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Abstract: Enzymatic hydrolysis of complex components of residual materials, such as food waste,
is a rate-limiting step that conditionates the production rate of biofuels. Research into the anaerobic
degradation of cellulose and starch, which are abundant components in organic waste, could contribute
to optimize biofuels production processes. In this work, a lab-scale anaerobic semi-continuous
hydrolytic reactor was operated for 171 days using food waste as feedstock; the effect of Ba2+

dosage over the activity of five hydrolytic enzymes was also evaluated. No significant effects
were observed on the global performance of the hydrolytic process during the steady-state of the
operation of the reactor, nevertheless, it was detected that Ba2+ promoted β-amylases activity by 76%,
inhibited endoglucanases and α-amylases activity by 39 and 20%, respectively, and had no effect on
β-glucosidases and glucoamylases activity. The mechanisms that rule the observed enzymatic activity
changes remain unknown; however, the discussion in this paper provides hypothetical explanations
for further research.

Keywords: cellulases; amylases; food waste; enzymatic hydrolysis; anaerobic digestion

1. Introduction

Food wastes (FW) are relevant constituents of municipal solid waste in most countries; for instance,
this type of waste represents approximately from 32–56%w (%w stands for weight percentage) of the
total municipal solid waste, depending on the effectivity of production and distribution methods,
income level and consumption habits in every country [1,2]. FW have chemical properties that turn
them into one of the primary sources of global water, soil and air pollutants during its microbial
degradation in landfills and unregulated final disposal sites [3,4]. Even though some regions of the
world have advanced on FW minimization by increasing the effectivity of food supply chains and
adopting valorization technology, most developing countries are still dealing with social and economic
barriers to face the management problem [5,6].

Edible and non-edible cereals, fruits, vegetables and their derivatives, mainly generated as the
result of loss and wasting during production, processing, packaging, distribution and consumption,
represent approximately 44.9–90.0%w of FW [5,7]. The dry mass of FW is predominantly composed by
structural carbohydrates, including cellulose, hemicellulose and starch, as well as lignin, proteins and
fats [5,8]. To select and design an appropriate valorization technology, it is important to consider the
chemical composition of FW.
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Anaerobic treatment is a particularly interesting process which can be applied for FW energetic
valorization due to its direct and indirect benefits; feasible FW management with biogas generation
for clean energy production and the chance of using the digestate as fertilizer. A large amount of
scientific research has been performed to determine the characteristics of FW as feedstock for anaerobic
digestion as well as to elucidate the conditions that enhance the methane yield of the process and
avoid possible inhibitions [5]. To date, different strategies, such as selecting the reactor configuration,
separating the process into two stages, applying co-digestion and employing pre-treatments have been
the main scopes of research [7]. Separating the process in two stages (hydrolytic-acetogenic stage and
methanogenic stage) is a particularly interesting strategy with the potential advantages of increasing
the methane yield of the global process and providing resilience to the system [9]; however, the cost
of two equipment is slightly more expensive than one-stage systems [10]. This fact shows that it is
interesting to optimize the biological process.

The previous mentioned strategies have allowed us to achieve high volatile solids conversion
levels (72–96%) and high methane yields (364–546 L/kg VS) during mesophilic anaerobic digestion of
FW, nevertheless, the retention times are still far from optimal, varying from 16–78 days [7]. To increase
the solids utilization rate, other strategies, such as additives dosage, aimed to increase hydrolytic
enzymatic activity may be applied. For example, there has been interest in studying the effect of trace
elements on anaerobic digestion, in the literature there are several studies that report the effect of
metals (e.g., Ba2+, Co2+, Fe2+, Ni2+ and Mo2+) dosage over FW anaerobic digestion [11–15]. The results
of these studies show that even at the same doses, the metals stimulate or inhibit methane yield.

As is well known, the anaerobic digestion of solid waste is carried out in four main steps:
hydrolysis, acidogenesis, acetogenesis and methanogenesis, hydrolysis being the rate-limiting stage of
the process in steady-state [16,17]. Hydrolysis is a process which is carried out by different exoenzymes
segregated by hydrolytic microorganisms, important groups of these exoenzymes during anaerobic
digestion of FW are cellulolytic enzymes, such as endoglucanases (EC 3.2.1.4), β-glucosidases (EC
3.2.1.21), and amylolytic enzymes asα-amylases (EC 3.2.1.1), β-amylases (EC 3.2.1.2) and glucoamylases
(EC 3.2.1.3), the activity of these enzymes determine the performance of the hydrolytic stage.

