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ABSTRACT

Proanthocyanidins (PA) from shea (Vitellaria paradoxa) meal were investigated by
thiolytic degradation with benzyl mercaptan and the reaction products were analysed
by high performance liquid chromatography - mass spectrometry. These PA were
highly galloylated (=40%), contained only B-type linkages and had a high proportion
of prodelphinidins (>70%). The mean degree of polymerisation was 8 (i.e. average
molecular size was 2384 Daltons) and epigallocatechin gallate (EGCg) was the major
flavan-3-ol subunit in PA. Shea meal also proved to be a potentially valuable source
for extracting free flavan-3-ol-O-gallates, especially EGCg (575 mg/kg meal), which is
known for its health and anti-parasitic benefits. Proanthocyanidins were isolated and
tested for bioactivity against Ascaris suum, which is an important parasite of pigs.
Migration and motility tests revealed that these PA have potent activity against this

parasitic nematode.
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1. Introduction

Vitellaria paradoxa is a tropical tree that yields nuts for use in cooking and for
producing shea butter, which is an important cosmetic product (Hall et al., 1996;
Zhang et al., 2014; website 1). Shea meal is the residue that remains after lipid
extraction. Currently the meal is an agro-industrial by-product and has been
investigated as an environmentally friendly fuel (Dei et al., 2007; Munir et al., 2009;
Munir et al., 2010). However, an important policy objective of many governments
nowadays is to move towards a low carbon economy and this requires information on
how to add value to such agro-industrial ‘waste’ products (website 2).

Several studies noted that shea meal, despite its high protein content, has a low
nutritive value for poultry due to saponins and tannins, and that the anti-nutritional
effects can be reduced, but not removed, by fermentation or boiling with water
(Atuathene et al., 1998; Dei et al., 2007 and 2008). The current evidence suggests
that shea meal has some, albeit very limited, potential as a feed supplement (Ansah
et al., 2011).

The total harvest of shea nuts in West Africa ranges from 100,000 to 600,000 tons
per year (Dei et al., 2007 and 2008; website 1); approximately 50,000 tons were
exported in 1997 with a value of 10 million US $. Fat accounts for half of the nut
weight, which means that large volumes of shea press cake or shea meal are
produced, but this by-product has a very low value (Dei et al., 2007). Therefore, a
better understanding of its chemical composition might help to add value to this
material.

A detailed survey of shea kernels from different V. paradoxa accessions in several
African countries found that nuts contained terpenoids, steroids, flavonoids (including

catechin and epicatechin), gallic acid, and cinnamic acid (Maranz et al., 2003; Zhang



et al.,, 2014) and the resulting shea meal contained variable quantities of protein,
fibre, ash, minerals, saponins, tannins and theobromine (Dei et al., 2007). Although
the presence of tannins has been reported (Dei et al., 2007; website 1), their
structures have not yet been characterised.

Proanthocyanidins (PA) are poorly bioavailable and thus able to exert their bioactivity
in the gastrointestinal tract, where they can impact positively on macrofauna,
microflora and host immunity (Bancroft et al., 2012). There is considerable interest in
the anti-parasitic effects of PA (Hoste et al., 2012); however, the potential effects of
shea meal tannins on gastrointestinal pathogens such as parasitic nematodes have
not yet been investigated. Due to the rising threat of drug resistance against helminth
parasites, and the high cost of drug treatment in some countries, dietary supplements
containing natural anti-parasitic compounds have been proposed as a sustainable
control measure (Hoste et al., 2015).

Here, we report for the first time the isolation and identification of condensed tannins
or proanthocyanidins (PA) and also the presence of several different flavan-3-ol
monomers from shea meal. We then tested the anthelmintic activity of isolated PA
fractions against Ascaris suum, which is a highly prevalent gastrointestinal parasite of
pigs worldwide, and has been reported to significantly reduce growth and

performance (Hale et al., 1985, Vlaminck et al., 2015).

2. Results and Discussion

2.1 Identification of proanthocyanidins in shea meal

The constituent flavan-3-ols of shea PA were identified by thiolytic degradation (Gea
et al., 2011). Thiolysis was applied to acetone/water extractable PA, to unextractable

PA that remained in the residue after extraction and also directly to the whole meal



(in situ PA). The thiolysis reaction released the terminal units as flavan-3-ols and the
extension units as benzyl mercaptan (BM) derivatives, which can be analysed by
reversed-phase HPLC-ESI-MS.

