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Abstract: Palm kernel cake (PKC) is an abundant side stream that can only be added to non-ruminant
feed in small concentrations due to its content of antinutritional factors, mainly galactomannan,
which cannot be digested by non-ruminants. β-mannanases can be added to partially hydrolyze
galactomannan to form mannose oligosaccharides, which are known to be prebiotic. We here
investigate the action of a β-mannanase from B. subtilis on PKC by colorimetry, NMR and fluorescence
microscopy. The amount of mannan oligosaccharides in solution was significantly increased by the
β-mannanase and their degree of polymerization (DP) was significantly reduced. There was a
dose-response behavior in that larger β-mannanase concentrations increased the amount of soluble
mannose oligosaccharides while reducing their average DP. Using confocal immunofluorescence
microscopy, solubilization of galactomannan in PKC was clearly visualized. Images show a clear
disruption of the cellulose and galactomannan structures of the PKC cell walls. We thus show in
this study that using commercial dosages of β-mannanase on PKC can lead to formation of prebiotic
compounds. Thus, this study suggests that utilization of PKC in poultry feed formulation might be
increased by addition of a β-mannanase and would improve the return on investment.

Keywords: palm kernel; β-mannanase; mannan; prebiotic; mannan oligosaccharides; cage effect;
non-starch polysaccharides

1. Introduction

The past decades have seen a rising interest in supplementing animal feed formu-
lations with byproducts from plant food production. This is in part due to a constant
strain on the grain market in terms of high price volatility and availability and in part
due to the growing concern for minimizing the carbon footprint of agriculture, where
locally sourced byproducts are at an advantage over imported products [1]. One such
byproduct is palm kernel cake (PKC) which remains after palm oil extraction by the expeller
method. Countries such as West Africa, Indonesia, Malaysia and several African and Latin
American countries produce large amounts of PKC from palm (Elaeis guineensis) nuts after
oil removal [2]. With the export prices of palm oil from Asia soaring from an average of
660 USD/ton in February 2020 to 970 USD/ton, there is an increase in palm oil production
and a concomitant increase in of the amount of resulting PKC and, thus, the potential
gain of converting PKC to a high-value product increases [3]. Soybean meal (SBM) is used
in animal feed and the production of SBM takes up valuable arable land. SBM must be
purchased, imported and transported over large distances, while PKC is an inexpensive
side-stream present in abundance. Therefore, replacing a part of SBM in animal feed by
PKC would reduce the costs as well as the carbon footprint of animal husbandry, especially
in regions with large amounts of PKC available. However, at present, PKC can only be
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used in small amounts as a substitute for soybean meal (SBM) in poultry nutrition due to
the high fiber content which acts as an antinutritional factor (ANF). Therefore, processing
of PKC to destroy the ANFs using physical, chemical, or steam pretreatment or enzymatic
hydrolysis or fermentation can increase its nutrient content and suitability as a feed additive
for monogastric animals. However, it is only chemical and biological treatments of PKC
that seem to improve its nutrient value [4].

In poultry, cecal bacteria can in part digest the NSPs from energy sources such as
wheat [5–7] and protein sources as PKC [8]. An even better digestibility of PKC is accom-
plished by addition of relevant exogenous enzymes on low shell PKC [8]. The cell walls or
NSP fiber content of PKC consists of 77–79% galactomannan, 12% cellulose and approx-
imately 3% each of arabinoxylan and glucoronoxylan [9]. The galactomannans in PKC
consist of a (1→4)-linked β-mannose backbone; with a low degree (12–20%) of α-galactose
substituted in a (1→6)- linkage [10]. Endo-β(1→ 4)-mannanases (endomannanases) catal-
yse solubilisation of β-mannans present in plant cell walls to mannan oligosaccharides
(MOS). MOS are prebiotic and implicated in various biological functions, especially in en-
hancing the immune response, decreasing gut pathogens including E.coli [8] and Salmonella
spp. as well as increasing the diversity of beneficial gut microorganisms in poultry [11–13].

