30 days (P0) of the reactor
operation, HA addition and inhibition mitigation experiments
were started when the methane production stabilised. Humic
acid (Sigma-Aldrich; CAS number 68131-04-4) addition was
initiated, starting from day 30 for four reactors (R2, R3, R4
and R5), while R1 was used as a control reactor. HA was
added every day in increasing concentrations 2, 20, 40, 100
and 400 mg L−1 for different periods (P1 (days 31–50), P2–P3
(days 50–91), P4 (days 92–125), P5 (days 126–146) and P6
(days 147–173), respectively) until reaching inhibition.
Starting from P5, a few drops of silicon oil (Sigma-Aldrich,
Darmstadt, Germany) were added to the reactors to prevent
foaming, when necessary. After an observed inhibition, HA
addition was stabilised (P7–P8; days 173–220) to test whether
HA inhibition remained stable. Operation conditions are
summarised in Table 1.

R3, R4 and R5 were used to test three different mitigation
strategies for HA inhibition. CaCl2 (Sigma-Aldrich) was
added to R3 and R5; 0.11 g CaCl2 g HAadded

−1 was supplied
within different periods (P1, P2, P3, P4 and P5). Three en-
zyme cocktai ls were obtained from DSM (Delft ,
The Netherlands) and were used for the enzyme addition ex-
periments. All enzymes were multicomponent mixtures that
had side enzyme activities. The first enzyme was a cellulase,
which had cellulase, β-glucanase and xylanase activity.
Cellulase was produced by a commercial Trichoderma strain
and contained 100 mg protein mL−1. The second enzyme was
an endoglucanase, which had β-glucanase, cellulase and
xylanase activity. Endoglucanase was produced by a commer-
cial Talaromyces strain and contained 90 mg protein mL−1

(suspension was prepared with demi-water at 10 mg
protein mL−1). The third enzyme was a xylanase which had
xylanase and β-glucanase activity. Xylanase was produced by
a commercial Aspergillus strain and contained 150 mg
protein g−1. Both enzymes were dosed to the reactors based
on protein content. The amount of added enzymes was
expressed as milligrammes of protein per HA added to the
reactors: 0.6 mg cellulase mg HAadded

−1, 0.075 mg xylanase
mg HAadded

−1 and 0.55 mg endoglucanase mg HAadded
−1 for

P1 to P5, and the enzyme amount was reduced by half for P6.
Enzyme addition was stopped in P7 and P8.

Biogas production was monitored by a gas flow measure-
ment device (μflow, Bioprocess Control, Lund, Sweden) and
recorded daily. Cumulative biogas production was recorded
daily and expressed in millilitres at standard temperature and
pressure (STP), 0 °C, 1 atm). Biogas composition was quan-
tified biweekly via gas Intrscience GC 8000 chromatograph
(Interscience, Breda, The Netherlands) equipped with a ther-
mal conductivity detector and two columns (Molsieve 5A
50 m × 0.53 mm (Agilent, Santa Clara, MA) for hydrogen,
nitrogen and methane and Porabond Q 50 m × 0.53 mm
(Agilent, Santa Clara, MA) for CO2. Temperatures of injector,
detector and oven were 110, 99 and 50 °C, respectively.

Organic acids were quantified using a Thermo Scientific
Spectrasystem HPLC system (Thermo Scientific, Waltham,
MA), equipped with a Varian Metacarb 67H 300 × 6.5 mm
column (Agilent, Santa Clara, MA) kept at 45 °C, running
with 0.005 M sulphuric acid as eluent. The eluent had a flow
rate of 0.8 mL min−1. The detector was a refractive index
detector. Data analyses were performed using ChromQuest
(Thermo Scientific, Waltham, MA). The total organic acid
concentrations were expressed as their chemical oxygen de-
mand (COD) equivalents (mg L−1 COD) of measured acetate
and propionate concentrations. Hydrolysis, acidogenesis and
methanogenesis efficiencies were calculatedwith the formulas
that were described previously (Azman et al. 2015b, Formula
S1 in the Supplementary Material). The biological methane
potential (BMP: mL CH4 mL enzyme mixture−1) of the en-
zyme mixture was measured as described previously (Azman
et al. 2015b). Since the methane production from the enzyme
mixtures contributed to the total methane yields significantly,
methane production in R4 and R5 were corrected for methane
that was derived from the enzyme mixtures.