The sum of extractable PA (3.1 g/100 g dry weight (DW)) plus unextractable PA (2.1
g/100 g DW) gave a total PA content of 5.2 g/100 g dry weight for shea meal (Table
1). However, direct in situ analysis of the shea meal yielded only 3.9 g PA/100 g DW.
This suggests that the direct thiolysis method, which had been developed for sainfoin
PA (Gea et al.,, 2011), would require optimisation for shea meal PA. It may also
indicate that the matrix can interfere with the thiolysis reaction or that aqueous
acetone treatment can enhance the accessibility of PA to benzyl mercaptan.
Extractable PA had a lower mean degree of polymerisation (mDP) than unextractable
PA (i.e. 4.0 vs 13.8), but a higher percentage of prodelphinidins (i.e. 73.4 vs 65.9) as
observed previously in sainfoin (Gea et al., 2011). In situ PA, extractable PA and
unextractable PA differed significantly in PA contents, mDP, percentage of PC or PD,
percentage of cis- or trans-flavan-3-ols and also in the extent of galloylation (P

<0.001) (Table 1).

2.1.1 Flavan-3-ol composition of proanthocyanidins

EGCg was the major terminal unit and GC the major extension unit (Table 2).
Chromatographic analysis by LC-MS revealed the presence of several galloylated
flavan-3-ol subunits, which were assigned by MS and by comparison with authentic
standards. Prodelphinidin (PD) subunits, i.e. GC and EGC, and procyanidin (PC)
subunits, i.e. C and EC, were detected as galloylated (g) and as non-galloylated
flavan-3-ols (Table 2). Most of the flavan-3-ol compositions differed significantly

between the in situ, extractable and unextractable PA (P <0.001); and only few of the



flavan-3-ol subunit percentages were the same, e.g. EGCg and Cg extension units of
extractable and unextractable PA; ECg terminal and extension units of in situ and
extractable PA; and GC and EGC and Cg extension units of in situ and residual PA.
These findings may point to the contributions these flavan-3-ols make towards the
solubility or unextractability of the PA in 70% aqueous acetone.

Galloylated flavan-3-ol units accounted for 37.7% and 31.6% of the total flavan-3-ols
in extractable and unextractable PA, respectively (Table 1). This represents a high
degree of galloylation in comparison to the galloylated PA of grapeseeds (<10%)
(Meagher et al., 2005) but is lower than the highly galloylated persimmon PA (72%)
(Li et al., 2010). These PA are unusual not only because of their relatively high
degree of galloylation but also because of their high GC contents (>20%), as cis-
flavan-3-ols, e.g. EGC or EC, tend to be the most common extension units (Porter,

1988).

2.2 Other compounds

Significantly different concentrations of free flavan-3-ol monomers were identified in
the whole meal and extract (P <0.005); i.e. galloylated flavan-3-ols (GCg, EGCg and
ECg) were detectable in the meal, and both galloylated and non-galloylated flavan-3-
ols were found in the extract (GCg, EGCg, ECg, GC, EGC and EC) (Table 3). EGCg
was the major flavan-3-ol monomer and accounted for 2.3 g/100 g of the extract.
Gallic acid was also detected in the meal and extract but not quantified. The
presence of flavan-3-ols and gallic acid is in agreement with the literature (Maranz et
al., 2003; Zhang et al., 2014). However, quercetin, cinnamic acid, theobromine or
saponins were not detected in the meal, as these compounds had probably been co-

extracted with lipids during the processing of shea nuts, or it could be a matter of



variation between accessions or provenances (Atuathene et al., 1998).

2.3 Characterisation of the PA fractions from shea meal

2.3.1 Analysis of PA-fractions by thiolytic degradation

Sephadex LH-20 was used to obtain three PA fractions from the aqueous acetone
extract in order to test their efficacy against A. suum. With most plant materials, this
fractionation scheme removes impurities and generates highly pure PA, especially for
the F2-fraction, and also yields fractions with different mDP values, which is of
particular interest for anthelmintic analysis when assessing their bioactivities
(Novobilsky et al., 2011; Williams et al., 2014; Quijada et al., 2015). The PA content
and overall composition is described in Table 4 and the molar percentages of
individual flavan-3-ol subunits within the PA fractions in Table 5 (see also
Supplementary Section). Figure 2 illustrates the HPLC chromatogram of the thiolysed
F2-fraction. The PA contents ranged from 33 to 45 (g/100 g fraction) and consisted
mostly of prodelphinidins (>72%). As expected, the mDP increased from 2.2 to 7.7 in
line with the acetone content that was used to elute these F1-, F2- and F3-fractions
(Williams et al., 2014).

The F2-fraction had the highest PA content (P <0.001) and most of the flavan-3-ol
compositions of the three fractions were also significantly different (Table 4; P
<0.001; Table 5, P <0.009). However, apart from the increase in mDP-values, there
were no other trends; e.g. the percentage of galloylated subunits (Xg) ranged from
29, 46 and 38% in the F1-, F2- and F3-fractions. Given our previous observations we
had expected that PA contents would increase in line with the acetone content (Zeller
et al., 2015). However, shea meal appears to contain non-PA impurities (see Section

2.3.2) that were eluted by 50% aqueous acetone and this explains the relatively low



PA content of the F2-fraction. It is also worth pointing out also that galloylation has a
profound effect on flavan-3-ol and PA solubilities (Mueller-Harvey, 2006) and
influences their ability to interact with other compounds (Dobreva et al., 2014; Frazier
et al 2010), which may have contributed to these surprisingly similar contents and
compositions.