Although the commercial use of fiber degrading feed enzymes has been well known
since the 1980s [14,15], the global market for feed enzymes is continually increasing, sub-
stantially motivated by the growing concern regarding animal health and the need to
maximise the nutrient uptake from feed. It is estimated to account for USD 1.3 billion in
2020 and is projected to reach USD 1.9 billion by 2025 [16]. These figures justify efforts to
continue researching more efficient enzymes.

Although inclusion levels of PKC in poultry diets have been studied by several
researchers [17–19], there seems to be a general disagreement on the recommended levels
of inclusion. Utilized amounts of PKC vary from one study to another [18], most likely
due to lack of proper systematic documentation as well as addition of different kinds
of enzymes including NSPase such as mannanase alone or, for example, together with
xylanases, proteases and galactosidases [20] in the different studies. One of the ways of
circumventing this variation would be to document the efficacy of a relevant enzyme
product thoroughly instead of concluding inclusion levels of PKC from several studies
using either a single enzyme or cocktail or blends of enzymes. Ideally, an in vivo set up
would be the most relevant way to produce reliable data, but such trials are extremely
expensive. In addition, ethical constraints on experimentation with animals must be taken
into consideration. In this study, we therefore conduct a thorough in vitro study of a
commercial mono component β-mannanase on PKC to support the good in vivo effects
using β-mannanase and justify the use of higher levels of PKC to decrease the dependency
on use of SBM as the only protein source in animal feed rations. The ability of an endo
mannanase to solubilize mannan in PKC and to produce mannan oligomers was studied
by nuclear magnetic resonance (NMR) and colorimetry (DNS (3,5-Dinitrosalicylic acid)
assay). Using confocal immuno-microscopy, the action of the β-mannanase on PKC was
also visualized.

2. Results
2.1. Analysis of PKC Used

The PKC used in this study contained 35.6% crude fiber, 13.9% of crude protein, 3.6%
moisture, 3.9% ashes, 6% ether extract and 37% nitrogen-free extract. Ezieshi and Olomu
report comparable amounts of ashes, ether extract and crude protein, but lower levels (10–
18%) of crude fiber [21] in three types of African PKC. Also Düsterhöft et al. [9], Cervero
et al. [22] and Azizi et al. [3] report similar levels of crude protein and ether extracts, while
crude fiber content is not reported in a comparable way.

Table 1 gives the content of six monosaccharides in the material. Figure 1 shows the 1H-
NMR spectrum of hydrolyzed PKC that was used to calculate the monosaccharide composition.
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Table 1. The table gives the content of different monosaccharides in % of total PKC and % of
total carbohydrate content as determined by total hydrolysis followed by quantitative 1H-NMR
spectroscopy.

Monosaccharide % (w/w) manhydrous
monosaccharide of Total PKC a,c % (w/w)

of Total Carbohydrate b,c

mannose 11.53 ± 0.59% 65.2 ± 3.31%
glucose 4.25 ± 0.36% 24.0 ± 2.01%
galactose 0.69 ± 0.10% 3.9 ± 0.54%
xylose 0.84 ± 0.06% 4.8 ± 0.32%
arabinose 0.30 ± 0.02% 1.7 ± 0.11%
rhamnose 0.08 ± 0.03% 0.5 ± 0.18%

a content of different monosaccharides in % of total PKC, calculated by Equation (6). b the content of different
monosaccharides in % of total carbohydrate content. c results are given as average ± standard deviation of
quantifications made in quintuplicates.
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Figure 1. 1H-NMR spectrum of acid-hydrolyzed PKC, recorded at 280 K in 10% D2SO4 in D2O. The
lower panel shows the complete spectrum, the upper left panel shows a zoom of the region displaying
the resonances of the anomeric hydrogen atoms, the upper right panel shows a zoom of the methyl
group region.

The monosaccharide content is comparable to that found by Cervero et al. [22], who
found 17.1% of mannose (w/w of total PKC) and 3.9% of glucose and did not report any
other monosaccharides. Düsterhöft et al. [9] also report small amounts of galactose, xylose,
arabinose and rhamnose in PKC.
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2.2. Enzymatic Digestion

A total reducing sugar assay (DNS assay) was performed on all samples after incu-
bation with the β-mannanase. Enzymatic treatment of PKC leads to a clear increase in
reducing sugar content. Table 2 shows the resulting average absorbance readings.

