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Abstract: This study determined whether it is feasible to pretreat mixed agro-waste of different par-
ticle sizes using the pitcher fluid of Nepenthes mirabilis (N. mirabilis), which is known to digest leaf
litter due to the enzyme cocktail contained in the fluid. This is due to the need for the holocellulol-
ysis (a source of fermentable sugars) of mixed agro-waste to produce fermentable hydrolysates. The
pitcher fluid was fractionated (<3 kDa, >3 kDa, <10 kDa, >10 kDa) and slurrified with the mixed
agro-waste, i.e., 25% (w/w) for each waste—orange peels, apple peels, maize cobs, grape pomace,
and oak plant leaf litter of various particle sizes, i.e., >75 pm x < 106 pm and >106 pm. The process
of producing a high concentration of total reducible sugars (TRSs) with the lowest production of
total phenolic compounds (TPCs) was determined to be a particle size of >106 um, pretreatment for
72 h, and an enzyme fraction of <10 kDa, whereby 97 g/L of TRSs were produced with a significantly
lower TPCs load (1 g/L). Furthermore, the <10 kDa showed preferable physico-chemical properties,
with the highest reduction-oxidation potential including acidity. Several enzymes, i.e., 3-1,3-Glu-
canase, Putative peroxidase 27, Thaumatin-like protein, among others, were identified in the <10
kDa fraction, i.e., enzymes known to perform various functions in plant-based waste. Therefore,
there is a need for the renewable energy industry to consider solely using pitcher fluids to pretreat
mixed agro-waste for fermentable hydrolysates” production, which can be used as liquid feedstock
for the bioenergy and/or biorefinery industries for environmental pollution reduction.

Keywords: agro-waste; Nepenthes mirabilis; pitcher fluid; proteomics; biorefinery

1. Introduction

Nowadays, sustainable energy generation is paramount for energy security globally.
Hence, the availability and utilisation of bioenergy from waste materials, have resulted in
its generation receiving considerable attention from industries and researchers [1]. This
has become a focus area for researchers, as there is a need to find feasible substitutes for
fossil-based fuels and thus the development of biorefineries with a focus on the co-man-
ufacturing of biofuels, eco-clean energy, and chemicals from renewable biomass sources
[2]. Recent studies have proven that some processes used in green energy generation are
not always eco-friendly. The practices involving biomass conversion to biofuels in
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biorefineries also result in a wide range of pollutants that pollute the environment and
cause humans harm via chemical use. These are known as biorefinery-derived pollutants
[3,4].

Furthermore, biorefineries are water-intensive, thus placing substantial stress on
available water supplies. For example, maize-based biofuel refineries produce 13 litres of
wastewater for each litre of ethanol produced. Some experts cautioned that biofuel pro-
duction puts additional pressures on natural resources. The wastewater produced can
cause pollution that extends throughout the ecosystem, resulting in the deterioration of
rivers and land with contaminated silt and sediment translocating by natural means to
pristine areas [5], mostly because of chemical residues emanating from biomass/agro-
waste pretreatment processes.

There are several agro-waste pretreatment methods, among which chemical pretreat-
ment methods, i.e., alkaline/caustic, dilute acid/organic acid, steam explosion (autohy-
drolysis), carbon dioxide (CO:) explosion, liquid hot-water (LHW), microwave-chemical,
organosolv, and wet oxidation, are among the favourites. Some of these pretreatment
methods generate hazardous wastes that are detrimental to human health and the envi-
ronment (soil, air, water). For example, LHW pretreatment produces solid residue that
needs disposal, and processes such as organosolv need solvents to be drained and recy-
cled with solvent residues being in the solid waste [6,7]. These methods can be replaced
by plant-based enzyme containing digestive fluids, such as those found in the “monkey
cups” of some Nepenthes sp.

Nepenthes sp., also known as pitcher plants, is a group of carnivorous plants that grow
in tropical regions; about 130 species have been identified, and numerous species are be-
ing discovered annually [8]. One of these species is Nepenthes mirabilis (N. mirabilis), which
has “monkey cups” containing pitcher fluid, whereby numerous enzymes are embedded.
Indeed, to ascertain large-scale availability, the hydroponic growth method in combina-
tion with vertical farming can be used to grow pitcher plants such that they produce the
enzyme containing pitcher fluid on a large scale [9,10]. The pitcher fluid has been known
to completely digest both insects and leaf litter. Thus, it could be used as the sole means
to pretreat agro-waste. The pitcher fluid produced by most pitcher plant species is acidic,
with a pH range of 1.5 to 6. The acidity of the pitcher fluid aids in the plants’ insects and
leaf litter hydrolysing capabilities [11,12]. Enzymes found in the pitcher fluid include 3 -
Xylosidase, Aspartic proteinase nepenthesin I, 3-1,3-Glucanase, Class III chitinase, Oxi-
doreductase, Class IV chitinase, Acid chitinase, Carboxylesterase, Xylanase, Thaumatin-
like protein etc. [13-15], with some of these enzymes having characteristics which can en-
hance delignification and holocellulolysis to produce fermentable hydrolysates from
agro-waste. Since pretreatment is an important step involved in the production of bioeth-
anol from lignocellulosic biomass, we envisage that the pitcher fluid can replace some of
the current biomass/agro-waste pretreatment methods in which chemicals are used.