Several free flavan-3-ol monomers were also detected in two of the fractions (Table
3). The F1-fraction contained both galloylated and non-galloylated flavan-3-ols, with
GC, EGCg and EGC being the major ones. The F2-fraction contained only
galloylated flavan-3-ols with EGCg being the major one. No free flavan-3-ol

monomers were present in the F3-fraction.

2.3.2 NMR analysis of F2-fraction

The F2-fraction had the highest PA content (45 g/100 fraction) and was subjected to
NMR (HSQC) (Grabber et al., 2013; Zeller et al., 2015) in order to assess the nature
of the impurities and to check for any other tannins that might not have been
detected by thiolysis. This suggested that the major impurities consisted of lipids,
sugars and other phenolic compounds (i.e. 'H-signals between 0.5 and 3 ppm and
13C-signals between 10 and 60 ppm); there was no evidence of A-type PA (Kamiya et
al., 2001). Signal assignments for these PA are reported in Table S3 according to the
numbering scheme illustrated in Figure 1.

The HSQC spectrum showed the presence of PC and PD tannins, where the signal
at 6.57 ppm is assignable to H/C-2’ and H/C-6’ (PD), at 6.75 ppm to H/C-5" (PC), at
6.77 ppm to H/C-6’ (PC) and at 7.06 ppm to H/C-2' (PC) (Grabber et al., 2013). The
signal at 4.83 ppm was assigned to H4 and at 6.00 ppm to He and Hs. Signals at 5.25

and 5.53 ppm were assigned to H/C-2 and the fact that more than one signal was



detected for Hz could be due to the stereochemistry, i.e. cis/trans configurations at
the C-ring (Foo et al., 2000). The signal at 7.03 ppm was attributed to a galloyl group

(2H) and was confirmed by comparison with authentic gallic acid.

2.4 Anthelmintic activity of purified PA fractions from shea meal against A.
suum

2.4.1 Inhibition of Ascaris suum larval migration

We assessed the biological activity of the shea PA fractions by measuring
anthelmintic activity against the highly prevalent pig parasite, A. suum. Using a
migration inhibition assay, we found that all three of the fractions were able to inhibit
the migration of third-stage larvae (L3, i.e.the stage of the parasite that emerges from
the egg after ingestion to infect the host). The effect of concentration was highly
significant (P<0.001 by two-way ANOVA), indicating that all 3 fractions inhibited larval
migration in a dose-dependent manner (Figure 3). We determined ECso values (95%
Cl) to be 64.1 (47.5-87.5) for the F1l-fraction, 55.1 (27.6-109.8) for the F2-fraction,
and 64.3 pg (53.5-77.3) for the F3-fraction (all concentrations are in g
fraction/ml). These concentrations of PA are expected to be biologically relevant. As
previously discussed (Williams et al., 2014), a concentration of 1000 ug of PA/ml in
the porcine small intestine was expected to be achievable based on literature reports
of the levels of PA in the diet that are readily consumed by pigs (Mitaru et al., 1984,
Cousins et al., 1981), however precise measurements of locally available PA in the
intestine following dietary consumption in pigs have not yet been performed.

There was no effect of fraction (F1, F2 or F3) on larval migration inhibition (P=0.59 by
two-way ANOVA), nor were there significant differences between ECso values

(P=0.658 by extra sum-of-squares F-test) indicating that all 3 fractions had



comparable anthelmintic activity despite some compositional differences. Although
no adjustments were made for PA concentration, Table 4 shows that F1- and F3-
fractions have basically the same PA concentrations (33.0 vs 33.5 g/100 g fraction),
which means that here we can examine the effect of mDP or PA size.
Proanthocyanidins in the F3-fraction had a higher mDP than in the F1-fraction (7.7 vs
2.2) but this did not give rise to a more potent anthelmintic effect. This result is in
clear contrast to what had been recently observed with other PA types (Williams et
al.,, 2014) and may indicate that, in the case of the highly galloylated shea PA,
galloylation was an important contributor to anthelmintic activity rather than the
average polymer size. In fact, previous studies (Brunet and Hoste, 2006; Molan et al.,
2004; Molan et al., 2003) showed that flavan-3-ol monomers with 3 OH-groups in the
B-ring (i.e. GC and EGC) and especially their galloylated derivatives were the most
active flavan-3-ols in the larval exsheathment inhibition assay. The high percentage
of prodelphinidins (>75%) and extent of galloylation (>29%) can, therefore, explain
the potent anthelmintic activity of these shea meal PA.