Table 2. Soluble mannans in enzymatically treated and untreated PKC.

Treatment Reducing Sugars b,c

A540 [a.u.]
CMOS

c,i

in Supernatant [mM]
DP c,j

[-]

Control 0.37 ± 0.03 0.63 ± 0.04 d 5.17 ± 0.22
B. subtilis mannanase 1× a 0.44 ± 0.05 1.27 ± 0.04 e 3.63 ± 0.13
B. subtilis mannanase 2× a 0.52 ± 0.02 1.71 ± 0.04 f 3.27 ± 0.10
B. subtilis mannanase 5× a 0.60 ± 0.03 2.06 ± 0.03 g 3.14 ± 0.1
B. subtilis mannanase 20× a 0.75 ± 0.02 2.71 ± 0.10 h 2.92 ± 0.09

DP: average degree of polymerization. a 1×, 2×, 5× and 20× the commercial dosage (500 ppm). b the measured
absorbance at 540 nm observed in the DNS assay applied to the supernatant. c Results are given as average ±
standard deviation of quantifications made in quadruplicates. d,e,f,g,h these letters indicate that values within
the same column are statistically different (Tukey-Kramer p < 0.0001). i the total concentration of solubilized
mannan oligosaccharides calculated from quantitative NMR by Equation (1). j the calculated average degree of
polymerization of the mannans present in the sample calculated from quantitative NMR by Equation (2).

Examples for a set of 1H-NMR spectra of treated PKC are shown in Figure 2, illus-
trating the increase in MOS peaks because of enzymatic treatment. From 1H-NMR, the
concentration of MOS (sum of all soluble MOS) and their average DP in the samples was
calculated using Equations (1) and (2), andthe results are given in Table 2 and Figure 3.
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Figure 3. Characterization of mannans released by enzymatic treatment: (A): concentration of soluble
mannans in treated samples. (B): average degree of polymerization (DP) of soluble mannans in
control and treated samples.

With the value given in Table 1 for the content of anhydrous mannose in our PKC
(11.5 % (w/w)), we can calculate that 1.2 g of the PKC used contain 0.138 g of mannan. The
total mass of mannan solubilized can be calculated using Equations (3)–(5). Equation (7)
can be used to determine the fraction of total mannose solubilized by enzymatic treatment.
These results are shown in Table 3.

Table 3. Mannan solubilization by enzymatic treatment.

Treatment MMOS
[g/mol] b mMOS[mg] c,f msolubilized

MOS [mg] d,f
x (% mannan
solubilized) e,f

Control 856.28 6.38 ± 0.27 0.0 0.0%
B. subtilis mannanase 500 ppm a 606.59 9.27 ± 0.28 2.89 ± 0.43 1.82 ± 0.27%
B. subtilis mannanase 1000 ppm a 540.11 11.06 ± 0.24 4.68 ± 0.27 2.95 ± 0.17%
B. subtilis mannanase 2500 ppm a 509.30 12.57 ± 0.21 6.20 ± 0.15 3.89 ± 0.09%
B. subtilis mannanase 10,000 ppm a 486.60 15.81 ± 0.59 9.44 ± 0.79 5.91 ± 0.50%

a 1 ppm equals 1 µg of commercial enzyme preparation per kg of PKC. The commercial dosage is 500 ppm.
b The average molecular mass of soluble mannan oligosaccharides (MMOS) as calculated by Equation (3). c the
total mass of MOS present as calculated by Equation (4). d the total mass of MOS solubilized as calculated by
Equation (5). e the corresponding degree of mannose solubilization using the total mannan content of 0.136 g in
the sample used for enzymatic treatment as calculated by Equation (7). f Given as mean ± standard deviation of
four replicates.
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2.3. Microscopy