The selection of a specific agro-waste depends largely on regional accessibility in-
cluding availability; thus, this was the primary motivation to use a mixture of apple peels,
oak yard (leaf) waste, grape pomace, and maize cobs. These agro-wastes are readily avail-
able in South Africa (SA), especially in the Western Cape, where this study was conducted.
Several researchers have been reporting on the use of a single agro-waste when perform-
ing biomass pretreatment studies. This is not ideal, as agro-waste in most instances con-
sists of two or more different types of waste, especially in an industrial setting. The third
leading province in SA producing a large quantity of citrus fruit is the Western Cape, 95%
of which being apples [16]. Moreover, there is a plethora of oak trees in the Western Cape,
and they produce a large quantity of yard waste. Therefore, the selected agro-wastes were
selected with the intention to reduce the reliance on landfilling; hence, transforming such
waste into value-added products or crude products, such as hydrolysates containing fer-
mentable sugars, will be advantageous. This is because such hydrolysates can be used in
the generation of bioenergy. N. mirabilis pitcher fluid was selected to pretreat the mixed
agro-waste because other studies have proven that it is not necessary to have a pure form
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of enzyme cocktails for biomass pretreatment [17]. Furthermore, its “monkey cup”, on
average, is larger compared to other Nepenthes sp. and can thus store a larger quantity of
the pitcher fluid. As elucidated previously, Nepenthes sp. pitcher fluid contains an assort-
ment of enzymes which might facilitate the hydrolysis of lignin-containing agro-waste
while reducing phenolic reductants. Therefore, the purpose of this study was to assess the
feasibility of using N. mirabilis pitcher fluid as a suitable agent to pretreat agro-waste for
the extraction of total reducible sugars (TRSs) while reducing total phenolic compounds
(TPCs), i.e., those known to be toxicants for fermentation systems. Furthermore, it was
imperative to also determine optimal conditions, i.e., a suitable particle size of the agro-
waste and the fraction in the pitcher fluid responsible for high TRS production while re-
ducing TPCs, including identifying the enzymes in the high performing fraction.

2. Results and Discussion
2.1. Physico-Chemical Characteristics of the Fresh and Fractionated N. mirabilis Pitcher Fluid

The physico-chemical properties of the N. mirabilis pitcher fluid was determined with
a focus on the following characteristics: redox potential, specific gravity, conductivity, and
pH (see Table 1). Even though the N. mirabilis pitcher fluid comprises a cocktail of en-
zymes, the observation was that the enzymes must have acidity-tolerant traits. Further-
more, the pitcher fluid characteristics were determined to be comparable to those of 1%
(v/v) dilute sulphuric acid solution, which is usually used in biomass treatment, although
the solution has a lower redox potential [18] than the pitcher fluid. When a solution has a
high redox potential, it is an indication that reduction-oxidation reactions can occur more
rapidly.

Table 1. Physico-chemical properties of N. mirabilis pitcher fluid juice before fractionation.

Factors Values (Units)
pH 2.0-2.09
Specific gravity (5.g) 0.73-0.81
Redox potential (ORP) 501-520 mV
Conductivity (CO) 3.86-4.93 mS/cm

Subsequent to fractionation, the <10 kDa fraction was observed to have somewhat
preferable physico-chemical properties, as highlighted in Table 2, with less TPCs for-
mation, including a slightly higher TRSs formation. As such, this fraction was determined
to be suitable for the pretreatment of mixed agro-waste; i.e., all fractions were assessed,
and a confirmatory statistical analysis was needed.

Table 2. Averaged (n =3) physico-chemical properties of the different fractions of N. mirabilis pitcher
fluid in comparison to dilute (1% v/v) sulphuric acid (A), and the initial assessment of the best per-
forming fraction in terms of TRSs and TPCs formation (B).

1% (v/v)

Factors <3 kDa >3 kDa <10 kDa >10 kDa HLSOs
A
pH 2.04 2.02 2.00 2.06 0.70
S.g. 0.73 0.73 0.81 0.80 1.08
ORP 503 501 510 511 354.2
CcO 391 3.86 493 3.97 en/d
B
bTRSs 31.31 33.50 33.87 30.82 -
bTPCs 13.42 11.66 11.45 16.95 -

2 Angadam et al. [18], ? Conditions (initial evaluation) =72 h, >106 um particle size, ambient tem-
perature, without TES, sn/d-not determined.
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To hydrolyse lignin-containing agro-waste into fermentable sugars, both oxidative
and hydrolytic enzymes are needed, as well as an acidity that can culminate in the disso-
lution of some constituents in the waste. Therefore, when you have a cocktail of enzymes
that are acid tolerant within the pitcher fluid, which is highly acidic, numerous ad-
vantages can be gained, including: (1) the ease of bond decoupling, (2) the lysis of lignin,
(3) the extraction of cellulose and hemicellulose (holocellulolysis), (4) the decomposition
of toxicants produced as by-products, and (5) the deactivation of agro-waste decompos-
ers, e.g., fungi and bacteria.

2.2. Identified Enzymes in the N. mirabilis Pitcher Fluid

Several researchers have confirmed the existence of some enzymes in numerous
pitcher plants fluid including the pitcher fluid of N. mirabilis. Examples include 3-1,3-Glu-
canase, Class III chitinase, Class IV chitinase, and a Thaumatin-like protein. Class III acid
endochitinase was also identified from the “monkey cup” of the carnivorous pitcher plant
by another researcher [19]. 3-1,3-Glucosidase, Xylanase, and Carboxylesterase were also
determined to be in the pitcher fluid of N. mirabilis [20]. The presence of two or more dif-
ferent chitinases within the pitcher fluid was proven by Senevirathna et al. [21]. Another
study also reported the prevalence of Putative peroxidase, Class III chitinase, Glucanase,
Oxidoreductase, Class IV chitinase, and Acid chitinase from Nepenthes sp. pitcher fluid
[14]. In a study carried out by Hatano and Hamada [13], Thaumatin-like protein, Aspartic
proteinase nepenthesin I, Chitinase precursor, and [3-1,3-Glucanase, were observed [22].

Consequently, in this study, using proteomic analyses performed on the <10 kDa
fraction (which was determined to produce a high concentration of TRSs with a low TPCs
load) of the pitcher fluid from both opened and closed pitchers, the following enzymes
were identified: 3-1,3-Glucanase, Purple acid phosphatases, Putative peroxidase 27, Class
IV chitinase, Aspartic protease, Thaumatin-like protein, and Class III chitinase. Some of
these enzymes have functional attributes that can be advantageous when pre-treating
mixed agro-waste (see Table 3).

Table 3. Enzymes identified in the <10 kDa N. mirabilis pitcher fluid via a Byonic™ software search
and their rankings based on the best score.