Microbial community monitoring by next-generation 16S
rRNA amplicon sequencing

Fifty millilitres of sludge samples were collected in the begin-
ning and at the end of each period. Samples were kept at
−20 °C prior to genomic DNA extraction. Genomic DNA
extraction from the nine sampling points (P0 to P8) was per-
formed using Fast DNA® SPIN kit for soil (MP Biomedicals,
Solon, OH) following the manufacturer’s protocol with addi-
tional washing steps before starting to the extraction. 1X PBS
solution with 0.5 mM EDTA was used to wash pellets two
times to remove the HA from the solids which could be inhib-
itory for the PCR reactions. The DNA yields were measured
with a Nanodrop® (ND-1000) spectrophotometer (Nanodrop
Technologies, Wilmington, DE). DNA qualities were checked
using the OD 260/280 ratio. Samples that had 1.80 ± 0.15 260/
280 values were considered as good-quality DNAs, and
amplicon sequencing was performed with those samples.

Extracted DNA from selected samples was used for bacte-
rial and archaeal community analysis. The amplification of
bacterial and archaeal gene fragments was done using a two-
step PCR. First amplification of bacterial 16S rRNA gene
f r agmen t s was done us ing the 27 F-DegS (5 ′ -
GTT[TC]GAT[TC][AC]TGGCTCAG-3′) (van den Bogert
et al. 2011, 2013) and equimolar mix of two reverse primers
(338R-I and 338-R-II (5′-GC[AT]GCC[AT]CCCGTAGG
[TA]GT-3′) (Daims et al. 1999)), and the first amplification
of archaeal 16S rRNA gene fragments was done using primers
518F (5′-CAGC[AC]GCCGCGGTAA-3′) (Wang and Qian
2009) and 905R (5′-CCCGCCAATTCCTTTAAGTTTC-3′)
(Kvist et al. 2007). PCR amplifications were carried out in
technical duplicates in a total volume of 50 μl containing
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500 nM of each forward and reverse primer (Biolegio BV,
Nijmegen, The Netherlands), 1 unit of Phusion DNA poly-
merase (Thermo Scientific, Waltham, MA), 10 μl of high-fidel-
ity (HF) buffer, 200 μM dNTP mix and 1 μl DNA template,
made to a total volume of 50 μl with nuclease-free sterile water.
The PCR program was as follows: denaturing at 98 °C for 30 s,
followed by 25 cycles of denaturing at 98 °C for 10 s, annealing
at 56 °C for bacterial and 60 °C for archaeal for 20 s, extension at
72 °C for 20 s, followed by a final extension step at 72 °C for
10 min. After positive amplifications, technical duplicates were
pooled and prepared for the second step PCR amplification. A
second amplification was performed to extend 8 nt barcodes to
the amplicons, as described previously (Hamady et al. 2008).
Barcoded amplification was performed in a total volume of
100 μl containing 5 μl of the first PCR product, 500 nM of each
forward and reverse primer (Biolegio BV, Nijmegen,
The Netherlands), 2 units of Phusion DNA polymerase
(Thermo Scientific, Waltham, MA), 20 μl of high-fidelity
(HF) buffer and 200 μM dNTP mix, made to a total volume
of 100 μl with nuclease-free water. The PCR program was as
follows: denaturing at 98 °C for 30 s, followed by five cycles of
denaturing at 98 °C for 10 s, annealing at 52 °C for 20 s,
extension at 72 °C for 20 s, followed by a final extension at
72 °C for 10 min. Barcoded PCR products were cleaned using
the HighPrep PCR clean-up system (MagBio Genomics Inc.,
Gaithersburg, MD). DNA was quantified using Qubit
(Invitrogen, Bleiswijk, The Netherlands). After the second
PCR, barcoded samples were pooled in equimolar quantities
to create a library. The libraries were purified again by using
the same purification protocol.Prepared libraries were sent to
GATC company (Konstanz, Germany) for Hiseq sequencing
on the Illumina platform.