Whilst a comparison of results between separate in vitro anthelmintic activity studies
is problematic unless done in the same experiment, the shea F1-fraction proved
more potent against L3 than other F1-fractions tested previously, which had been

obtained from sainfoin plants, black or red currant leaves (Williams et al., 2014).

2.4.2 Inhibition of motility of A. suum

We next tested the fractions against fourth-stage larvae (L4), i.e. the stage of the
parasite that arises following the moult from L3, which is present for a longer period
in the small intestine and is continually exposed to the host digesta, thus presenting a

more biologically relevant target for dietary anthelmintic compounds. Larvae were
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incubated in culture media with one of the fractions at each of three concentrations
(0.5, 1 and 2 mg/ml). Similar to the L3 experiments, all 3 fractions showed potent
inhibition of L4 motility within 12 hours of incubation (Figure 4). Within 36 hours most
larvae were dead at all tested concentrations of all three fractions. Although, as
stated above, caution is needed when comparing different studies, the F1- and F2-
fractions at 0.5 mg/ml were much more potent inhibitors of L4 larval motility than
previously tested PA (Williams et al., 2014).

By assessing the time taken for larvae to register a motility score of zero, a significant
dose-response curve was evident for Fraction 3 (P=0.007) and a tendency for a
dose-response curve for Fraction 1 (P=0.07). However, no such dose relationship
was evident for Fraction 2 (P=0.9). To compare the potency of the different fractions,
a similar analysis was performed only at the 0.5 mg/ml dose, as the higher
concentrations were very potent for all three fractions. However, at the lower
concentration, a difference was evident that tended to be significant (P=0.051),
reflecting a lower potency of the F3- compared to the F1- and F2- fractions.

Motility inhibition was also not related to the average PA polymer size (mDP),
percentage of prodelphinidins or procyanidins or percentage of cis- or trans—flavan-3-
ols. The high activity against L3 and L4 larvae by these three PA fractions is likely to
have been caused by the galloylated PA and possibly also by galloylated flavan-3-ol

monomers.

3. Conclusions
To summarise, this study has shown that the agro-industrial by-product, which
remains after lipid extraction of shea nuts, is an unusually rich source of galloylated

flavan-3-ol monomers and highly galloylated proanthocyanidins. Given the results
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presented here, shea meal may have potential for promising applications as a
nutraceutical anthelmintic feed for controlling Ascaris suum and possibly other
pathogens (Hoste et al.,, 2015; Ogunwande et al.,, 2001). Shea meal could also
provide a valuable and cost-effective alternative to imported, synthetic anthelmintic
drugs in areas where shea nuts are harvested and where livestock production may
be threatened by resistance to anthelmintic drugs (Sutherland et al., 2011).

It is important to recognise the difference between the tannin-containing plant
approach that controls and the anthelmintic drug approach that eliminates parasites.
Whilst the ECso-values of synthetic drugs such as ivermectin tend to be 25-50 fold
lower than the shea meal PA assessed here (A.R. Williams, unpublished data) , the
plant tannin approach does not seek to eliminate all parasites with a single
therapeutic dose but serves instead as a nutraceutical, which keeps the parasite
burden under a threshold where it causes little economic or health damage to the
animal. This approach, therefore, can reduce reliance on drugs that requires less
treatments and thus achieves lower cost to livestock owners and minimises

opportunities for anthelmintic resistance to develop (Hoste et al., 2015).

4. Experimental

4.1 General

Acetone (analytical reagent grade), dichloromethane (HPLC grade) and acetonitrile
(HPLC grade) were purchased from ThermoFisher Scientific Ltd (Loughborough,
U.K.); (x)-taxifolin (98%) from Apin Chemicals (Abingdon, U.K.); benzyl mercaptan
(99%), catechin (C), epicatechin (EC), gallocatechin (GC), epigallocatechin (EGC),
catechin-3-O-gallate (Cg), epicatechin-3-O-gallate (ECg), gallocatechin-3-O-gallate

(GCyg), epigallocatechin-3-O-gallate (EGCg), from Sigma-Aldrich (Poole, U.K.).
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Sephadex™ LH-20 from GE Healthcare (Little Chalfont, UK). Deionised water was

obtained from a Milli-Q System (Millipore, Watford, U.K.).

4.2 Samples
Defatted shea (Vitellaria paradoxa) meal was kindly provided by AarhusKarlshamm

Sweden AB, Sweden and originated from nuts that had been sourced from Ghana.