The specific degradation of cell walls structures of PKC by a β-mannanase was studied
using monoclonal antibody LM21 and calcofluor dye with confocal microscopy. The
micrographs showed that there was an overlap of β-mannan LM 21 epitope and β-glucan
structures (hemicellulose and cellulose, respectively) in the thick-walled endosperm cells
of PKC (Figure 4). A decrease in the red fluorescence signal is the result of disappearance
of the epitopes of the cell walls due to solubilization of β-mannan (Figure 4C) as compared
to the control sample (Figure 4B). No unspecific binding of antibodies was observed in the
negative control samples labelled only with secondary antibody goat α-rat Alexa-555 (not
shown). There was also disappearance of the β-glucan signal as seen by a decrease in the
blue color of calcofluor (Figure 4C) indicating disruption of the entire cell wall on using
commercially recommended dosages of the β-mannanase.
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Figure 4. Confocal overlay images of cross sections from palm kernel cake (PKC) labelled with the
immunofluorescent probe LM 21 detecting β-mannans (red signal) and calcofluor white dye staining
cellulose containing β-glucan linkages (blue signal). Panel (A) shows the endosperm cells (EN)
with content of protein bodies (arrow head) and the seed coat (SC) in a control section. In panel (B)
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control section. Panel (C) shows the disruption of cell wall structures (arrow) after treatment with a
commercial dosage of a β–mannanase.

Immuno-micrographs (Figure 4A) clearly visualize endosperm with numerous protein
bodies surrounded by the thick cell wall matrix. The phenol rich brown seed coat layer
is also visualized. Figure 4B is representative of a control sample of PKC showing intact
cell wall structures (white arrow) while Figure 4C is a representative of β-mannanase
treated sample showing a notable dissolution and loss of cell wall structure (white arrow)
loosening the endosperm and seed coat as well.

Microscopy data from cell walls clearly shows a clear overlapping of the red sig-
nal from mannan and the blue signal from cellulose visualized as a pink signal output
(Figure 4A,B). With the solubilization of the mannan by the B. subtilis β-mannanase prod-
uct, there is a loosening of the compact cell wall structure, and a visible access to the protein
within the cell walls can be seen using both commercial (Figure 4C) as well as 2 times
commercial dosages (data not shown).

3. Discussion

DNS or reducing ends assay measurements are routinely used to determine the activity
of carbohydrases or NSPases against various polysaccharides [23,24]. Bååth et al. used
reducing ends to obtain an overall picture of the activity of two mannanases on three differ-
ent mannan substrates [25], spruce O-acetyl-galactoglucomannan, konjac glucomannan
and locust bean gum galactomannan. The same measurement was used in our work to
evaluate the overall capability of the β-mannanase to solubilise polysaccharides present in
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the PKC cell walls (Table 2). The produced oligosaccharides were detected and quantified
by NMR.

An increase in solubilized mannan was measured with 1H NMR upon reaction of
the β-mannanase with PKC. As a prebiotic, manno-oligosaccharides (MOS) have been
shown to increase proliferation of probiotic bacteria [26,27]. Kalidas et al. have shown
that Lactobacillus reuteri C1, a probiotic isolated from chicken gut [28], prefers to grow on
MOS from PKC with a DP of 3 or 4. Based on this, we speculate that the investigated B.
subtilis β-mannanase (CTCzyme) would help to proliferate probiotic beneficial bacteria in
the poultry gut, as the average DP of MOS produced by the β-mannanase is below 4 at the
recommended commercial dosage.

An increasing enzyme concentration leads to an increase of the released soluble
mannan concentration (Figure 2, Table 3). However, the increase in soluble mannan
concentration does not increase linearly with the enzyme concentration. This may in
part be due to a limitation of mannan sites accessible to the enzyme. In addition, some
enzyme activity will lead to the further breakdown of already solubilized MOS rather than
solubilizing the β-mannan polymer to additional MOS. On incubation of PKC (2%) at pH
5, 50 ◦C for 12 h with β-mannanase (0.5 U/mL) from A. oryzae, Jana and Kango obtained
2.05 mg/mL of MOS [29]. Both M2 and M3 MOS were produced, of which M2 was the
major MOS. The substrate concentration used in the same study was 5 times lower and
the enzymatic activity of the solution used was 12 times higher than the enzymatic activity
used in the current study. In our case, using a 10% PKC suspension, we obtained 0.24 ±
0.04 mg/mL of MOS at the recommended commercial dosage of enzyme (0.04 U/mL).
The incubation time in the current study was 4 h at 40 ◦C, compared to 12 h at 50 ◦C in
the earlier study [29], which used a 2% PKC suspension and an enzyme concentration
more than a factor 12 higher, yet reported only 8 times the amount of MOS compared to
our study.