Sequencing data analysis

16S rRNA gene sequencing data was analysed using NG-Tax,
an in-house pipeline (Ramiro-Garcia et al. 2016). Paired-end
libraries were filtered to contain only read pairs with perfectly
matching barcodes, and those barcodes were used to
demultiplex reads by sample. Resulting reads were separated
by sample using the affiliated barcodes. Taxonomy affiliation
was done with the SILVA 16S rRNA reference database by
using an open reference approach as described by Quast et al.
(2013). Quantitative Insights intoMicrobial Ecology (QIIME)
v1.2 (Caporaso et al. 2010) was used to define microbial com-
positions based on the described pipeline. The project was
deposited to NCBI’s Sequence Read Archive (SRA) under
project number PRJNA320994.

Statistical analyses

Significant differences between reactor operational parame-
ters were checked with one-way ANOVA test. When theT
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ANOVA rules were matched, post hoc tests (Tukey’s honest
significant difference test) were applied to further compare the
operational data. Differences were considered statistically sig-
nificant at a p value <0.05, or otherwise stated.

The influence of process parameters on the microbial com-
munity composition was analysed using redundancy analyses
(RDAs) with the CANOCO software (version 5) (Šmilauer
and Lepš 2014). The significance test for RDA was carried
out by Monte Carlo permutation (499 times), and correlations
were considered significant at a p value <0.05. Ranked
Spearman correlation was also applied to determine the cor-
relation between microbial groups and operational conditions.
All statistical and correlation analyses were performed by
IBM SPSS Statistics 23 (Armonk, NY).

Results

Anaerobic digester performance

BSteady-state^ conditions, in which stable methane production
and effluent VFA concentrations were reached (El-Mashad
et al. 2004), were achieved before initiation of the HA inhibi-
tion experiments with an HRT of 20 days. The complete op-
eration time of the reactors was divided into eight different
periods as given in Table 1. Different time periods also reflect
the sampling points for the microbiological analyses.

Figures 1 and 2 and Supplementary Table S1 show the
process parameters of each reactor. Until the end of P3, all
the reactors followed similar trends in terms of hydrolysis,
acidogenesis and methanogenesis efficiencies. During these
periods, hydrolysis, acidogenesis and methanogenesis effi-
ciencies of the reactors were calculated to be 51 ± 4%; a stable
reactor performance was shown. In all reactors, some acetate
and propionate were present and acetate was the dominant
VFA. The average total VFA concentration in the reactors
was 188 ± 140 mg L−1 COD. Measured average daily biogas
production in the reactors was 3995 ± 362 mL, and the aver-
age methane content of the produced biogas was 51 ± 1%
(Fig. 2 and Supplementary Table S1).

Daily addition of HA at concentration as high as 40 mg L−1

to the reactors did not show any significant effect till the end of
P3. After that period, performance of R2 reduced compared to
R1 (blank control). Slow reduction in hydrolysis efficiency
was related to increased HA addition. After P3, hydrolysis
efficiencies in R2 and R3 decreased gradually from 51 ± 4
to 30 ± 5% throughout the experiment due to the increasing
concentrat ion of HA (Fig. 1) . Acidogenesis and
methanogenesis efficiencies concomitantly decreased due to
the restrained hydrolysis. The average total VFA concentra-
tion in those reactors remained similar as compared that in the
former periods and below 100 mg L−1 COD (Fig. 2 and
Supplementary Table S1). Average daily biogas production
and the methane content of the reactors also reduced after
P4. During P7 and P8, measured average daily biogas
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production in R2 and R3 was 2680 ± 10 mL, which was
significantly lower than that in the other reactors (Fig. 2 and
Supplementary Table S1). In contrast to R2 and R3, the per-
formance of the other reactors stayed stable throughout the
experiment. Hydrolysis efficiencies were calculated to be
53 ± 3% for R1, R4 and R5 after P4. Acidogenesis and
methanogenesis efficiencies coincided with hydrolysis