4.3 Extraction and purification

4.3.1 Preparation of extractable and unextractable proanthocyanidins

Finely ground shea meal (20.0 g) was extracted three times for 1 h (each time) with
acetone/water (250 ml x 3; 7:3; v/v) at room temperature and filtered through a
Buchner funnel. Acetone in the supernatant was removed under vacuum on a rotary
evaporator at 30 °C; the remaining aqueous solution was centrifuged for 3 min at
2045 x g (Jouan CR3i Multifunction Centrifuge, Thermo Electron Corporation,
Basingstoke, UK) and freeze-dried (extract = 4.98 g; yield = 25 g extract/100 g DW of
meal). Acetone was also allowed to evaporate from the extracted shea meal residue
in the fume cupboard before freeze-drying the residue prior to analysing

unextractable PA.

4.3.2 Purification of proanthocyanidins from shea meal

Finely ground shea meal (53 g) was extracted as above (1 h; 250 ml x 3; 7:3; v/v)
and the remaining aqueous solution was centrifuged for 3 min at 4364 x g. The
supernatant was dissolved in distilled water (2 1) and passed through a Sephadex
LH-20 resin (50 g; GE Healthcare, Little Chalfont, U.K.), which had been conditioned

with water. Distilled water was added to remove sugars and other impurities. The first
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fraction (F1-fraction) of proanthocyanidins was eluted with acetone/water (1 I; 3:7;
v/v); the second fraction (F2-fraction) with acetone/water (1 I; 1:1; v/v) and the third
fraction (F3-fraction) with acetone/water (1 I; 7:3; v/v). Acetone was removed and the

aqueous solutions were treated as above.

4.4 Proanthocyanidin analysis

4.4.1 Thiolysis of extracted and fractionated proanthocyanidins

The freeze-dried acetone/water extract or Sephadex LH-20 fractions (8 mg) were
placed into a screw cap glass tube with a stirring magnet, methanol (1.5 ml),
methanol acidified with concentrated HCI (3.3%; 500 ul) and benzyl mercaptan (50
pl). The tubes were capped and placed into a water bath at 40 °C for 1 h under
vigorous stirring. Placing the tubes in an ice bath for 5 min stopped the reaction.
Then distilled water (2.5 ml) and internal standard, taxifolin in methanol (500 pl; 0.1
mg/ml), was added and thoroughly mixed. The mixture was transferred into a vial
(0.8 ml; Chromacol 08-CPV; ThermoFisher Scientific Ltd), closed with a crimp top

and analysed by liquid chromatography-mass spectrometry (LC-MS) within 24 h.

4.4.2 In situ thiolysis of proanthocyanidins in shea meal or residue

Freeze-dried whole shea meal and also the residue (250 mg), which remained after
acetone/water extraction (see Section 4.3.1), was reacted with the thiolysis reagent (2 ml
methanol, 1 ml of 3.3% HCI in methanol, and 100 pl benzyl mercaptan) as above. After the
reaction, methanol (1 ml) was added to the mixture. The sample was mixed and centrifuged
at 2727 x g for 3 min, and supernatant (1 ml) was transferred into another screw cap glass
tube. Distilled water (9 ml) was added to this supernatant. After thorough mixing, the solution
was added to a pre-packed SPE mini-cartridge (C-18, 500 mg; 6 ml; Bond-Elute-Cig; Agilent

Technologies, U.K.), which had been conditioned with methanol and distilled water [Note:
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The in situ method (Gea et al., 2011) uses Sephadex LH-20 cartridges to remove
impurities from the sainfoin plant matrix, but in the case of shea meal, the use of SPE
cartridges were not essential but improved reproducibility (e.g. with SPE - 3.9 g
PA/100 meal, without SPE: 4.0 g PA/100 g meal)]. Methanol (2.5 ml) was added to elute

the thiolysis reaction products under gravity and the internal standard, taxifolin in methanol
(500 pl; 0.1 mg/ml) was added to the collection tubes as described previously (Gea et al.,
2011). The reaction products were analysed by LC-MS (see below). The concentrations of
free flavan-3-ol monomers were also determined because they interfere with calculation of
the mean degree of polymerisation, PA contents and composition (Gea et al., 2011). Free
flavan-3-ols were measured directly in shea meal by LC-MS using the above ‘thiolysis
reagent’ and reaction conditions for the extraction, where the HCIl-methanol (1 ml) and benzyl

mercaptan (100 u I) reagents had been replaced with methanol (1100 n I).