Endoglucanases catalyze the hydrolysis of β-1,4 bonds in non-crystalline regions of cellulose,
and their activity is important for other cellulases to perform their function [18]. α-amylases catalyze
the hydrolysis of random α-1,4 bonds in amylose and amylopectin (constituents of starch) [19]; on the
other hand, β-amylases catalyze the hydrolysis of the second α-1,4 bond of non-reducing ends in
amylose and amylopectin [19].

There is evidence showing that alkaline earth metal ions as trace elements play an important role in
the action of cellulolytic and amylolytic enzymes produced by different aerobic and anaerobic bacteria;
for instance, Ca2+ is generally described as an important allosteric activator of microbialα-amylases [20];
the activity of these enzymes is widely reported as Ca-dependent due to the thermal stabilization effect
that the metal provides [21]; the effects of other alkaline earth metals on amylases activity are less
studied. Regarding cellulases, Forano et al. (1994) [22] observed that the endoglucanase produced by
Fibrobacter succinogenes required Ca2+ and Mg2+ to express any activity, and EDTA had an inhibitory
effect. Ahmed et al. (2009) [23] suggested that the endoglucanase produced by Clostridium thermocellum is
a metalloenzyme, which utilizes Ca2+ and/or Mg2+ as cofactors. Chang et al. (2016) [24] demonstrated
that a cellulase, with endoglucanase activity produced by Geobacillus sp., had binding sites for Ca2+

and Mg2+ associated with thermostability of the enzyme, and the addition of these metals assisted to
keep high activity values in thermophilic conditions. Similarly, Schröder et al. (2018) [25] found and
studied an endoglucanase activated by Ca2+ and Mg2+, present in the metagenome derived from a
mesophilic biogas plant for biomass treatment. Jeng et al. (2019) [26] studied the crystalline structure
of an endoglucanase from Clostridium thermocellum, the authors found that the enzyme contained two
binding sites for Ca2+, which participate in the functionality of the carbohydrate-binding module and
the catalytic domain of the enzyme.
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Previously reported results for the activity stimulation of cellulases and amylases produced by different
pure bacterial strains are presented in Tables 1 and 2, respectively. In general, concentrations greater
than 5 mM of Ca2+, Mg2+ or Ba2+ decrease the enzymatic activity of endoglucanases, except with
enzymes produced by Bacillus vallismortis [27] and another uncultured microorganism from soil [28].
Among these studies are those carried out by several authors [23,29–31], who showed that alkaline earth
metals might have an effect over important cellulolytic and amylolytic enzymes produced by anaerobic
bacteria strains (e.g., Clostridium thermocellum, Lactobacillus amylovorus, Ruminobacter amylophilus and
Geobacillus thermoleovorans).

Table 1. Effect of alkaline earth metal ions over enzymatic activity of pure bacterial endoglucanases.

Metal Concentration (mM) Activity Stimulation (%) Bacterial Strain Ref.

Mg 2.0 20

Paenibacillus sp. [32]

5.0 −10

Ca
2.0 20
5.0 10

Ba
2.0 51
5.0 −20

Mg 1.0 29
Lysobacter sp. [33]Ca 1.0 30

Ba 1.0 30

Ba
1.0 0 Uncultured

microorganism from soil [28]
10.0 54

Mg 2.0 48
Bacillus agaradhaerens [34]Ca 2.0 50

Sr 2.0 45

Mg

1.0 50

Clostridium thermocellum [23]

2.0 80
6.0 70

10.0 40
25.0 0
35.0 −70
50.0 −100

Ca

2.0 0
4.0 30
6.0 80
8.0 10

10.0 −80

Mg 1.0 46

Bacillus cellulyticus [35]2.0 101

Ca
1.0 40
2.0 54

Mg 5.0 46

Bacillus vallismortis [27]10.0 75

Ca
5.0 56

10.0 84

Mg 5.0 31
Uncultured anaerobe
from a biogas plant [25]10.0 2

Ca
5.0 40

10.0 31

Mg 5.0 −11 Uncultured anaerobe
from yak rumen [36]

Ca 5.0 14
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Table 2. Effect of alkaline earth metals over enzymatic activity of pure bacterial α-amylases.

Metal Concentration (mM) α-Amylases Stimulation (%) Bacterial Strain Ref.