efficiencies which showed the process stability of the reactors.
VFA concentration in R1 was significantly higher than that in
the other reactors, around 350 mg L−1 COD from P5 to P8,
whereas VFA concentration in R4 and R5 remained low and
was not significantly different. In R1, R4 and R5, daily biogas
production showed similar trends: 4019 ± 111 mL with a
methane content of 50 ± 1% (Supplementary Table S1).
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Since the enzyme mixtures were partially a source for meth-
ane production in R4 and R5, the amount of methane that
could be derived from enzymes was subtracted from overall
methane production. The methane production from 1 mL en-
zyme mixture was determined as 70, 80 and 60 mL methane
for cellulase, xylanase and endoglucanase, respectively. After
subtraction, hydrolysis, acidogenesis and methanogenesis ef-
ficiencies were calculated. Thus, the calculated net efficien-
cies in these reactors were found to be similar to the efficiency
of the control reactor (Fig. 1, Supplementary Table S1).

Bacterial and archaeal community composition

The composition of bacterial and archaeal communities plays
an important role in anaerobic cellulose and xylan degrada-
tion. Addition of HA showed a selective effect on bacterial
and archaeal communities. As the HA concentration in-
creased, hydrolysis became restrained and therefore bacterial
and archaeal compositions shifted in the reactors R2 to R5.
Shifts in the microbial communities occurred after P4 when
HA inhibition was observed. Variations in bacterial and ar-
chaeal community composition for all reactors in different
operational periods are given in Fig. 3. Additionally, rarefac-
tion curves, generated to estimate the coverage of the micro-
bial community in the samples, showed that the plateau phase
was reached for all samples, indicating sufficient coverage of
the microbial community (Supplementary Fig. S1).

The number of reads per sample for bacterial sequences
varied from 1015 to 418,163 (Supplementary Table S2). The
reads were assigned to 11 different phyla, 17 classes and 20
orders that were abundant at least 1% of the reads in the
samples. The dominant bacterial populations for all reactors
affiliated with the phyla Bacteriodetes, Firmicutes and

Chloroflexi. In total, 78 ± 12% of the total reads were assigned
to those three phyla (Supplementary Fig. S2).

Variations in diversity in lower taxa levels were also ob-
served. In average, 28 ± 11% of the reads could not be
assigned at family level, indicating that some of the bacterial
populations within the anaerobic sludge remained
uncharacterised. At the level of order, Lactobacillales
(20 ± 12%), Anaerolineales (19 ± 9%), Bacteroidales
(15 ± 9%) and Clostridiales (13 ± 7%) were the most abun-
dant within all the reactors throughout the whole experiment
(Supplementary Fig. S2). Between these orders, Bacteroidales
were more dominant in the reactors in which hydrolysis was
not inhibited (R1, R4 and R5) than R2–R3 (hydrolysis inhi-
bition). Their relative abundance was associated with biogas
production and correlated with VFA concentrations
(r = 0.372, p < 0.01) (Fig. 4, Supplementary Table S3). In
the presence of HA, the relative abundance of Bacteroidales
was reduced by up to 30% (r = −0.326, p < 0.05) at increasing
concentrations of HA in R2 and R3 while their relative abun-
dance within the other reactors stayed relatively stable
(Supplementary Fig. S2). Anaerolineales was the other abun-
dant bacterial order within all reactors. Anaerolineales signif-
icantly correlated with biogas production (r = 0.477,
p < 0.001) (Supplementary Table S3). Anaerolineales was
negatively affected (r = −0.355, p < 0.05) by the increasing
concentrations of HA (Supplementary Table S3). In R2 and
R3 (hydrolysis inhibition), the relative abundance of
Anaerolineales was reduced threefold as compared to the oth-
er reactors (Supplementary Fig. S2). On the other hand, not
many bacterial groups correlated with the presence of calcium
and enzyme addition. Lactobacillales, Spirochaetes-SHA-4
and Unclassified Bacteriodetes class SB-1 were mainly clus-
tered with enzyme and calcium addition (Fig. 4).
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Fig. 3 Redundancy analysis (RDA) scatter plots of each individual sam-
ples. Numbers represent the sampling point of each individual samples.