Rank Fnzvme Accession Functional Attributes in Relation to
y Number Agro-Waste Pretreatment
1 B-1,3-Glucanase BAM?8611 Degrades glucan into oligosaccharides or reducing
sugars [23]
Degrades phosphat ters in plant ti
2 Purple acid phosphatase BAW35430 egrades phosphate T;Soes ers m plant ussue
3 Class IV chitinase QBC75407 Prevents agro-waste d'ecomposers such as fungi to
proliferate [25]
idation of toxic reductants and
4 Putative peroxidase 27 AMN14864 Oxidation o _OXIC re' uf: an's an
degradation of lignin [26]
D 1 tei iated with -
5 Aspartic protease nepenthesin I AFV26024 ecotpies pro eerS assoc1.a c V,Vl some agro
products into amino acids [27]
6 Thaumatin-like protein ACU31850 Degrades polyphenols into phenolic acids [28]
- Class IIT chitinase BAMD2S610 Has an ability to break down (3-1-4 glycosidic

bonds [29]

Putative peroxidase 27 can degrade lignin to water (H20) and carbon dioxide (COz)
and H20: to H20 and oxygen (O2) [30]. Overall, such peroxidases are an exceptional group
of ligninolytic enzymes, and due to their high redox potential, they have an ability to ox-
idise lignin [31]. When combined with 3-1,3-Glucanase, they can play a significant role
whereby a lignin-glucan-rich substrate can be decoupled into simple saccharides [32].
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Overall, -1,3-Glucanase can hydrolyse some constituents in the agro-waste by targeting
1,3-linked glucose polysaccharides using an inverting mechanism for glucan hydrolysis
[33]. A similar trait can also be attributed to Thaumatin-like proteins, which have an abil-
ity to break down polymeric 3-1,3-Glucans via hydrolysis to oligosaccharides [34], and
they can also facilitate the degradation of p-hydroxybenzoic acid, which is a component
of lignin [35]. Class III and IV chitinases hydrolyse glycosidic bonds, albeit those associ-
ated with chitin with a specificity of decoupling glycosidic bonds between two or more
carbohydrates or between a carbohydrate and a non-carbohydrate moiety [19]. Therefore,
all of the combined attributes of the individual enzymes identified can facilitate an effec-
tive way to pretreat agro-waste for the production of crude hydrolysates, which can be
further processed without the use of chemicals.

2.3. Analysis of Reducible Sugar Production and Residual Phenolic Compounds in Hydrolysates
from Mixed Agro-Waste Pretreatment

Table 4 provides a statistical summary of the influence of the assessed parameters on
the production of TRSs and TPCs, which are residual toxicants in the pretreated agro-
waste hydrolysates. Overall, the mean production of TRSs was higher when the agro-
waste particle size was >106 um than that which was >75 pm x <106 um (Experiment 13
and 14; see Figure 1), albeit using the <10 kDa enzyme fraction. The <10 kDa enzyme frac-
tion in combination with the >75 um x <106 um particle size produced hydrolysates with
a higher concentration of TPCs at 5 g/L (Experiment 13).

Table 4. Statistical summary of the study with respect to the parameters assessed, providing stand-
ard deviations to inform the validity of the distribution for the production of TRSs and TPCs for
each experiment.

Standard
Count Mean MCAT Min.  25%  50% 75% Max.
deviation

TRS production (>106 pm) 8 53.13 28.73 31.08 31.78 4273 64.80 115.19
TRS production (>75 pm x <106 pum) 8 58.88 26.80 33.08 3641 5279 7659 9713
TPC production (>106 pm) 8 448 1.24 2.67 3.48 510 543 5.63
TPC production (>75 pm x <106 pum) 8 4.13 211 1.11 2.64 479 532 6.61
TRS production (24 h) 4 33.35 3.68 31.08 3150 31.74 33.58 38.84
TRS production (72 h) 4 7291 29.48 46.62 60.17 6491 7764 115.19
TPC production (24 h) 4 5.33 0.32 4.89 5.20 539 551 5.63
TPC production (72 hr)s 4 3.64 1.27 2.67 2.76 325 413 541
TRS production (>10 kDa) 2 39.14 10.59 31.65 3539 39.14 4288 46.62
TRS production (<10 kDa) 2 48.10 24.08 31.08 39.59 4810 56.61 65.13
TRS production (>3 kDa) 2 77.01 53.99 38.84 5793 77.01 96.10 115.19
TRS production (<3 kDa) 2 48.26 23.24 31.83 40.04 4826 5647 64.69
TPC production (>10 kDa) 2 4.21 2.01 2.79 3.50 421 492 5.63
TPC production (<10 kDa) 2 4.59 1.25 3.71 4.15 459 5.03 5.48
TPC production (>3 kDa) 2 5.15 0.37 4.89 5.02 515 528 541
TPC production (<3 kDa) 2 3.99 1.86 2.67 3.33 399  4.65 5.31




Catalysts 2022, 12, 726

6 of 20

9 3.0
140 # Particle size class . TRS (giL) ' . TPC (g/L)
— 8
120 r2.5
7
100 . * * 6 204
5
3 53 o
% 80 5 N
‘; E 15w
[
&« 2
F e 4 s
t
3 tLod
40
2
20 0.5
1
0 -0.0
2 4 6 8 10 12 14 16
Experimental trial
(A)
9 5
140 = Enzyme fraction class . TRS (g/L) - TPC (g/L)
¥ 5
120 /— 7 4
w
100 6 5
v
- ~ [3¢
) 5d 2
o 80 & ]
L = I
2 ag -
F 60 Folag
40
2 Ly
20 1
0 0 0
2 4 6 8 10 12 14 16
Experimental trial
(B)
9
140 Time (hr) == TRS (g/L) ‘- TPC (g/L)
pr— E
120 80
T a7 7
100 6
60
- -~ -
- - ™
B 80 ) £
- - o
2 ag E
F 60 = 0F
3
40
2 20
20 1
0 0 0
2 4 6 8 10 12 14 16
Experimental trial
©)

Figure 1. Variation of TRS and TPC production with (A) particle size, (B) enzyme fraction, and (C)
time.