4.4.3 Liquid chromatography-mass spectrometry (LC-MS) analysis

Flavan-3-ols and their benzyl mercaptan (BM)-adducts were identified by LC-MS
analysis on an Agilent 1100 Series HPLC system and an API-ES instrument Hewlett
Packard 1100 MSD detector (Agilent Technologies, Waldbronn, Germany). Samples
(20 pl) were injected into the HPLC connected to an ACE Cis column (3 ym; 250 x
4.6 mm; Hichrom Ltd, Theale, U.K.), which was fitted with a corresponding ACE
guard column, at room temperature. The HPLC system consisted of a G1379A
degasser, G1312A binary pump, G1313A ALS autoinjector, and G1314A VWD UV
detector. Data were acquired with ChemStation software (version A 10.01 Rev.
B.01.03). The flow rate was 0.75 ml/min using 1% acetic acid in water (solvent A)
and HPLC-grade acetonitrile (solvent B). The following gradient programme was
employed: 0-35 min, 36% B; 35-40 min, 36-50% B; 40-45 min, 50-100% B; 45-55

min, 100-0% B; 55-60 min, 0% B. Eluting compounds were recorded at 280 nm.
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Mass spectra were recorded in the negative ionisation scan mode between m/z 100
and 1000 using the following conditions: capillary voltage, -3000 V; nebuliser gas
pressure, 35 psi; drying gas, 12 ml/min; and dry heater temperature, 350 °C.
Terminal and extension units were identified by their retention times and their
molecular masses. Peak areas of flavan-3-ol terminal units (catechin (C), epicatechin
(EC), gallocatechin (GC), epigallocatechin (EGC)) and their corresponding extension
units (i.e. BM-adducts) were corrected relative to taxifolin at 280 nm: they were
integrated and quantified using molar response factors relative to taxifolin according
to Gea et al. (2011). Molar response factors for galloylated flavan-3-ols were
calculated using commercially available standards: 0.72 for gallocatechin-3-O-gallate
(GCg) and epigallocatechin-3-O-gallate (EGCg); 1.01 for catechin-3-O-gallate (Cg)
and epicatechin-3-O-gallate (ECg). The same response factors were used for their
corresponding benzyl mercaptan adducts (Meagher et al., 2005). This provided
information on PA composition in terms of % terminal and % extension flavan-3-ol
units (molar percentages); it also allowed calculation of the mean degree of
polymerisation (mDP), the percentage of procyanidins (PC) and prodelphinidins (PD),
and of cis- and trans-flavan-3-ols in the PA (Gea et al., 2011). The molar percentage
of galloylated flavan-3-ols (Xg%) was calculated as follows (Equation 1):

Y Corrected areas of galloylated flavan — 3 — ols % 100

Y Corrected areas of all flavan — 3 — ols

Where for each of the different flavan-3-ols, corrected areas are calculated as
follows:

Area of flavan — 3 — ol

Corrected area of flavan — 3 — ol =
Iy Response factor

16



Equations for calculating extractable PA (ePA), unextractable PA (uPA), mDP,
percentages of PC and PD and of cis- and trans-flavan-3-ols are given in the

Supplementary Section.

Statistical analysis of PA contents and compositions

Differences between PA parameters (content, mDP, PC or PD, cis or trans flavan-3-
ols, terminal and extension units) for the in situ PA, extractable PA and unextractable
PA and the three PA fractions were assessed by a one-way analysis of variance
(ANOVA) and a T-test for a two-pair comparison followed by Bonferroni hoc post test.
P values of <0.05 were considered significant. All analysis performed by Systat 9

(SPSS Ltd).

4.4.4 NMR analysis

The F2-fraction was dissolved in 4:1 DMSO-dg/pyridine-dg and transferred to a 5 mm

NMR tube. *H-13C correlation 2D NMR (HSQC) spectra were recorded at 27 °C on a
Bruker Avance IIl 500 (*H 500.13 MHz, 13C 125.76 MHz) instrument equipped with
TopSpin 2.4 software and a 5-mm BBI *H/*3C gradient probe (Bruker, Coventry, U.K.)
(Zeller et al., 2015). Spectral resonances were referenced to the residual signals of

DMSO-dg (2.49 ppm for H and 39.5 ppm for 3C spectra). For H-13C HSQC

experiments, spectra were obtained using 36 scans.

4.4.5 Anthelmintic activity
All animal experimentation was approved and carried out according to the guidelines
of the Danish Animal Experimentation Inspectorate (Licence number 2010/561-

1914). Assessment of activity against A. suum was carried out as described
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previously (Williams et al., 2014). Briefly, L3 were obtained by in vitro hatching of fully
embryonated eggs, and L4 were isolated from the small intestine of donor pigs 12
days after infection with 10,000 eggs given per os. Inhibition of L3 migratory ability
was quantified using a modified agar migration inhibition assay, based on the method
first described by Han et al. (2000). Fractions (at concentrations decreasing 2-fold
from 500 pg/ml to 32.5 pg/ml) were dissolved in culture media (RPMI 1640
supplemented with 2 mM L-glutamine, 100 pg/ml streptomycin and 100 U/ml
penicillin), added to 48-well tissue culture plates and then 100 L3 were added to the
wells containing either the fractions or culture media only. After overnight incubation
at 37 °C, an equal volume of 1.6% agar (45 °C) was mixed into each well, resulting in
a final agar concentration of 0.8%. The agar was allowed to set and then fresh
culture media was added on top of the agar. The plates were returned to the
incubator overnight. The medium was then collected from the top of the agar in each
well, and the number of L3 that migrated from the agar was quantified by light
microscopy. Inhibition of migration was expressed as a percentage relative to the
number of L3 that migrated in the wells containing only culture media.