These graphs show the variations between samples according to a bacte-
rial community composition and b archaeal community composition



The number of reads per sample for archaeal sequences
varied from 1029 to 170,459 (Supplementary Table S2). The
samples (R1-P6, R5-P3, P6 and P8) that had lower than 1000
reads were not included in the statistical analyses, but they
were represented in Supplementary Fig. S3. All reads were
assigned to phylum Euryarchaeota, within four different clas-
ses, six orders and nine families abundant in at least 1% of the
reads in the samples. Of the reads, 4 ± 3% could not be
assigned at family level. The archaeal community structure
was more stable than the bacterial community (Fig. 3b). The
dominant archaeal population in all reactors at the family level
were members of Methanospirillaceae (37 ± 21%),
Methanobacteriaceae (27 ± 19%), Methanoregulaceae
(10 ± 14%) and Methanosaetaceae (10 ± 8%). On average,
81 ± 11% of the reads affiliated with those four families in all
t h e r e a c t o r s . E x c e p t Me t h a n o s a e t a c e a e a n d
Methanosarcinaceae, which have members that perform
acetoclastic methanogenesis, the other family groups included
hydrogenotrophic methanogens. Beside the aforementioned
families, members of the order Methanosarcinales,
Methanomicrobiales and Thermoplasmatales were also de-
tected at low levels (<5%) within the reactors in various rela-
tive abundance (Supplementary Fig. S3).

M e m b e r s o f M e t h a n o b a c t e r i a c e a e a n d
Methanoregulaceae were found related with biogas produc-
tion (Fig. 5). Especially Methanobacteriaceae were signifi-
cantly (r = 0.300, p < 0.05) correlated with biogas production
(Supplementary Table S4). The presence of HA affected the
archaeal composition. The relative abundance of
Methanobacteriaceae, Methanomicrobiales-WCHA208 and
Unassigned Thermoplasmata-WCHA1-57 were negatively
affected by the presence of HA. Their relative abundance
showed significant negative correlation (r = −0.400,
p < 0.01) with the presence of HA. On the other hand, mem-
be r s o f t h e a c e t o c l a s t i c me thanogen i c f am i l y
Methanosaetaceae showed significant positive correlation
(r = 0.589, p < 0.001) with the presence of HA
(Supplementary Table S4). This result suggested that the rel-
ative abundance of Methanosaetaceae increased while the
relative abundance of hydrogenotrophic methanogens de-
creased in R2–R5.

Calcium and enzyme addition were not deterministic for
archaeal composition (Fig. 5). Methanobacteriaceae were
positively correlated with elevated calcium concentrations
whereas, Methanospirillaceae (r = −0.340, p < 0.05) and
UnclassifiedMethanomicrobiales (r = −0.350, p < 0.01) were
found negatively correlated (Supplementary Table S4). There
was only one family showing a negative correlation with
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enzyme additions, which was Methanospirillaceae
(r = −0.302, p < 0.05) (Supplementary Table S4).