There was an indication that the mean generation of TPCs was higher when the agro-
waste particle size was smaller and after 24 h than when using the 72 h pretreatment re-
gime (Figure 1A). An indication that the N. mirabilis pitcher fluid might have provided
some enzymes that biodegrade TPCs is reported elsewhere [20]. Furthermore, the mean
production of the TRSs was higher after 72 h than at 24 h (Figure 1C) using the enzyme
fraction class 3 (Figure 1B). Therefore, there was a need to ascertain which of the
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parameters were better suited for downstream processes such as fermentation—that is,
those with the lowest quantity of toxicants, i.e., TPCs. Refer to Table 4 for a statistical val-
idation of the distribution between TRSs and TPCs production.

To ascertain the veracity of the experimental data, a Pearson correlation matrix (Fig-
ure 2) between the amendable parameters was done, as it provides the linear correlation
between the parameters evaluated.

-10

Enzyme fraction class 372e-17 166e-17 0107 0146

Particle size class - 372e-17

Time (hrs) - 166e-17 -02

-00

TRS (g/L) - 0107

TPC (g/L) £ 0146

Time (hrs) -
TRS (g/L) -
TPC (g/L)

“
a
=
o
@
N
@
o
=
€
&

Enzyme fraction class -

Figure 2. Correlation matrix between the amendable parameters for TRSs and TPCs production.

This correlation matrix was used as a diagnostic tool to attest a correlation between
variables (n = 2). It was observed that the contact time was the parameter most correlated
with the TRSs production (Pearson Product-Moment correlation of 0.82), while the TPCs
production in the hydrolysates was unrelated to the contact time, with a coefficient of —0.6.
Normally, it is expected that as the incubation period ensues, the generation of TPCs must
cumulatively increase in the hydrolysates. This suggested the hydrolysis of some phenolic
components by the pitcher fluid, albeit further verification of this assertion is needed. Car-
boxylesterases with the potential to hydrolyse phenolic-type compounds, which are pre-
sent in N. mirabilis digestive fluids, were suggested to be candidate phenolic acid esterases
with TPCs bioconversion potential [36]. Furthermore, after evaluating the output of each
experiment in relation to the parameters that were modified, individually and then col-
lectively, it was observed that a trade-off between the production of a high concentration
of TRSs and the lowest quantity of TPCs was ideal, and this was achieved under the fol-
lowing conditions: (1) a particle size of >106 um, (2) a contact time of 72 h, and (3) an
enzyme fraction <10 kDa (Experiment trial 14; refer to Figure 1); although (1) a particle
size of >75 um x <106 pum, (2) a contact time of 72 h, and (3) an enzyme fraction <10 kDa
produced hydrolysates with 115 g/L of TRSs while the concentration of TPCs was high.
These results were further confirmed with the 3-D plots (Figures 3A-D) showing the var-
iation of TRS production given the variation of the individual parameter in each experi-
mental trial. From the observed literature, there are no studies associating the production
of TRSs with a particular enzyme fraction, <10 kDa, with no further association with the
waste particle size, as observed in Figure 3A. Experiment 9 indicated the lowest TRSs pro-
duction when compared to Experiment 13, with the highest TRSs production. However,
there is a linkage between TRSs production and the particle size of the milled agro-waste
(Figure 3B); in some studies, it was reported that the crystallinity of cellulose can be re-
duced by milling, with the accessibility of the hemicellulose increasing by hydrolysing
enzymes.
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Figure 3. 3-D plots of the variation of TRS production with the enzyme fraction class (A), particle
size class (B), time (C), and TPC generation (D). Refer to Table 5 for the enzyme fraction and particle

size classes.

Mechanical agro-waste reduction can result in reduced energy consumption, with an
increase in the accessibility of the enzymes to the biomass and thus the digestibility of
lignocellulosic waste, a result that can impart moderate chemical or physicochemical co-
treatments [37]. However, it was observed that, when using ionic liquids as a green chem-
istry approach to biomass, there is a likelihood that reducing the waste to be much smaller
(<0.150 um) might reduce glucose yields, albeit this can vary with the type of pretreatment
liquid [38]. It was also observed that when particle sizes range from 38 to 105 pum, similar
sugar yields can be attained using commercial microcrystalline cellulose [39]. Overall, the
hydrolysis is time-dependent (Figure 3D), with the observations being that: (1) there are
lower hydrolysis rates with smaller particle sizes, including those in excess of 300 um, (2)
longer hydrolysis times are preferable at near ambient temperature conditions [40]. While
a longer hydrolysis period might be preferable, there is an increasing chance that TPCs
might accumulate, as seen in Experimental run 17 (Figure 3C), even when using a >106
um mixed agro-waste, albeit with a >10 kDa enzyme fraction, unless mitigation mecha-
nisms or enzymes such as laccases are supplemented to reduce the phenolics [41]. An as-
sertion was made by Dlangamandla et al. [20] that the N. mirabilis pitcher fluid has en-
zymes that reduce TPCs.

By using a probability density function (Figure 4), i.e., normal distribution (Gauss-
ian), of the TRSs and TPCs production, a further confirmation was ascertained of the ob-
servations achieved, i.e., the variation of various individual experimental conditions for
the agro-waste pretreatment using the pitcher fluid of N. mirabilis. At 72 h, both the TRSs
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and TPCs had a fairly symmetrical probability density function PDF (Figure 4C,D), with
attributes of a Platykurtic (kurtosis < 3) profile, which further suggested the lack of outli-
ers. Previously, Lai et al. [42] indicated that a 72 h process for an enzyme hydrolysis
scheme was appropriate, with the hydrolysis of hard- and softwoods being assessed. In
another process, i.e., organosolv-enzyme hydrolysis whereby a lignocellulose of feedstock
was used to produce butanol and ethanol, a similar enzymatic hydrolysis incubation pe-
riod was used [43]. Therefore, the 72 h enzyme incubation period was used as a baseline
for probability analysis. The 72 h incubation period was also confirmed in this study as
being suited for agro-waste pretreatment using pitcher fluids.
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Figure 4. Probability density function of the TRSs and TPCs production with respect to various par-
ametric conditions (A-F).