Effects against L4 stages were assessed by twice-daily monitoring the motility of
worms exposed to varying concentrations of shea PA fractions over five days, by a
single observer using a motility scoring system as described (Williams et al. 2014)
where 5 is fully motile and O is motionless. Each analysis was based on fraction

concentration and no adjustments were made for PA concentrations.

Statistical analysis of anthelmintic activity

The effects of concentration and fraction (F1, F2 or F3) on L3 migration inhibition

were assessed by two-way ANOVA. Further, ECso values were calculated by non-
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linear regression, and differences between ECso values for the three fractions were
assessed by extra-sum-of-squares F-test. For the L4 motility inhibition assay,
differences in the time taken (hours) for larvae to register a motility score of zero was
assessed between concentrations of each fraction, and between different fractions at
a concentration of 0.5 mg/ml, by the Mantel-Cox test. The analyses were performed
using Graphpad Prism (v6.00, GraphPad Software, La Jolla, California), and P

values of <0.05 were considered significant.
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Table 1: The composition of proanthocyanidins (PA) in whole shea meal (in situ PA), extract (extractable PA) and residue
(unextractable PA) in terms of PA content, mean degree of polymerisation (mDP), molar percentages (%) of procyanidins (PC) and

prodelphinidins (PD), of cis- and trans-flavan-3-ols and of galloylated flavan-3-ols (Xg) (SD in parentheses; n = 3).

Proanthocyanidins PA content® mDP % PC % PD % cis % trans % Xg
In situ PA 3.9 (0.1)2 8.5 (0.9)° 30.8 (1.3)° 69.2 (1.2)° 59.7 (0.1)° 40.3 (0.1)2 32.2 (0.2)°
Extractable PA 3.1(0.1)° 4.1 (0.1)° 26.6 (0.3)° 73.4 (0.2)2 60.6 (0.1)° 39.4 (0.1)° 37.7 (0.3)2

Unextractable PA 2.1 (0.1)°  13.8 (0.4) 34.1 (0.6)? 65.9 (0.6)°  61.3(0.6)2  38.7(0.6)°  31.6(0.4)

§in g/100 g of meal on DW basis. (DW: dry weight).
PC include EC, C, ECg and Cg flavan-3-ol subunits; PD include EGC, GC, EGCg and GCg flavan-3-ol subunits.

Means followed by different letters within columns are statistically different (P < 0.001).
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Table 2: Flavan-3-ol composition of proanthocyanidins (PA) in whole shea meal (in situ PA), extract (extractable PA) and residue

(unextractable PA) in terminal and extension units (relative molar percentages; SD in parentheses; n = 3).

Terminal units (%) Extension units (%)

Proanthocyanidins GC EGC GCg EGCg C ECg GC EGC GCg EGCg C EC Cg ECg

In situ PA 0.6> 25 126 50 0.7° 1.92 2752 1442 52> 12.8° 44> 177> 062 55

0.1) (0.2) (0.1) (16 (01) (01) (0.2 (07) (0.3) (07 (1) (06) (0.1) (0.3

Extractable PA 6.4 55* 19* 76* 142 1.8? 20.06 11.9° 572 145% 35° 13.6° 052 58°

0.1) (05) (0.1) (0.1) (0.1) (0.1) (0.4) (03) (1) (03) (1) (02 (©.1) (0.1

Unextractable PA 0.4¢ 0.9¢ 0.7¢ 3.6° 04c 1.2° 26.92 1442 49° 14.0* 48* 204* 0.6 6.78

0.1) (0.1) (1) (©.1) (1) (1) (7) (04 (1) (04 (01 (05 (©.1) (0.2

Note: The sum of terminal and extension units adds up to 100 % (see Supplementary Section for a different presentation of these
data, where terminal flavan-3-ols subunits and extension flavan-3-ols are considered separately, so that each group adds up to

100%). Means followed by different letters within columns are statistically different (P < 0.001).
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Table 3: Concentrations of free flavan-3-ols in whole shea meal, acetone/water extract and in Sephadex LH-20 eluted

proanthocyanidin (PA) fractions (SD in parentheses; n = 3).