Ca 5.0 80 Geobacillus sp. [37]
Ba 5.0 63

Ca
1.0 0

Geobacillus
thermoleovorans

[31]

5.0 0

Mg 1.0 73
5.0 0

Ba
1.0 124
5.0 0

Ca
1.0 0

Bacillus sp. [38]

5.0 −10
10.0 −10

Mg
1.0 0
5.0 0

10.0 10

Ba
1.0 15
5.0 0

10.0 15

Ca
0.5 5

Bacillus
stearothermophilus [39]

1.0 22

Mg 0.5 −8
1.0 −15

Sr
0.5 0
1.0 12

Ba
0.5 0
1.0 15

Ca 5.0 −21

Bacillus circulans [40]Mg 5.0 −18
Sr 5.0 −28
Ba 5.0 −22

Ca 2.0 27 Uncultured
microorganism [41]Mg 2.0 −42

Ba 2.0 −28

Ca
1.0 2

Bacillus licheniformis [42]

5.0 0

Mg 1.0 0
5.0 5

Ba
1.0 −5
5.0 −11

Ca 5.0 −66
Bacillus sp. [43]Mg 5.0 −52

Ba 5.0 −39

Ca
5.0 40

Geobacillus sp. [44]

10.0 100

Mg 5.0 −40
10.0 −60

Ba
5.0 −10

10.0 −20
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Food waste itself contain traces of Ba; for instance, Jansson et al. [45] reported an approximate
concentration of this metal of 0.36 mm in the digestate of a large-scale dry anaerobic digester fed
with municipal FW. There are less studies related to Ba2+ than other alkaline earth metal ions;
several authors [28,31–33,37–39] showed that under certain conditions, Ba2+ can stimulate enzymatic
catalysis conducted by cellulases and amylases; however, the effect of this metal over the hydrolytic
stage of anaerobic digestion has not yet been elucidated. Recently, Wyman et al. [12] found that Ba2+

dosages higher than 1.46 mm have an important inhibitory effect over cellulose hydrolysis and methane
yield in batch anaerobic digestion of dried green fodder. Nevertheless, there is still the need to explain
the phenomena involved in the previously observed effects of the metal ion over hydrolytic activity.

With the purpose of gaining more insight about the effect of Ba on the hydrolytic process in
anaerobic conditions, the main aim of the present study was to determine if Ba2+ dosage (1.0 mm)
could significantly promote the volumetric activity of endoglucanases, β-glucosidases, α-amylases,
β-amylases and glucoamylases in a mesophilic anaerobic semi-continuous hydrolytic reactor (ASHR)
using plant-based FW as substrate. This is one of the first studies reporting the activity of specific
groups of cellulases and amylases in a lab-scale ASHR fed with FW in steady state.

2. Materials and Methods

2.1. Analytical Methods

2.1.1. Solids and Moisture

A gravimetric method was employed to measure the moisture content in FW and hydrolytic
inoculum making use of an analytical balance (Precisa® XR305A, Dietikon, Zúrich, Switzerland), the FW
were dehydrated in an oven at 55 ± 5 ◦C for 4 days while the hydrolytic inoculum was dehydrated
at 100 ± 5 ◦C for 24 h, the results were reported as wet basis percentage (%wb). The volatile solids
(VS) content of the feedstock and inoculum was determined by triplicate according to a previously
described method [46], the results were reported as dry basis percentage (%db). The values of free
moisture and volatile solids for the feedstock and hydrolytic inoculum are shown in Table 3.

Table 3. Moisture and volatile solids content in feedstock and inoculum.

Free Moisture (%wb) Volatile Solids (%db)

Food waste (feedstock) 88.57 74.81 ± 2.22
Hydrolytic inoculum 98.65 ± 0.06 82.39 ± 3.8

± Standard deviation.

2.1.2. Soluble Chemical Oxygen Demand and pH

To estimate the amount of organic matter solubilized by the hydrolytic process the soluble
chemical oxygen demand (sCOD) of the inlet and outlet of the ASHR was quantified. The sCOD was
measured with the potassium dichromate spectrometric method as indicated in previously described
methods [47]. The samples were centrifuged at 14,000 rpm (Sigma® 1–14, Osterode am Harz, Germany)
for 15 min, then the supernatant was removed and sCOD was measured. The amount of organic
matter solubilized by the hydrolytic processes during the operation of the ASHR was estimated as the
difference of the sCOD in the outlet and the sCOD in the inlet of the reactor.

pH was measured on the AHSR outlet with a Thermo Scientific™ Orion™ 3-Star Benchtop pH
Meter (Waltham, MA, USA).

2.1.3. Volumetric Enzymatic Activity

Volumetric enzymatic activities of two cellulases (Endoglucanases and β-glucosidases) and three
amylases (α-amylases, β-amylases and Glucoamylases) were measured through spectrophotometric
techniques before and after Ba2+ dosage. These enzymatic assays have been described by different
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authors (Table 4). One volumetric enzymatic activity unit was defined as 1µmol of the expected product of
the enzyme, generated per min of reaction time, per mL of reaction volume (U/mL [ = ] µmol/min/mL).

Table 4. Conditions for enzymatic assays and reference methods.

Enzyme Model Substrate Expected
Product

Reaction Time
and Temperature

(min, ◦C)

Buffer Data
(pH, mM) Ref.