The reaction conditions of 4 h incubation with commercial dosage of enzyme at 40 ◦C
used in this study is representative of the time and temperature the enzyme will experience
in the GI tract of non-ruminants when used as a feed additive. Thus, our data shows that
the B. subtilis β-mannanase in the current study is superior to the β-mannanase from A.
oryzae and most likely can be used to predict the performance of the enzyme in vivo.

Microscopy of PKC shows intact cell walls despite the processing of palm kernel to
remove the oil processed (Figures 2 and 4). Mannans in cell walls are NSP heteroglycan fiber
components having both storage and structural functions [30,31]. The H-bond network
linking mannan polysaccharides to cellulose [32] can only be destroyed under in vitro
conditions by use of guanidinium thiocyanate or KOH of high molarity [32]. Cellulose is an
important constituent of the NSP fraction in PKC [10,33]. Microscopy data from cell walls
clearly shows overlapping of the red signal from mannan and the blue signal from cellulose
visualized as a pink signal output. (Figure 4A,B). With the solubilization of the mannan
by the B. subtilis β-mannanase, there is a loosening of the compact cell wall structure, and
a visible access to the protein within the cell walls can be seen using both commercial
(Figure 4C) as well as for 2-, 5- and 20-times commercial dosages (data not shown). It is
evident as seen with the microscopy pictures that B. subtilis β-mannanase at commercial
dosage degrades the galactomannan present in PKC cell walls which most likely increases
the availability of contained protein to either exo- or endogenous proteases. Most of the
microscopy work in the literature has been conducted with 100 to 1000× commercial dosage
of NSP degrading enzymes [34,35]. The microscopy experiments performed in this piece
of work required only commercial dosages of enzyme indicating the high efficacy of the
monocomponent B. subtilis β-mannanase enzyme used towards PKC substrate.

Mannan oligosaccharides (MOSs), both those originating from yeast as well as plant
derived, despite their structural differences are often referred to as one of the potential
alternatives to replace antimicrobial growth promoters in poultry; they canbind the thread-
like fimbriae on pathogenic bacteria, preventing them from attaching to the intestinal wall.
These MOS are in the category of products called prebiotics [36]. They are non-viable,
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non-digestible carbohydrate ingredients having a degree of polymerization (DP) of 2–9 and
when supplemented in diets in very small amounts allow for specific modulation of both
the composition of and/or activity of the gastrointestinal microflora conferring benefits
upon hosts’ well-being and health [36,37]. Literature reports have shown that yeast cell wall
derived MOS [38,39] and plant β-mannan oligosaccharides [40–42] effectively decreased
growth of pathogenic bacteria. During an infection process, bacteria colonize the intestinal
epithelia mucosa by attachment via their Type-1 fimbriae. MOS can also agglutinate bacte-
ria via their Type-1-fimbriae, resulting in a lower intestinal colonization of these pathogenic
bacteria [43]. Zang et al. produced MOS having DP of 2–5 from locust bean gum mannan
using a bacterial Bacillus pumilus GBSW19 β-mannanase [44]. These MOS significantly
enhanced generation of signaling molecules such as intracellular Ca2+ and reactive oxygen
species (ROS) in plants in a series of reactions eventually leading to prevention of pathogen
invasion. MOS obtained from PKC using Aspergillus oryzae β-mannanase showed highest
cytotoxicity (74.19%) against human colon adenocarcinoma cell line [29]. In another study,
Partridge Shank chickens were administered MOS produced from Amorphophallus konjac
by β-mannanase from Aspergillus niger [45]. The study showed improved immune func-
tion and intestinal oxidative status as well as reduced cecal Salmonella population in the
chickens. The authors did not, however, analyze the DP of the MOS generated. Nutrient
utilization was improved in a broiler study using the B. subtilis β-mannanase used in this
study [46]. The same β-mannanase also showed beneficial effects such as decreased cloacal
temperature and increased relative thymus weight of broiler chickens raised under hot
climatic conditions [47]. Studies by Ryu et al. indicated that dietary supplementation with
the same β-mannanase in diets having a high mannan content reversed the adverse effect
of the high mannan content on the performance of laying hens [48] and most likely can be
used to improve performance and nutrient retention in laying hens. Supplementation of
the same β-mannanase enzyme in low energy/low protein diets improved egg production,
feed conversion ratio, and apparent ileal digestibility of specific amino acids at peak pro-
duction of laying hens [49]. Using in vitro methods, we attempt to explain the most likely
mechanisms—solubilization of cell walls generating MOS having prebiotic potential—that
are responsible for the positive effects of a B. subtilis β-mannanase seen in vivo.