Since TPCs are a challenge downstream in fermentation processes, the minimum and
maximum threshold —or a range —of the total phenolics in the hydrolysates needed to be
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verified, i.e., its probability assessment using the PDF. Although the quantification of the
type of phenolics was not conducted in this study, it is imperative to assess the TPCs for-
mation probability, i.e., their presence in the hydrolysates, as this influences fermentation
outcomes, especially when using the popular ethanol-producing strain Saccharomyces cere-
visiae (S. cerevisiae). Although different classes of by-products might be present in the hy-
drolysates of pretreated agro-waste, TPCs were the focus of this study, for which 4-Hy-
droxy-3-methoxycinnamaldehyde, coniferyl alcohol, and p-coumaric acid are prevalent,
among others [44]. It was determined that 4-Hydroxy-3-methoxycinnamaldehyde (co-
niferyl aldehyde) inhibited S. cerevisiae at 0.32 g/L [45], a very low threshold. Furthermore,
Klinke et al. [46] mentioned that by using alkaline wet oxidation treating wheat straw,
0.27 g/L of phenols were being produced. An ICso of 0.46 g/L (50% inhibition) for S. cere-
visiae was also reported elsewhere [47]. As such, two values, i.e., 0.3 (min) and 1 g/L (max),
as observed in this study, were used to assess the probability of TPCs formation using
these values at 72 h for different particles sizes and including the enzyme fractions used.

For the TPCs formation using >106 um agro-waste particles, PDF had a slight nega-
tive skewness with a semi-bimodal profile (Figure 4B), further suggesting a near normal
distribution. However, for TRSs (Figure 4A), a positive skewness was observed, suggest-
ing that the mean was slightly greater than the median, with the >75 pm x <106 pm agro-
waste particles having a higher mode than the >106 pm particle size with a near log nor-
mal profile.

For the >106 um particle size, the probability of their concentration being above 0.3
g/L is almost certain (100%), with standard deviations being 3.37 below the mean (z-score).
This is reduced minutely (4%) when considering the >75 um x <106 um agro-waste parti-
cles. A similar trend was also observed for TPCs at a concentration of 1 g/L for both par-
ticle sizes assessed. Additionally, the TRSs (<3 kDa/>3 kDa) and TPCs (>10 kDa/<3 kDa)
in Figure 4E,F are centred around the mean, with higher modes suggesting a likelihood
that there is an equivalent frequency such that when the aforementioned fractions are
used, a similar outcome will ensue, e.g., a higher TPCs production at a lower TRSs pro-
duction when compared to the <10 kDa fraction. Since toxicant by-products from agro-
waste pretreatment such as phenolics are known to inhibit fermentation processes—e.g.,
the inhibition of fermenters such as S. cerevisiae including enzymic conversion—the use of
inhibitor resistant strains might provide a prudent outcome in such downstream systems,
i.e., developing strains via tolerance engineering [48].

2.4. Chemical Compounds and the Use of Pitcher Fluids for Agro-Waste Pretreatment
in Biorefineries

Traditional lignocellulosic biomass pretreatment methods such as chemical pretreat-
ment methods are not environmentally friendly and can thus be classified as being un-
suitable for biorefineries that are cognizant of the environmental burden imparted by the
use of chemicals. Therefore, a green chemistry approach will be warranted in such cases,
whereby a strategy can be implemented that uses a less harmful approach while achieving
similar results in terms of producing similar hydrolysates to those obtained using chemi-
cals. Generally, the ultimate aim of the pretreatment stage in agro-waste repurposing re-
quires that a high concentration of TRSs be produced at a low cost while preventing the
loss of fermentable carbohydrates, using minimal chemical reagents and energy require-
ments. When using a high temperature, there is a risk of TRSs decomposition, which leads
to the formation of Levoglucosan, a six-carbon ring compound generated when carbohy-
drates are pyrolysed [49].

The acid solution hydrolysis of agro-waste targets hemicellulose, whereby the hemi-
celluloses are more readily hydrolysed than cellulose and lignin. As such, maize cobs con-
taining up to 30% xylan can be easily hydrolysed to produce xylose. Others (Hassan et al.
[50]) have also demonstrated that 2.9 g/L of TRSs can be obtained using an Aspergillus
niger-facilitated decomposition of maize cobs, with up to 35 g/L TRSs production when
5.5% (v/v) dilute sulphuric acid is used [51], albeit this can lead to lower enzymatic
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hydrolysis yields downstream of the pretreatment process, suggesting the generation of
toxicants [52]. Likewise, 10.26 g/L were generated from 5% (w/v) sulphuric acid (3% w/v)-
grape pomace hydrolysates. However, when the acid solution concentration was in-
creased to beyond 5% (w/v), the TRS content in the grape pomace hydrolysate was re-
duced to 8 g/L [53], suggesting TRSs decomposition when a high acid concentration solu-
tion is used for grape pomace pretreatment. Furthermore, since most yard waste in the
form of leaves contains a higher concentration of hemicellulose with minimal lignin, glu-
cose and fructose will be the dominant TRSs when such waste is hydrolysed using dilute
acid solutions, with traces of xylose and sucrose being observed [54]. This will not be the
case for orange and apple peels, which have a slightly higher cellulose content than hem-
icellulose [7]. For orange peels, the main reducing sugars are glucose > fructose > sucrose,
albeit with a TPCs content between 0.6-7.3% (dry biomass wt.), which can contribute sig-
nificantly to the souring of a fermentation process [55]. Additionally, apple peels generally
have higher TPCs, irrespective of the source cultivar [56].