Discussion

Effect of HA addition on digester performance

In this research, the effect of HA on the anaerobic digestion of
xylan and cellulose was evaluated by calculating hydrolysis,
acidogenesis and methanogenesis efficiencies. Hydrolysis ef-
ficiency of R2 was reduced by 40%, compared to the control
reactor when the HA concentrations reached up to around
8 g L−1. This confirms the previous observations of HA inhi-
bition in batch incubations (Fernandes et al. 2015; Azman
et al. 2015b). Restrained hydrolysis in R2 influenced the sub-
sequent steps of the anaerobic digestion, causing reduced bio-
gas production after P3. However, the degree of inhibitionwas
not similar between the reported inhibition levels. Fernandes
et al. (2015) extracted HA frommaize and manure and report-
ed inhibitory concentrations of HA on batch-wise enzymatic
cellulose degradation as low as 0.5 g L−1, whereas Azman
et al. (2015b) reported 50% inhibition on anaerobic degrada-
tion of cellulose by using commercially available humic acid
salts at 5 g L−1 concentrations in batch incubations. As can be
understood from previous studies, when comparing the report-
ed inhibition values, it is not possible to define a specific HA
inhibition value for anaerobic digestion. This is mainly related
to the composition and dosing strategies of the HA used in the
studies. HA are complex molecules, their compositions vary
drastically with the source of HA, extraction and preparation
methods (Tan 2014). The effects of HA seem to be case spe-
cific and should be evaluated separately for each bioreactor
and used feedstock. In this study, we observed hydrolysis
inhibition around 8 g L−1 by using the same stock of HA that
was used previously (Azman et al. 2015). The observed inhi-
bition concentration in our study are much higher than the
reported HA concentrations from plant material and manure
(Fernandes 2010). The main reason for the differences in the
observed inhibition levels can be related to adaptation capac-
ity of the microbial community to elevated HA concentra-
tions. Step-wise increase of the HA that might enable the
microbial communities to adapt to the concentrations can be
attributed to the acclimation capacity of the microbial com-
munities to HA. Potential acclimation of microorganisms can
be possible either via production of more hydrolytic enzymes
as Fernandes et al. (2015) suggested or production of extra
polymeric substance (EPS)-like molecules by different micro-
bial communities to prevent HA from penetrating the active
cells and disrupt the cell integrity (Prokhotskaya and
Steinberg 2007). Additionally, aforementioned studies mainly
reported acute effects of HA. Because of that, HA inhibition

may be different in continuous reactor systems when com-
pared to batch systems and show more chronic effects.

Mitigation of HA inhibition by calcium and hydrolytic
enzyme addition

CaCl2 was added daily to R3 and R5 to evaluate the potential
of calcium to mitigate HA inhibition. Positive effects of cal-
cium addition to overcome HA inhibition were reported pre-
viously in batch-wise incubations. Brons et al. (1985) reported
the mitigation of HA inhibition on potato starch hydrolysis via
CaCl2 addition and Azman et al. (2015b) observed similar
effects on cellulose hydrolysis. In general, calcium is consid-
ered an essential macronutrient to support microbial growth
and aggregate formation. Addition of CaCl2 is known to have
a stimulatory effect on anaerobic digestion in the range of 100
to 3000 mg L−1 (Chen et al. 2008; Romero-Güiza et al. 2016).
However, our study showed different results compared to pre-
vious studies. In R3, in which 0.11 g CaCl2 g HAadded

−1 was
added as mitigation agent for HA inhibition, hydrolysis effi-
ciencies remained similar to the reactor in which HA were
added daily without CaCl2 addition (R2). Our results might
be explained by restrained surface availability of cellulose and
xylan particles due to the formation of HA-calcium precipi-
tates (Alvarez et al. 2004). Precipitates that accumulated in the
completely stirred tank reactor (CSTR) could have prevented
adhesion of the microorganisms to the cellulose and xylan
particles which were crucial for hydrolytic activity. Another
reason could be related with the calcium addition strategy.
Azman et al. (2015b) used pulse addition of 5 mM CaCl2,
whereas in this study, semi-continuous addition of CaCl2
was applied. Pulse addition of 2.5 mM CaCl2 at short HRTs
(2–4 h) was shown to even enhance anaerobic digestion of
sucrose by a mixed culture (Yuan et al. 2010). Therefore, the
observations of Azman et al. (2015b) might be more related to
enhancement of microbial activity, leading to more enzyme
production rather than mitigation of the HA inhibition.
Difference in calcium addition strategies between batch-wise
incubations and continuous operation could also cause differ-
ent results which suggested to study further to find the opti-
mum calcium dosing strategies for anaerobic digestion.