4. Materials and Methods
4.1. Chemicals

All chemicals used were from Sigma-Aldrich (USA), mannan oligosaccharides stan-
dards (M2 and M4) were purchased from Megazyme International, Ireland. Antibodies
were purchased from Plant Probes, England and Thermo Fischer, Scientific.

4.2. Plant Material

The PKC was obtained from Nutrinor in Colombia as a by-product of Colombian palm
oil cultivation.

4.2.1. Determination of Moisture

Moisture was determined as loss on drying following the Association of Official
Analytical Chemists (AOAC) official method 930.15 [50] in its revision from March 1999.
Briefly, material is weighed, then heated at 135 ◦C and weighed again.

4.2.2. Determination of Ether Extracts

Ether extract from PKC was determined by the AOAC official method 2003.06 [51].
Briefly, PKC was extracted with hexane, the hexane phase was dried and weighed.

4.2.3. Determination of Crude Protein

Crude protein in PKC was determined following the AOAC official method 990.03 [52].
Briefly, PKC is combusted at 950 ◦C in pure oxygen atmosphere and nitrogen-containing
gases are quantified.
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4.2.4. Determination of Crude Fiber

Crude fiber in PKC was determined following the AOAC official method 962.09 [50].
Briefly, PKC is milled, dried, extracted with ether and subsequently boiled for 30 min in
1.25% (w/v) H2SO4. The mixture is then filtered and the filter cake is drained for excess
water, then boiled for 30 min in 1.25% NaOH. The mixture is then filtered, the filter cake is
dried, weighed and then ignited for 30 min at 600 ◦C, and weighed again. Crude fibre is
measured as the loss of weight of the filter cake upon ignition.

Nitrogen-free extract is defined as the remaining content up to 100% after subtraction
of moisture, ether extract, crude protein, crude fiber and ashes contents.

4.3. Enzyme Product

CTCzyme obtained from CTCBio Inc., South Korea, is a commercial monocomponent
β-mannanase product produced by B. subtilis with a declaration of 800,000 U/kg man-
nanase. One enzyme unit is defined as generation of 1 µmole of reducing sugar per min at
pH 6.0 and 50 ◦C using locust bean gum as substrate. CTCzyme is referred to as B. subtilis
mannanase throughout the article.

4.4. Enzyme Treatment of PKC

Samples of PKC were incubated at pH 5 either without enzyme (control) or with the
addition of the B. subtilis mannanase at commercial (1×), 2×, 5× and 20× the commercial
dosage (500 ppm, equivalent to 500 g/ton). In short, 1.2 g of PKC was incubated with
12 mL 0.1 M sodium acetate buffer pH 5 alone (control) or B. subtilis β-mannanase product
in the same buffer at 40 ◦C for 4 h with stirring at 500 rpm. After incubation, the samples
were centrifuged at 2500× g for 10 min. The supernatants were frozen at −80 ◦C until
further analyses. The pellets obtained were washed once with MiliQ water, centrifuged
again and dried overnight at 60 ◦C and used for microscopy.