Evidently, acid hydrolysis uses high temperatures exceeding 80 °C, albeit with a
shorter pretreatment period in excess of 30 min (see Appendix A Table A3). Some of the
research studies also use a single feedstock, i.e., sugarcane bagasse, rice hulls, corn stover,
etc., which, in terms of the management and repurposing of the agro-waste, is much sim-
pler in its composition when compared to mixed waste. Some processes also use second-
ary pretreatment processes such as sonication and enzyme hydrolysis [57,58]. This can be
mitigated by using the N. mirabilis pitcher fluid, which is highly acidic and contains some
enzymes with hydrolysis capabilities. Furthermore, reducible sugars from the dilute sul-
phuric acid pretreatment of different wastes include xylose from hemicellulose [59]. By
increasing the acid concentration, the quantity of galactose in the hydrolysates can in-
crease [60]. Thus, an observation was made when 5.5 g/L. galactose was formed from a
3.3% (v/v) dilute sulphuric acid pretreatment of mixed hardwoods [61]. Although the in-
dividual reducible sugars had not been identified, in our previous study, it was deter-
mined that a similar mixed agro-waste hydrolysate as that obtained in this study —S§. cere-
visiae fermentation for the production of ethanol—was much improved when the N. mira-
bilis pitcher fluid was used instead of dilute sulphuric acid solutions [62]. Overall, the N.
mirabilis pitcher fluid with its cocktail of enzymes has demonstrated an ability to decom-
pose the components of the mixed agro-waste. For biorefineries and other similar sustain-
able energy process systems, it is imperative that they assess the use of pitcher fluids to
ascertain whether applicability on a large scale is feasible. Furthermore, a trade-off be-
tween using ambient conditions and high temperatures must be further investigated to
determine which of the processes might be financially beneficial while considering the
environmental impact of chemical use for agro-waste pretreatment.

3. Materials and Methods
3.1. Collection and Processing of the Mixed Agro-Waste

Agro-waste such as Malus domestica (apple) peels, Quercus robur (oak) yard waste,
Citrus sinensis (orange) peels, Vitis vinifera (grape) pomace, and cobs from Zea mays (maize)
were obtained from a local fruit/vegetable store, while yard waste was gathered from the
garden of the Cape Peninsula University of Technology (CPUT), District 6 campus (West-
ern Cape, Cape Town, South Africa). These agro-wastes were dried separately in an oven
at 80 °C for 24 h, with the exception of C. sinensis peels, which were dried for 72 h. The
different agro-wastes were pulverised and screened to >75 pm x <106 pm and >106 pm
particle sizes, eliminating a pre-cleansing step. A composite was made by accurately
weighing 10 g of each of the milled wastes by pooling in equal proportions of 25% (w/w)
and by subsequent homogenous mixing. The basis for using mixed agro-waste is that
mixed lignocellulosic biomass (MLB) was demonstrated to contribute to cost savings with
bench scale experiments, indicating a better ethanol yield when MLB was used in com-
parison to single feedstocks [63].
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3.2. Collection, Physico-Chemical Characterisation, and Sample Fractionation of the N. mirabilis
Pitcher Fluid

N. mirabilis pitcher plants were cultivated hydroponically in a greenhouse under am-
bient conditions (25-30 °C). These plants were grown at Pan’s Carnivores Plant Nursery
(21 Kirstenhof, Tokai, Cape Town, South Africa). Pitcher fluid samples (10 to 40 mL) were
collected from both the opened and closed “monkey cups” depending on the size of the
individual cups. This fluid was transferred from the “monkey cups” into sterile 50 mL
conical tubes and instantly stored in ice prior to transportation to the laboratory. The
plant’s pitcher fluid was then centrifuged at 4000x g for 15 min and filter-sterilised with a
0.22 um Millipore membrane filter (Merck, Burlington, MA, USA), followed by pooling to
make a single batch. From the single batch, the pitcher fluid was filtered through a 10 kDa
filter via centrifugation at 4000x g for 10 min. The flow-through from the 10 kDa filter was
then concentrated on a 3 kDa filter (Pall OD003C34) by centrifugation at 4000 x g for 10
min. The different fractions, i.e., <3 kDa, >3 kDa, <10 kDa, >10 kDa, were stored at —20 °C
before further processing, i.e., without dilution or the use of a buffer. The basis of the
selection for the 10 kDa fraction was based on a method used by [64], whereby a 10 kDa
Amicon ultra molecular weight cut-off centrifugal filter (Millipore) was used. Further-
more, since the nominal molecular weight limit (NMWLs) below the 10 kDa is the 3 kDa,
this fraction was also assessed. Overall, the characterisation of the N. mirabilis pitcher fluid
was carried out to determine the physico-chemical properties, i.e., the pH, redox potential,
and conductivity of the pooled samples and the individual fractions, by using a multi-
parameter meter (Eutech Instruments Pty Ltd., Thermo Fisher Scientific, Singapore). The
specific gravity of the pooled pitcher fluid was determined by weighing 1 mL of the fluid.
Protein quantification was accomplished by using the QuantiPro BCA assay kit (Sigma-
Aldrich (Pty) Ltd., Johannesburg, South Africa) according to the manufacturer’s instruc-
tions to ascertain the presence of enzymes (proteins) within the fluid.

3.3. Pitcher Fluid Fraction in-Solution Digestion and Proteome Analysis via LC-MS/MS

LC-MS/MS analysis was piloted with a Q-Exactive quadrupole-Orbitrap mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with a Dionex Ultimate
3000 nano-UPLC system. The data were developed using Xcalibur v4.1.31.9, Chromelean
v6.8 (SR13), Orbitrap MS v2.9 (build 2926), and Thermo Foundations 3.1 (SP4). The mobile
phase was made by dissolving Peptides in 0.1% Formic acid (FA, Sigma 56302) and 2%
Acetonitrile (ACN, Burdick & Jackson BJLC015CS, Muskegon, MI, USA) and loaded on a
C18 trap column (PepMap100, 9027905000, 300 um x 5 mm x 5 um). The volume of the
samples injected was approximately 400 ng of peptide for each sample. The samples were
trapped onto the column and washed for 3 min before the valve was switched on and the
peptides eluted onto the analytical column. Chromatographic separation was performed
with a Waters nanoEase (Zenfit) M/Z Peptide CSH C18 column (186008810, 75 um x 25
cm x 1.7 um). The solvent system used was solvent A: LC water (Burdick and Jackson
BJLC365, Muskegon, MI, USA), 0.1% FA and solvent B: ACN, 0.1% FA. All of the data
were obtained using Proxeon stainless steel emitters (Thermo Fisher TFES523, Waltham,
MA, USA). The multi-step gradient for peptide separation was generated at 300 nL/min
with a time change of 5 min, a gradient change of 2-5% Solvent B, a time change of 40
min, a gradient change of 5-18% Solvent B, a time change of 10 min, a gradient change of
18-30% Solvent B, a time change of 2 min, and a gradient change of 30-80%. The gradient
was then held at 80% Solvent B for 10 min before returning it to 2% Solvent B for 15 min.
The mass spectrometer was operated in a positive ion mode with a capillary temperature
of 320 °C. The applied electrospray voltage was 1.95 kV. Details of the data acquisition
conditions are shown in Appendix A Table Al. Furthermore, database interrogation was
performed with Byonic™ Software v3.8.13 (Protein Metrics, Cupertino, CA, USA) using
the Nepenthes sp. database of reviewed and unreviewed proteins containing 1790 proteins
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sourced from the NCBI (www.ncbi.nlm.nih.gov, accessed on 19 October 2021). Details of
search parameters are displayed in Appendix A Table A2.