On the other hand, enzyme addition to R4 and R5 showed a
positive effect to overcome HA addition. The positive results
indicated that the effects of HA were reversed by enzyme
addition. Two hypotheses can be postulated to explain the
positive effect of the enzyme addition: (i) additional hydrolyt-
ic enzymes can attach to humic acids, preventing their scav-
enging behaviour against intrinsic hydrolytic enzyme produc-
tion by abundant hydrolytic bacteria within anaerobic sludge
(Fernandes et al. 2015); (ii) competition between HA and
enzymes to bind the cellulose particles. Lignin has similar
functional groups as HA, and Vermaas et al. (2015) found that
lignin preferentially binds to the hydrophobic side of the
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cellulose and also to the specific residues on the cellulose-
binding modules of the enzymes that are critical for cellulose
binding to cellulases. Our results can support both hypotheses
by showing that the intrinsic enzyme production from hydro-
lytic bacteria can maintain the hydrolytic activity when bind-
ing sites of HA were inactivated by enzyme addition or
preventing HA to bind cellulose particles.

Interestingly, when enzyme and calcium were added to-
gether, the same effect was observed as with the sole enzyme
addition. For R3, we hypothesised that precipitates of the HA-
Ca complex might cover cellulose and xylan particles,
preventing enzyme adhesion and consequently lower the bio-
degradation. In contrast to R3, in R5, enzyme-humic acid
binding might be stronger than enzyme-calcium bindings
and affinity of enzymes to HA might be higher than to calci-
um. It is known that hydrolytic enzymes (especially β-
glucosidases) form very strong bonds in soil environments
(Ceccanti et al. 2008). Once active binding sites of the HA
are occupied by hydrolytic enzymes, it is more likely that
calcium-HA complexes are not formed, and consequently,
calcium cations can enhance anaerobic digestion as discussed
previously (Yuan et al. 2010; Romero-Güiza et al. 2016).
However, this hypothesis needs further studies to be proven.

Effect of HA, enzyme and calcium addition on bacterial
and archaeal community composition

Microbiological analyses showed that members of
Bacteriodetes and Firmicutes were present in all reac-
tors, suggesting that they shaped the core bacterial pop-
ulation involved in anaerobic cellulose and xylan degra-
dation. Bacteriodetes and Firmicutes are well-known fer-
mentative hydrolytic bacteria that are responsible for an-
aerobic cellulose degradation in many biogas plants
(Azman et al. 2015a; Campanaro et al.2016; De Vrieze
et al. 2015a; Stolze et al. 2015; Westerholm et al. 2016).
Addi t iona l ly, hydro ly t ic enzyme product ion of
Bacteriodetes and Firmicutes has been shown previously
in both reactor and gut environments (Azman et al.
2015a; Hong et al. 2014; Zhang et al. 2014). In all reac-
tors, higher relative abundance of Bacteroidales and
Clostridiales indicated that these were the key players
in the hydrolysis of cellulose and xylan. They are impor-
tant for xylan and cellulose degradation, forming inter-
mediate products such as short-chain fatty acids and H2.
In the presence of HA, the relative abundance of
Clostridiales was correlated with the presence of HA
than Bacteroidales, suggesting that ongoing hydrolysis
in R4 and R5 might be maintained by members of this
order (Fig. 5). Members of Anaerolineales are known to
ferment sugars in anaerobic digesters (Ambuchi et al.
2016; de Vrieze et al. 2015b), and they have a role in
degradation of a variety of carbohydrates, including