Endoglucanases
(3.2.1.3)

Carboxymethyl cellulose
(Merck® C4888) D-Glucose 1 30, 50 Citrates

(4.8, 0.050) [48]

β-glucosidases
(3.2.1.21)

p-Nitro-phenyl
β-d-glucopyranoside

(Merck® 292710)
p-Nitro-phenol 3 30, 50 Acetate

(4.8, 0.050) [49]

α-amylases
(3.2.1.1)

Maize amylopectin
(Merck® 10120) Maltose 2 30, 20 Phosphates

(6.9, 0.020) [50]

β-amylases
(3.2.1.2)

Maize amylopectin
(Merck® 10120) Maltose 2 30, 20 Acetate

(4.8, 0.016) [50]

Glucoamylases
(3.2.1.91)

Soluble starch
(Merck® S9765) D-Glucose 1 30, 40 Acetate

(4.5, 0.100) [51]

1 Measured by DNS technique described by Ghose (1987) [48] with D-Glucose (0.0–2.0 g/L) standard curve (R2 > 0.99);
2 Measured by DNS technique described by Ghose (1987) [48] with Maltose (0.0 – 1.0 g/L) standard curve (R2 > 0.99);
3 Measured by the technique described by Magalhães et al. (2006) [49] with a p-Nitrophenol (0.0–1.0 mM) standard
curve (R2 > 0.99).

The samples from the reactor were centrifuged at 14,000 rpm (Sigma® 1–14) for 15 min prior analysis.
The products of the enzymatic reactions were quantified according to the specified methods, with a
spectrophotometer HACH® DR 5000 UV/V (Loveland, CO, USA). Standard curves, spectrum zeros
and sample blanks were always prepared and run together with the samples. The sample blanks
consisted on identically treated test tubes but with the addition of the sample after the enzymatic
reaction was stopped, as suggested by Forouhi and Gunn [52], to minimize the interference provided
by the soluble substances in the sample. Dilution of samples was not required as the concentration
of the reaction products was always inside the interval of the standard curves. Every sample was
analyzed by triplicate and the reaction time was carefully monitored for every single replicate.

2.2. Obtention, Analysis and Pretreatment of Feedstock and Inoculum

The food wastes used in the study were collected from a restaurant located in the north part of
Mexico City (19.4758 N, 99.1314 W) in three batches and then combined. The FW were segregated
considering the categories suggested by the Food and Agriculture Organization of United Nations
(FAO) [53], which were also adopted by other authors [5,7], the collected FW were mainly composed
by fruits, vegetables and cereals derivatives (85%wb), bones, meat, grease and egg husks (14%wb) and
other non-organic waste (1%wb). Only fruits, vegetables and cereals derivatives were maintained in
the FW before pretreatment to favor the development of cellulolytic and amylolytic microorganisms
while using the waste as feedstock during experimentation.

In total, 58 kg of FW was collected in three different batches and then dehydrated, shredded with
a laboratory blender (Waring® HGBSS, Torrington, CT, USA) to a maximum particle size of 2 mm
(verified with a sieve), combined and manually homogenized to get only one feedstock to be used in
the hole experiment in order to minimize experimental variations due to changes in the composition of
the feedstock as drastic variations in the microbial community in the reactor. The FW were contained
as a single in a resealable plastic bag and preserved at 4 ◦C. After pretreatment, the volatile solids (VS)
content of the feedstock was determined.

The material utilized to inoculate the AHSR for experimentation consisted of hydrolysate from
a stabilized lab-scale mesophilic anaerobic hydrolytic reactor with 199 days of previous operation.
This reactor was originally inoculated with donkey manure, daily fed with FW (0.47 g VS/L/d),
and maintained at pH 5.87 ± 0.07 (standard deviation). Three samples of the inoculum were subjected
to moisture and volatile solids gravimetry determinations.
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2.3. ASHR Configuration and Operation Protocol

A 4 L Kimax® (Milville, NJ, USA) beaker was used as a vessel for the ASHR and it was blown
in order to horizontally flatten its upper edge to make the use of a flange-form acrylic top possible,
as pointed by an arrow in Figure 1. The top of the ASHR had a 24 cm diameter and had three orifices;
one to take out and take in material from and to the reactor, another to conduct the gas output, and the
last one for temperature monitoring. All connections located on the top of the reactor were fixed by
cable glands and then covered with hot-melt adhesive silicon with the aim of preventing gas leaks.
Furthermore, the ASHR vessel was surrounded by a 3.1 cm (internal diameter) silicon hose connected
to a hot water recirculation stream with a semi-automatic temperature control system (35 ± 1.5 ◦C as
setpoint). Continuous stir was provided by a 7.6 cm magnetic bar (160 rpm). Figure 1 illustrates the
ASHR and the parts of the systems described above.
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Figure 1. Anaerobic semi-continuous hydrolytic reactor configuration used during experimentation.