3.4. Trace Element (co-Factor) Solution Preparation for Pitcher Fluid Supplementation

The enzyme’s performance can be enhanced by several factors, with a trace elements
solution (TES) being one of the solutions that can provide enzyme co-factors, thus improv-
ing the digestive fluid performance. Trace elements are believed to work as co-factors and
are essential in minute quantities to enhance the biological functioning of enzymes [65].
The oxidation-reduction reactions of biomass degradation can be enhanced by some me-
tallic ions; examples include iron and copper [66]. The trace element solution used in this
study was prepared by dissolving 1.5 g of Nitrilotriacetate in 800 mL of sterile distilled
water. Subsequently, the pH was adjusted to 6.5 by using 1M KOH (8 g/500 mL). These
compounds, i.e., ZnSO4+.7H:20 (0.1 g), FeSO4+.7H20 (0.1 g), MgSO4 (3 g), MnSO4 (0.5 g), NaCl
(1 g), CuSOs (0.1 g), AIK(S0O2)2.12H20 (0.01 g), HsBOs (0.01 g), Na2MnOs.2H20 (0.01 g),
MgS04.7H:0 (6.14 g), MnSO+.H20 (0.56 g), CoCl2.6H20 (0.187 g), and CoCl2 (0.1 g), were
weighed as specified and added to the Nitrilotriacetate solution, and the solution was
made up to 1000 mL. The solution was filter-sterilised using a 0.22 um filter and auto-
claved. It was then stored at 4 °C prior to use.

3.5. Conditions for Pitcher Fluid-Facilitated Mixed Agro-Waste Pretreatment

A mass (0.5 g) of the mixed agro-waste was weighed into each 100 mL Schott bottle,
and a volume (10 mL) of the individual N. mirabilis pitcher fluid fractions was added to
each Schott bottle to constitute a 5% (w/v) slurry. Thereafter, the trace element solution
(0.1 mL) was added as a supplement. The mixed agro-waste and the pitcher fluid were
mixed by swirling in a shaking (120 rpm) incubator (LABWIT ZWY-240, Shanghai
Zhicheng Analytical, Shanghai, China) to ensure uniformity at a temperature maintained
at 25-30 °C to mimic ambient temperature. Sampling (3 mL) was done at 24 h and 72 h,
and the samples were centrifuged at 4000x g for 10 min. The supernatant collected was
used for further analyses, i.e., TRSs and TPCs quantification. All experiments were done
in triplicate, and the average values were used for data analyses.

3.6. Quantification of Total Reducible Sugars and Residual Phenolic Compounds in Agro-Waste
Pretreatment Hydrolysates

The TRSs were quantified from individual samples collected as the supernatant. This
test was performed using a Dinitrosalicylic acid (DNS) assay protocol [67], and the con-
centration of TRSs was determined by using a calibration curve (R? = 0.95). Consequently,
the Folin—-Ciocalteu method was used to measure TPCs [68], with a calibration curve (R2
=(0.78) being used to determine the actual concentration in individual samples. The assay
protocols were done using a Jenway 7305 UV/Vis spectrophotometer (Cole-Parmer, Staf-
fordshire, UK). All measurements were done in triplicate, and the averages were used in
data analysis.

3.7. Data Analytics and Rationale

The data collected from this experiment were analysed with Python using different
libraries, i.e., Matplotlib, Pandas, Seaborn, and SciPy. The rationale was to determine
which arrangement of parameters yielded the most TRSs while generating the least TPCs.
To this end, the enzyme fraction and the particle size were each divided into classes, as
observed in Table 5. This classification was geared towards creating a cluster of observa-
tions presenting the same characteristics and thus facilitating a categorical analysis meant
to inform which arrangement was more effective.
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Table 5. Classification of the enzyme fraction and particle size for data analytics.

Enzyme Fraction (kDa) Enzyme Fraction Class Particle Size Class Particle Size (um)

<3 1 1 >75 x <106
>3 2 2 >106
<10 3 - -

>10 4 - -

To evaluate the correlation between these classes and the contact time on the produc-
tion of both TPCs and TRSs, the Pearson correlation coefficient was used. The latter shows
the correlation between the parameters assessed and the target variables (TRSs, TPCs)
without providing causation. When assessing several key parameters, a correlation matrix
can be used to show the Pearson correlation coefficient between each of these parameters.
Although the Pearson correlation does not inform the causation of observed experimental
outputs, it can inform the influences that each of these parameters have on the target var-
iable by providing the degree of covariance between them.

Further data analysis and graphical evaluation was conducted to evaluate the influ-
ence that each of these key parameters had on the production of TRSs, including a statis-
tical summary and 3-D plots of the effects of the variation of each class on the production
of TRSs. Furthermore, a comparison of the probability density function (PDF) of the pro-
duction of TRSs and TPCs for each class was also carried out. The statistical summary
provided the mean, standard deviation, minimum, p25, p50, p75, and maximum values
of the production of TRSs and TPCs with respect to each class of the key parameters. The
3-D plots give a visual representation of this analysis, and the PDF illustrations compare
the distribution of the TRSs and TPCs production with respect to each class of the key
parameters. The combination of these analyses contributes to understanding the variation
of the production of TRSs, informs the most relevant key parameters, and guides the de-
cision of what arrangement to select to minimise the generation of TPCs.