xylan (Yamada et al. 2007). The high frequency and
dominant co-occurrence of Anaerolineales with cellulo-
lytic species indicated the possible interaction between
them during cellulose and xylan hydrolysis. There are no
many cultured Anaerolineales species, but cultured
Anae ro l i n ea l e s spec i e s g row toge t h e r w i t h a
hydrogenotrophic partner (Sekiguchi et al. 2001;
Yamada et al. 2006). Because of that reason, growth of
Anaerolineales could be dependent on hydrogenotrophic
methanogens. Decrease in the relative abundance of
Anaerolineales suggests the disruption in their possible
microbial interactions with methanogens, leading to decreased
methane production. When the relative abundance of
Anaerolineales reduced due to the presence of HA, a well-
known syntrophic group Syntrophobacterales increased in
abundance in the R2 to R5. Their relative abundance was
correlated with the HA (r = 0.569, p < 0.001). Interestingly,
we did not detect Syntrophobacterales in the control reactors.
Most probably, they could not compete with the
Anaerolineales species. Planctomycetales was the other bac-
terial order that was positively correlated with HA (r = 0.584,
p < 0.001). Members of Planctomycetales are highly diverse,
and their role in nature is mostly unclear. Some members are
thought to be involved in humus degradation in termite gut
(Kudo 2009; Ward et al. 2006). Therefore, their relative abun-
dance in R2 to R5 might be related to HA degradation.
However, more research is required to test this occurrence.

In all reactors, Lactobacillales was represented by only
Trichococcus genus. Trichococcus species can be frequently
found in wastewater treatment plants. Especially,
Trichococcus flocculiformis was reported to cause foaming
and bulking of the sludge which is not desirable for reactor
operations (Nielsen et al. 2009; Scheff et al. 1984). We did
observe foaming in R3–R5 whereas no foaming in R1 and
moderate foaming in R2 was observed. The relative abun-
dance of Trichococcus in these reactors most probably caused
the foaming problem. Though foaming problems were
prevented with the addition of equal amounts of silicone oil
to all reactors, the relative abundance of Trichococcuswas not
reduced in R2–R5.

In addition to bacterial communities, the methanogenic
communities were also affected by the reactor conditions.
The relative abundance of Methanobacteriaceae with pos-
itive correlation with biogas production was reported pre-
viously in high rate AD systems (de Vrieze et al. 2015b;
Hao et al. 2012; Steinberg and Regan 2011). In the ab-
sence of HA, Methanoregulaceae became relatively dom-
inant at the end of the experiment in R1. The members of
Methanoregulaceae use H2/CO2 and also formate (Oren
2014). They have been reported in relatively low amounts
(relative abundance 1–15%) in anaerobic digesters
(Vanwonterghem et al. 2015; Wilkins et al. 2015). In our
study, their relative abundance increased up to 35%. It
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was not clear why Methanoregulaceae became highly
abundant in R1.

The presence of HA negatively affected the relative abun-
dance of hydrogenotrophic methanogens. Decreased relative
abundance of Methanomicrobiales-WCHA208 and
Unassigned Thermoplasmata WCHA1-57 possibly resulted
with decreased level of hydrogenotrophic methanogenesis.
On the other hand, the increase in the relative abundance of
Methanosaetaceae can be attributed to their acclimation ca-
pacity to increasing HA concentrations. Low acetate concen-
trations in HA-containing reactors, compared to the control
reactor, may also support the role of Methanosaetaceae in
these reactors. Their high affinity of acetate in mesophilic
conditions has been demonstrated previously (Conklin et al.
2006).

In conclusion, HA inhibited especially the hydrolysis step
of the digestion up to 40%. Addition of hydrolytic enzymes
helped to reverse the negative effects of HAwhereas calcium
addition did not show any effects to reverse HA inhibition.
Microbiological analyses showed that fermentative hydrolytic
bacteria and hydrogenotrophic methanogens were affected by
the presence of HA, whereas acetoclastic methanogens were
not affected by HA addition. Our results showed that intrinsic
enzyme production was sufficient to maintain hydrolytic ac-
tivity when there were no active enzyme scavengers in the
environment. For that reason, we propose to control enzyme
additions based on the influent HA rather than volatile solid
concentration, to limit costs.
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