Samples GC EGC GCg EGCg C ECg
Whole shea meal® nd nd 0.1 (0.1)° 0.1 (0.1)° nd 0.1 (0.1)°
Acetone/water extract’ 1.7 (0.1) 1.6 (0.6) 0.6 (0.2)2 2.3 (0.4)2 0.7 (0.2) 0.6 (0.2)2
PA F1-fraction? 3.0 (0.2) 2.5 (0.3) 0.6 (0.1)° 3.1 (0.2) 0.6 (0.1) 0.6 (0.1)¢
PA F2-fraction® nd nd 0.4 (0.1)d 3.9 (0.5)° nd 1.5 (0.1)¢
PA F3-fraction® nd nd nd nd nd nd

§in /100 g of meal; Tin g/100 g of extract; # in g/100 g of fraction (all on dry weight basis); nd: none detected

Means followed by different letters within columns are statistically different: 2°) comparisons apply to whole meal versus

acetone/water extract (P < 0.001); ¢9) comparisons apply to the PA fractions (P < 0.005).

22



Table 4. Composition of proanthocyanidin (PA) fractions in terms of PA content (g /100 g fraction on dry weight basis), mean
degree of polymerisation (mDP), molar percentage (%) of procyanidins (PC) and prodelphinidins (PD), of cis- and trans-flavan-3-ols

and of galloylated flavan-3-ols (Xg) (SD in parentheses; n = 3).

PA fractions PA content mDP % PC % PD % cis % trans % Xg

F1-fraction 33.0 (0.6)° 2.2 (0.1)° 23.7(0.1)P  76.3(0.1)* 58.6(0.3° 41.4(0.3*  28.8(0.1)
F2-fraction 44.9 (0.8)2 4.1 (0.1)° 275(0.1)2 725(0.1)° 59.8(0.1)° 40.2(0.1)°  46.1(0.2)2
F3-fraction 33.5(1.5)° 7.7 (0.2) 26.8(0.8)2  73.2(0.8)° 755(3.9%* 245(3.9°  37.5(1.6)

PC include EC, C, ECg and Cg flavan-3-ol subunits; PD include EGC, GC, EGCg and GCg flavan-3-ol subunits.

Means followed by different letters within columns are statistically different (P < 0.001).
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Table 5: Composition of flavan-3-ol terminal and extension units in proanthocyanidin (PA) fractions (relative molar percentages; SD

in parentheses; n = 3).

Terminal units (%) Extension units (%)
PA fractions GC EGC GCg EGCg C ECg GC EGC GCg EGCg C EC Cg ECg
F1-fraction 16.12 10.82 1.5¢ 10.72 3.42 2.2b 11.9° 13.82 43> 7.1° 3.8 114> 04° 26°

0.1) (0.1) (0.0) (0.1) (0.0) (0.0) (05 (0.3) (0.1) (0.0) (0.0) (0.0) (0.0) (0.0)
F2-fraction 41> 250 38 98> 11> 29 2072 94> 612 160° 35 12.6% 082 6.6

0.1) (0.1) (0.0) (0.1) (0.0) (0.0)  (02) (0.3) (0.0) (0.1) (0.1) (0.0) (0.0) (0.1)
F3-fraction 25¢ 16° 1.9° 53¢ 07° 1.0°  11.9° 29° 29 181 3.8 13.0° 06b 7.62

0.2) (0.1) (0.0) (0.3) (0.3) (0.6)  (49) (23) (02) (12) (0.1) (0.8) (0.1) (0.5)

Note: The sum of terminal and extension units adds up to 100 % (See Supplementary Section for a different presentation of these
data, where the terminal flavan-3-ols subunits and the extension flavan-3-ols are considered separately, so that each group adds up

to 100%). Means followed by different letters within columns are statistically different (P < 0.009).
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Figure legends

Figure 1. Examples of galloylated flavan-3-ols and a galloylated PA trimer.

Figure 2. Example of an HPLC chromatogram after thiolysis of galloylated
proanthocyanidins (F2-fraction) isolated from shea meal: 1, GC; 2, EGC; 3, C; 4,
EGCqg; 5, GCgq; 6, ECg; 7; IS (taxifolin); 8, trans-GC-BM; 9, cis-GC-BM; 10, EGC-BM;
11, GCg-BM; 12 Cg-BM; 13, EGCg-BM; 14 cis C-BM; 15, EC-BM; 16, ECg-BM, BM:

benzyl mercaptan (see Experimental Section for details of abbreviations).

Figure 3. Inhibition of migration of Ascaris suum L3 by shea proanthocyanidin
fractions (results are the mean of two independent experiments, each performed in

triplicate).

Figure 4. Inhibition of motility of Ascaris suum L4 by shea proanthocyanidin fractions

in three dilutions, A) Fl-fraction, B) F2-fraction, C) F3-fraction (results are a single

experiment performed in triplicate).
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