4.5. Colorimetric Assay of Reducing Sugar Content (DNS-Assay)

The DNS reagent was prepared by dissolving 5 g of 3,5-dinitrosalicylic acid in 250 mL
of HPLC grade ultra-pure water and adding 100 mL of 2M NaOH to the solution. Potassium
sodium tartrate-tetrahydrate (150 g) was then added and the volume of the solution was
adjusted to 500 mL with HPLC grade ultra-pure water. The reagent was kept at 4 ◦C in the
dark until used.

Samples were vortexed prior to analysis. 150 µL sample was mixed with 150 µL
DNS reagent in a 96-well plate. The plate was covered with Easyseal transparent (Greiner
BioOne, Kremsmünster, Austria) and placed in an oven at 105 ◦C for 15 min. Thereafter,
samples were placed on ice immediately to stop the reaction. 50 µL of the reaction mixture
were diluted with 250 µL MilliQ-water. Absorbance at 540 nm was measured with a Tecan
Spark microplate reader.

A conversion of absorbance to concentrations was not attempted, since it is a well-
known fact that the proportionality between absorbance and concentration depends on the
saccharide, and the samples contained an unknown composition of saccharides (on top of
the mannans potentially released by enzymatic action) [24,53].

4.6. Analysis of Mannose Oligosaccharides

All measurements were done on a BRUKER AVIII-600 MHz NMR spectrometer
equipped with a 5 mm CPP-TCI probe.

NMR samples were prepared by mixing 500 µL supernatant from enzymatic treatment
with 24 µL of D2O and 1 µL of a solution of 0.1 M 2,2-Dimethyl-2-silapentane-5-sulfonate
sodium salt (DSS), which serves as a chemical shift reference (δ = 0 ppm). Quantitative
1H-NMR spectra (20 s recycling delay, 20 ppm spectral width, 65,536 complex datapoints)
were recorded at 55 ◦C to minimize interference of the residual water signal. Absolute
quantitation was achieved by the Simple Mixture Analysis Tool of MNova 14.2.0: reference
deconvolution was used to determine the integrals of the mannose signals. Integrals were
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converted to concentration by applying the PULCON method [54] using external 2 mM
sucrose as a reference.

The NMR spectra allow for the separate integration of mannose anomeric signals from
the reducing end mannose unit (α and β separately) and the anomeric signals from all
non-reducing mannose units (all β).

Since all MOS have exactly one reducing end, the total MOS concentration can be
calculated by Equation (1), adding the concentrations of α and β reducing-end mannose
units, determined from the resonances of Hα

red and Hβ
red (see Figure 1).

cMOS = c(Hα
red) + c

(
Hβ

red

)
(1)

The average degree of polymerization (DP), the average number of mannose units per
MOS) can be calculated by Equation (2), based on the fact that in a MOS of DP = n, there
are n−1 non-reducing mannose units and one reducing end mannose unit.

DP =
c
(

Hβ
nonreducing

)
cMOS

+ 1 (2)

The average molecular mass of all soluble MOS in the supernatant is given by:

MMOS = DP
(

Mmannose −MH2O
)
+ MH2O (3)

where Mmannose = 180.16 [g/mol] and MH2O = 18.02 [g/mol]. Thus, the total mass of MOS
dissolved in the supernatant, mMOS[g], is

mMOS = MMOS ∗ cMOS ∗ Vsupernatant (4)

where Vsupernatant = 0.012 [L] (12 mL).
The total mass of MOS solubilized by enzymatic degradation is then obtained by

subtracting mMOS from the control sample without enzyme added from the mMOS from
samples with enzyme added.

msolubilized
MOS = mwith enzyme

MOS −mcontrol
MOS (5)