4. Conclusions

In this study, the pretreatment of mixed agro-waste was performed using N. mirabilis
pitcher fluid, whereby the agro-waste was initially milled, screened into sizes >75 um x <
106 pum and >106 um, and subsequently pretreated with fractionated (<3 kDa, >3 kDa, <10
kDa, >10 kDa) pitcher fluid. The best performing fraction was <10 kDa, with the hydroly-
sates pretreated with this fraction having a higher TRS load with significantly fewer TPCs.
This fraction was further analysed using LC-MS/MS to identify the enzymes contained
therein, as it also had significantly better physico-chemical characteristics than the other
fractions studied. Putative peroxidase 27, [3-1,3-glucanase, Class III and IV chitinases,
Thaumatin-like protein, Aspartic protease nepenthesin I, and purple acid phosphatase
were identified as being in the <10 kDa fraction. From the investigation, it was concluded
that N. mirabilis digestive fluid is indeed made-up of a cocktail of digestive/hydrolytic
enzymes that are capable of pre-treating milled agro-waste into a significant quantity of
fermentable sugars. It is therefore prudent to suggest that the pitcher fluids were able to
decouple some carbohydrates into TRS under ambient conditions, limiting the accumula-
tion of TPCs within the hydrolysates. The maximum formed was 97 g/L (TRSs) and 1 g/L
(TPCs). This study is relevant to the bioenergy industry as it provides an alternative bio-
mass pretreatment method. This green chemistry method of agro-waste pretreatment can
be considered to be eco-friendly and cost-effective. It is recommended that (1) further fea-
sibility studies be undertaken to assess its implementation on a large scale, (2) optimisa-
tion be undertaken with the aim of increasing TRSs while reducing TPCs, and (3) the in-
dividual reducible sugars and the type of toxicants in the hydrolysates from N. mirabilis
pretreated agro-waste be identified and quantified.
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5. Recommendations
It is recommended that the following be considered in future studies:

¢ To determine the different enzymes contained within the individual pitcher
fluid fractions assessed in order to ascertain the reasons that the <10 kDA
fraction performed better than other fractions.

e Since the TRSs reported herein constitute a measure of all reducing sugars
within the hydrolysates from pretreated agro-waste, the concentration of the
individual reducing sugars must be quantified.
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Appendix A

Table A1. Mass spectrometry data acquisition parameters.

Full Scan
Resolution 70,000 (@m/z 200)
AGC target value 3 x 106
Scan range 350-2000 m/z
Maximal injection time (ms) 100
Data-dependent MS/MS
Inclusion off
Resolution 17,000 (@m/z 200)
AGC target value 1x10°
Maximal injection time (ms) 50
Loop count 10
Isolation Window width (Da) 3
NCE (%) 27
Data-dependent settings
Underfill rate (%) 1

Charge exclusion Unassigned 1,7, 8, >8




Catalysts 2022, 12, 726 16 of 20

Peptide match Preferred
Exclusion isotopes on
Dynamics exclusion (s) 60

Table A2. Byonic™ search parameters.

Recorded Protein Search Configuration

Num Rule Value
0 Protein database Nepenthes_ NCBI_1790 proteins_191021.fasta
1 Spectrum-level FDR Auto cut
2 Cleavage residues RK
3 Digest cutter C-terminal cutter
4 Peptides termini Fully specific
5 Maximum number of missed ’
cleavages
6 Precursor’s tolerance 10.0 ppm
7 Fragment tolerance Frag:qtof_hcd 20.0 ppm
8 Fragment tolerance version 2
9 Charges applied to charge 123
unassigned spectra: "
10 Precursor mass max 10,000.0
11 N-glycan search None
12 O-glycan search None
13 Off by x isotopes -2,-1,0,+1, +2
14 Contaminants added True
15 Decoy added True
16 Additional parameters:
17 Disulphide enable False
18 Trisulphide enable False
19 DSS crosslink enable False
20 Custom crosslink enable False
21 Wildcat enable 0
22 Combyne cut-off score Auto
23 Protein FDR cut-off 1%
24 Focused DB created False
25 Export mzldentML True
26 Score version 2
27 Precursor assignment flags 2
28 Po_NumberMONOsReturn 1
29 Lock mass list None
30 % Modification searches:
31 Common_Modification_max

W
N

Rare_modifications_max
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Table A3. Dilute sulphuric acid pretreatment of different lignocellulose wastes under different con-

ditions.
Pretlzeatment Metl:uod Waste Secondary Temp. Time TRSs TPCs
(Dilute Sulphuric Tvpe Treatment ) (min)  (Type/conc) (Type/conc.) Reference
Acid) yp Method yp ) yp )
Xylose
Sugarcane 127 (19.1 g/L)
Acid hydrolysis bagasse 60 Arabinose (69]
(2% v/v) (22¢g/L)
. Glucose
Rice hulls - 122 (33,5 g/L) -
Xylose
Acid hydrolysis Corn (18.73 g/L) Furfural
(5.5 % v/v) stover 100 300 Glucose (0.63 g/L) [70]
(6.64 g/L)
. . Glucose and
Acid hydrolysis Comn Cellulases 150 30 xylose n/d [71]
(0.73% v/v) stover
(0.50 g/g)
Acid hydrolysis . .
(10% v/v) Rice straw  Sonication 80 50 TRS (0.32 g/g) - [57]
Acid hydrolysis Mixed Galactose
(3.3% v/v) hardwoods i 130 502 (55 g/L) i [61]
Xylobiose
Acid hydrolysis (18.02 mg/g) Furfural
(1% v/v) Sorghum 121 120 Xylose (4.6 mg/g) [71]
(225 mg/g)
Acid hydrolysis TRS
(4% v/v) Teft straw - 120 55 (26.65 mg/g) - [72]
Acid/enzyme
hydrolysis Mixed 25-30 TRSs TPCs .
(100% pitcher fluid) agro-waste i (Ambient) 4320 (97 g/L) (1g/L) This study
>10 kDA fraction
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