At the beginning of the operation of the ASHR, it was inoculated for the only time with 2.90 g SV/L
of hydrolytic inoculum. The ASHR was operated on a daily basis following a feeding protocol; 110 mL
of the homogeneous hydrolysate were gathered from the reactor, the hydrolysate was processed for
later sCOD and pH analysis, and then the mix of FW and alkaline solution (previously dissolved
NaHCO3 in the loading rate indicated in Table 5) was introduced to the reactor. The total volume
of this mixture was equal to the necessary required to maintain constant the wet volume of 2.5 L in
the reactor.

Table 5. Summary of ASHR operation stages.

Stage Operation Days OLR (g VS/L/d) NaHCO3 Loading
Rate (g/L/d)

Ba2+ Dosage
(mmol/L)

Conditioning

1 0–21 0.52 0.10 -
2 22–34 1.00 0.10 -
3 35–67 1.50 0.11 -
4 68–123 2.00 0.15 -

Evaluation 5
124–153

2.00 0.15
0.0

154–171 1.0
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2.4. ASHR Operation Stages, Monitoring and Evaluation of the Effect of Ba2+ over the Hydrolytic Process

During conditioning of the anaerobic semi-continuous hydrolytic reactor, the organic loading
rate (OLR) provided by FW was gradually increased from 0.52–2.00 gVS/L/d, alkaline solution was
added to prevent the pH from reaching values below 5. During reactor operation, sCOD and pH were
measured by triplicate. The sCOD generated by hydrolysis (sCODGH) in the system was measured as
the difference between sCODOutlet and sCODInlet (Equation (1)) similarly to other authors [54,55].

sCODGH = sCODOutlet − sCODInlet (1)

When the steady-state was reached in the ASHR, the Ba2+ was added to reach a theoretical metal
concentration in the reactor of 1.0 mM (137 mg/L) in two days. In Table 5, a summary of the ASHR
operation stages is shown.

A non-linear regression line and its confidence interval for the pH and sCOD results were obtained
in accordance with the locally estimated scatterplot smoothing (LOESS) method. To evaluate the
effect of Ba2+ on volumetric enzymatic activities and sCOD before and after Ba2+ dosage during the
steady-state of the operation of the ASHR (stage 5), Tukey’s multiple range test was used to compare
the means. Differences among the means of p < 0.01 were considered significant. The statistical tests
were computed using R V.4.0.0 using the HSD.test function from the Agricolae package.

3. Results

3.1. Anaerobic Semi-Continuous Hydrolytic Reactor Operation

To evaluate the effect of Ba2+ (1.0 mm) in anaerobic hydrolytic of FW, the ASHR was previously
stabilized gradually increasing the OLR until 2 g VS/L/d. The adaptation of the system was achieved
after of 124 days of operation. Figure 2 shows the pH and sCOD behavior along the stages of operation
of the reactor; these results are summarized in Table 6. At the first stage of operation, the pH value was
6.19 and gradually decreased to 5.01 for the stage 4, after this time until the end of reactor operation,
the pH increased slightly from 5.01 ± 0.02 to 5.13 ± 0.01 (Figure 2A). Figure 2B shows the sCOD values
of both the inlet and outlet of the reactor. These values increased along the conditioning stages (1–4)
and remained constant after 124 days of operation, during the evaluation stage the average sCOD
value in the inlet was 11.41 ± 0.26 g/L while in the outlet was 26.62 ± 0.31 g/L, the sCODGH in the
system due to microbial activity in steady-state was 15.22 g/L.

The changes during the first four stages of operation were driven by the gradual increase in the
OLR, within a period of 68 days. Then, the OLR was kept constant and the system was allowed to reach
a steady-state, using the behavior and variation coefficient of pH and sCOD along time as indicators of
steadiness. The adaptation of the system to the higher OLR lasted 56 days and, after that, the operation
of the ASHR continued the operation continued for 30 days to establish a baseline for evaluation.
After that, a constant daily dose of the metal was supplied to the ASHR to maintain that concentration.

Table 6. Summary of monitoring results along ASHR operation.