4.7. Immunolocalization and Histology with Confocal Microscopy

Material of PKC was further ground and larger seed coat pieces were removed before
fixation in 4% formaldehyde in PBS for 1 h. Samples were washed twice in the buffer and
dehydrated in a graded ethanol series (30 min in each step), then gradually infiltrated
with melted paraplast (paraffin) using Histochoice clearing agent. The embedding was
performed for 2 days at 60 ◦C. The paraffin blocks were sectioned on a rotary microtome
(2030 Biocut microtome Reichert-Jung, AU) to generate 10 µm-thick sections which were
adhered to SuperFrost slides. Slides were deparaffinized in pure Histochoice, airdried, and
sections were individualized using a PapPen for immunolocalisation studies, performed
as in [34]. Sections, from either control samples or samples treated with ß-mannanase
enzyme product, were blocked with 5% skimmed milk in PBS for 30 min. Sections were
then washed in PBS buffer followed by incubation for 60 min with the rat monoclonal
antibody (LM21) diluted 1:10 in the skimmed milk-PBS buffer solution. Samples were
subsequently incubated for 1.5 h with the secondary antibody anti-rat IgG linked to an
Alexa-555 fluorophore and washed in PBS buffer. A negative control labelling was carried
out using only the secondary antibody. Sections were counterstained for 2 min with 0.01%
(w/v) Calcofluor White M2R for identification of ß-glucan linkages such as cellulose, and
finally mounted in the anti-fading agent Citiflour AF1 (Agar Scientific, Stanstead, UK). Con-
focal laser scanning microscopy (CLSM) was done with a TCS SP5x (Leica Microsystems)
for visualization of the immuno-label and fluorescent dye. The Alexa555 was excited with
the argon laser (488 nm) and the emission range was set to 560–576 nm. Calcofluor White
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was seen with UV excitation (355 nm) and blue emission (401–443 nm). A 10× objective
was used for overview images and a 63× oil immersion objective was used for details.
Image cropping, brightness and contrast enhancement were carried out in the LAS AF Lite
(Leica) and Adobe Photoshop software.

4.8. Total Hydrolysis of PKC, Calculation of Degree of Enzymatic Conversion

PKC was subjected to total hydrolyses by a procedure modified from [55]: at first,
0.1 g of PKC was incubated with 0.1 mL of 72% (w/v) D2SO4 in D2O at room temperature
for 2 h. Subsequently, 620 µL of D2O was added to dilute sulfuric acid to 10% (w/v) and
the mixture was placed in a sealed tube and incubated at 121 ◦C for 2 h. After cooling, the
mixture was centrifuged for 10 min at 14,400× g and 180 µL of supernatant was removed
to a 3 mm-NMR tube to minimize effects of RF-heating [56]. Quantitative 1H-NMR spectra
were recorded with a recovery delay of 20 s, which is well above 7·T1 of the slowest relaxing
nucleus. Molar concentrations of monosaccharides (cmonosaccharide

[
mol

L

]
) were determined

using the Simple Mixture Analysis tool in MNova 14.2.0. This experiment was performed
in parallel in quintuplicates.

The total mass of a given monosaccharide in the hydrolyzed PKC was calculated as:

manhydrous
monosaccharide = cmonosaccharide Vhydrolysis

(
Mmonosaccharide −MH2O

)
(6)

where Vhydrolysis = 7.2 × 10−4 L (720 µL), Mmonosaccharide is the molar mass of the monosac-
charide in question and MH2O is the molar mass of water (18.02

[ g
mol

]
). The molar mass

of water was subtracted to account for the fact that monosaccharides mostly occurred in
polymeric chains before hydrolysis. This is indicated by the superscript “anhydrous”. Total
contents of mannose, glucose, galactose, xylose, rhamnose and arabinose in PKC were thus
quantified. The degree of enzymatic conversion could then be obtained by

x[%] =
msolubilized

MOS
MMOS−MH2O

MMOS

manhydrous
mannose

·100 (7)

where the mass of solubilized MOS is converted to an anhydrous mass and divided by the
mass of anhydrous mannan present in PKC.

SAS jmp v16 was used for statistical analysis.

5. Conclusions

Using in vitro methods, we have demonstrated that the β-mannanase at commercial
dosages can solubilize significant amounts of PKC mannan to MOS. The effect of com-
mercial dosages of the enzyme in solubilizing mannan could also be visualized using
microscopy where cell wall dissolution was seen and quantified with nuclear magnetic
resonance spectroscopy. The dosages used in this study could be recommended as a guide-
line for use in vivo. Feeding trials should be performed to determine the optimal dosage,
taking into account the additional cost of administering the enzyme.
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