Stage pH sCODInlet (g/L) sCODOutlet (g/L) sCOD Generated by Hydrolysis (g/L)

1 6.19 ± 0.05 3.10 ± 0.22 5.41 ± 0.99 2.32
2 5.78 ± 0.10 6.22 ± 0.60 9.14 ± 1.27 2.92
3 5.32 ± 0.07 8.33 ± 0.14 12.40 ± 0.79 4.07
4 5.01 ± 0.02 11.12 ± 0.25 20.81 ± 0.65 9.69
5 5.13 ± 0.01 11.41 ± 0.26 26.62 ± 0.31 15.22

± Confidence interval (α = 95%).
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3.2. Effect of Ba2+ over the Glucosidases Enzymatic Activity

The effect of Ba2+ on volumetric activities of endoglucanases, β-glucosidases, α-amylases,
β-amylases and glucoamylases was evaluated during stage 5 in the ASHR. After the steady-state was
reached (on day number 124), on day number 154 of the operation of the reactor, Ba2+ (1.0 mM) was
supplied, before and after this time the volumetric activities were measured by triplicate. The enzymatic
activity results are displayed in Figure 3B,C together with the sCODOutlet values obtained from the
ASHR in the same operation time (Figure 3A). Activity stimulation was calculated for each enzyme,
taking the activity before Ba2+ dosage as reference. The significance of the stimulation was determined
by means of Tukey’s multiple range test method. As shown in Table 8, there were significant differences
after Ba2+ dosage only in three of the five studied groups of enzymes; a negative sign on activity
stimulations indicates inhibition. Moreover, no perceptible change in the outlet sCOD was observed.

Table 7. Activity values and significance for the different studied enzyme groups.

Enzyme Group Enzyme Name

Enzymatic
Activity Before

ba2+ Dosage
(U/mL)

Enzymatic
Activity after
Ba2+ Dosage

(U/mL)

Activity
Stimulation

(%)
p

Cellulases
Endoglucanases 32.77 ± 4.58 * 19.98 ± 2.64 * −39.05 4.1 × 10−5

β-glucosidases 20.25 ± 3.24 17.20 ± 2.14 −15.04 8.9 × 10−2

Amylases
α-amylases 82.19 ± 3.89 * 65.79 ± 7.88 * −19.95 5.4 × 10−4

β-amylases 51.41 ± 4.99 * 90.23 ± 15.17 * +75.51 9.0 × 10−6

Glucoamylases 472.11 ± 56.54 529.32 ± 23.35 +12.12 6.3 × 10−2

* Shows significant differences (p < 0.01); ± Standard deviation.
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Figure 3. Effect of Ba2+ dosage over enzymatic activities and sCOD in the ASHR, error bars indicate
standard deviation of three replicates, the dotted vertical line indicates the beginning of barium dosage
(A.—Outlet sCOD in the ASHR in steady-state, B.—Activity results for the five studied enzymes,
C.—Close up on the activity results with lower values).

Table 8. Activity values and significance for the different studied enzyme groups.

Enzyme Group Enzyme Name

Enzymatic
Activity Before

ba2+ Dosage
(U/mL)

Enzymatic
Activity after
Ba2+ Dosage

(U/mL)

Activity
Stimulation

(%)
p

Cellulases
Endoglucanases 32.77 ± 4.58 * 19.98 ± 2.64 * −39.05 4.1 × 10−5

β-glucosidases 20.25 ± 3.24 17.20 ± 2.14 −15.04 8.9 × 10−2

Amylases
α-amylases 82.19 ± 3.89 * 65.79 ± 7.88 * −19.95 5.4 × 10−4

β-amylases 51.41 ± 4.99 * 90.23 ± 15.17 * +75.51 9.0 × 10−6

Glucoamylases 472.11 ± 56.54 529.32 ± 23.35 +12.12 6.3 × 10−2

* Shows significant differences (p < 0.01); ± Standard deviation.

4. Discussion

4.1. Anaerobic Semi-Continuous Hydrolytic Reactor Operation

A pH decrease in the ASHR and sCODOutlet increase along operational stages are expected results
due to the acid pH of the feedstock itself [5] and the volatile fatty acids accumulation phenomenon
conducted by acidogenic microbes [56]. Thus, the pH and sCOD behavior observed in Figure 2 suggests
the development of anaerobic hydrolytic and acidogenic microbial communities in the reactor. This is
an undesired process for methane production purposes in one-stage anaerobic digestion, but is useful
for promoting the hydrolytic-acidogenic microorganisms prevalence in the first step of the two-stage
systems [9,57].

Throughout the operation, the sCOD in the ASHR outlet considerably differed from the inlet;
this fact evidences the solubilization of the complex compounds of the feedstock by hydrolysis in the
equipment [58]. As presented in Table 6, the sCODGH in the ASHR at steady-state was higher than the
feedstock sCOD contributionl; this fact suggests that the structural carbohydrates in FW have more
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potential for biofuels production than the soluble substances of the crude feedstock solely, as previously
observed by Zhang et al. (2017) [58], who developed and studied a three-stage anaerobic digester
with enhanced hydrolysis. On the other hand, since FW have a high content of soluble organics with
potential for methane production and the enhancement of cellulose and starch hydrolytic process
demands additional investment, there is still a lack of research to determine the economic feasibility of
enzymatic hydrolysis optimization at large-scale anaerobic digestion facilities.

4.2. Effects of Ba2+ over the Hydrolytic Process of Food Waste

To provide a fair discussion, three general considerations were taken during the analysis of the
results, and their specific implications are described throughout this section:

• Enzymes purification was not conducted, and due to the lack of effective manners to differentiate
specific activities of substrate-sharing enzymes, it is difficult to ensure that activity measurements
did not include contributions from various groups of enzymes.

• Activities reported in this work represent a maximum rate of catalysis that the enzymes produced
by anaerobes in the ASHR could conduct during an enzymatic assay with non-limiting substrate
concentration and optimum conditions, the reported values do not mean to represent sugars
production in the reactor.

• Previous observations of the effect of metal ions over the activity of hydrolytic enzymes, which
were produced by isolated bacterial strains, are not representative of the microbial communities
developed in the ASHR, nevertheless, these observations are the most abundant comparison
points; therefore, they were carefully considered for possible explanations of the obtained results,
raising hypothesis for subsequent research.

According to the results reported in Figure 3 and Table 8, endoglucanases and α-amylases were
significantly inhibited, while β-amylases were significantly stimulated after Ba2+ dosage, nevertheless,
the hydrolysis level in the ASHR, did not suffer any perceptible change. These observations indicate that
Ba2+ dosage did not trigger any substantial effect over the global hydrolytic process and probably the
perturbations on the different enzymatic activities were compensated between each other, exhibiting an
apparent non perturbation on the sCOD in the ASHR outlet. However, the inclusion of more
specific and sensible response variables (e.g., fermentable sugars or volatile fatty acids concentrations)
might be considered for future studies to provide a better assessment of the changes in the global
hydrolytic process.

In relation to the studied cellulases, a significant endoglucanases inhibition in the ASHR of around
39% after Ba2+ dosage was observed (Table 1). Endoglucanases catalyze the hydrolysis of β-1,4 bonds in
non-crystalline regions of cellulose, and their activity is important for other cellulases to perform their
function [18]; thus, an inhibition of these enzymes implicates a decrease in the cellulose hydrolysis rate
of the system. This particular result is in agreement with Wyman et al. results [12]; the authors found
that there was a relationship between Ba2+ concentration and a selective inhibition of the hydrolysis
stage of batch anaerobic digestion of cellulose, the metal significantly affected the process when soluble
concentrations between 6.8–21.5 mm are reached. They found evidence that their observations may
be linked with an indirect disturbance; Ba2+ modifies the solubility chemical equilibrium of Zn in
the sludge of the reactor, making it more bioavailable to potentially reach toxic levels in the medium.
This inhibition mechanism implicates that Ba2+ induces an indirect toxic effect only over hydrolytic
microorganisms, or at least selectively interferes in hydrolytic functions. However, another possible
inhibition mechanism, considering the significant direct interactions of the metal ion with cellulolytic
enzymes, is proposed in the present work.

As shown in Table 1 and described in the introduction of the present work, several reports have
reported different results when analyzing the effect of Group II elements (alkaline earth metals) over
cellulases activity from several bacterial strains, those observations suggest that is very likely that
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these metals interact directly with bacterial endoglucanases, having an inhibitory effect only at high
concentrations (approximately > 5 mm), varying from one producer organism to another.

It is important to mention that the concentration of barium in the ASHR, provided by the feedstock
and inoculum, was not considered in the present work; therefore, the total Ba2+ concentration in the
reactor could be higher than 1.0 mM. This is an important issue to be considered in future research,
since heterogeneous equilibrium phenomena lead to interesting changes in the metal ions concentration
in an anaerobic reactor [12]. It is not still possible to determine the direct endoglucanases inhibition
mechanism by Ba2+ in anaerobic digestion; however, given the present enzymatic activity results
(Table 8) and previous observations (Table 1), it is possible to preliminary discard the competitive and
irreversible inhibition types [59]. Given the above, it is also possible to hypothesize that, even though
the alkaline earth metal ions are required for endoglucanases action, in soluble concentrations higher
that 5 mM, they could present an inhibitory effect led by non-competitive and/or uncompetitive
mechanisms during cellulose enzymatic hydrolysis in anaerobic conditions.

Regarding the studied amylases, it is estimated that the activity of α-amylases in the ASHR
before Ba2+ dosage was approximately 12.84 µmolMaltose/min/g volatile solid suspended (VSS).
Other authors [60] reported a considerably higher value for amylases activity (ca. 684 µmolMaltose/min/g
VSS) in the mesophilic anaerobic digestion of the organic fraction of municipal solid waste; in addition,
the authors managed a higher OLR (7.0 g VS/L/d) and did not discriminated the intrinsic hydrolytic
activity of the fresh substrate.

According to results shown in Figure 3, glucoamylases activity was considerably higher than
α-amylases and β-amylases, with values before Ba2+ dosage around 472 U/mL (Table 8). This result
suggests that glucoamylases were predominant in the ASHR over other amylolytic enzymes; however,
this may be varied since the glucoamylases assay was performed in different conditions, i.e.,
higher temperature and a more soluble substrate than the α-amylases and β-amylases assays. This was
with the aim of minimizing the contributions of substrate-sharing enzymes during the experimental
procedure. Nonetheless, other authors [61] also obtained higher glucoamylases activity compared with
α-amylases when investigating the enzymatic hydrolysis of FW with fungal mash.

Significant α-amylases inhibition and β-amylases stimulation of about 20% and 76%, respectively,
were observed after Ba2+ dosage in the ASHR (Table 8). In principle, the first ones catalyze the
hydrolysis of random α-1,4 bonds in amylose and amylopectin [19], on the other hand, β-amylases
catalyze the hydrolysis of the second α-1,4 bond of non-reducing ends in amylose and amylopectin [19].
It is known that a significant inhibition or stimulation of these enzymes comprises a change in starch
hydrolysis rate in the system; however, the effect of Ba2+ was mutually compensated between both
enzymes (Figure 3C). It is usually reported that α-amylases are stimulated or inhibited by metal ions,
Table 2 enlists the effect of Ba2+ on the enzymatic activity of α-amylases, and β-amylases produced by
different bacterial strains.

To date, there is not enough evidence to establish a possible relationship between Ba2+ concentration
(in the range of 0.5–10.0 mm) and the inhibition or stimulation of α-amylases and β-amylases; thus,
the effect observed in the present work might not implicate a direct interaction of the metal with those
enzymes. According to previous reports (Table 2), it is likely that the producer bacterial strain and/or
the culture conditions determine the amylases sensitivity to Ba2+, hence, the effect of the metal over
enzymatic activity produced by the microbial community in an anaerobic reactor might require to be
supported by a taxonomic characterization.

Interestingly, Srivastava [39] reported that Ba2+ at 1.0 mM promoted the enzymatic activity of
purified α-amylases and β-amylases by 15 and 10%, respectively, from Bacillus stearothermophilus.
They also observed a relationship between the separate addition of Ca2+, Ba2+ and Sr2+ (0.5–5 mm)
and the elimination of a non-competitive inhibition that EDTA had over both enzymes. Several
authors also reported that chelating agents induce inhibition on α-amylases [13,43,44]. Consequently,
further research might be focused on determining if chelating compounds produced by anaerobes



Processes 2020, 8, 1371 13 of 16

have significant effects over α-amylases and β-amylases activity in the presence of Ba2+; it is important
to notice that the inhibition or stimulation mechanisms may vary from one enzyme to another.

During the present study, enzymatic assays were carried out using the ASHR outlet supernatant,
thus, only the activity of extracellular enzymes were quantified. The quantification of cell-bound
enzymes might be relevant, since they play an important role in cellulose and starch degradation
conducted by anaerobes [62].

5. Conclusions

In this work, the effect of Ba2+ (1 mM) over the activity of endoglucanases, β-glucosidases,
α-amylases, β-amylases and glucoamylases during hydrolysis of food waste in an anaerobic
semi-continuous hydrolytic reactor was evaluated. The reactor was operated for 171 days, the soluble
chemical oxygen demand generated by microbial anaerobic hydrolytic process in steady-state was
15.22 g/L when the reactor was fed with an organic loading rate of 2 g VS/L/day. It was observed that Ba2+

dosage at 1 mM, under the experimental conditions, had no significant effects on the overall performance
of the hydrolytic process, nor on the enzymatic activity of β-glucosidases and glucoamylases with
activity before Ba2+ dosage of 20.25 and 472.11 U/mL, respectively. On the other hand, Ba2+ dosage
inhibited endoglucanases activity from 32.77 to 19.98 (39%), and α-amylases from 82.19 to 65.79
(20%), and stimulated β-amylases activity from 51.41 to 90.23 (76%). Given the observations in the
present work and previous research, the hypothesis that Ba2+ presents an inhibitory effect lead by
non-competitive and/or uncompetitive mechanisms during cellulose enzymatic hydrolysis in anaerobic
conditions was raised. This article is a first approach in the understanding of the effect of Ba2+ over
the physiological processes of cellulose and starch biodegradation under anaerobic conditions, and it
contributes to elucidating the effect of Ba2+ concentration on two-stage anaerobic systems.
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