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26 Abstract

27 The growing expansion range of drug resistant parasitic nematode populations threatens the
28  sustainability of ruminant farming worldwide. In this context, nutraceuticals, i.e. feed that would
29  both fulfil dietary requirements while ensuring parasite control, would contribute to increase
30 farming sustainability in developed and low resource settings. In this study, we characterized the
31  anthelmintic potential of lupin seed extracts against maor ruminant trichostrongylids, i.e. H.
32 contortus and T. circumcincta. Our observations showed that total seed extracts from commercially
33 available lupin varieties significantly inhibited larval migration. This anthelmintic effect was
34  sustained on multidrug resistant field isolate and across parasite species and was mediated by the
35 seed alkaloid content. Analytical chemistry revealed a set of four lupanine and sparteine-derivatives
36  with anthelmintic activity and electrophysiology assays on recombinant nematode acetylcholine
37  receptors suggested an antagonistic mode of action for lupin alkaloids. While commercia lupin
38  seeds did not exert direct anthelmintic effect in H. contortus infected lupin-fed ewes and goats, it
39 significantly dampened blood production losses suffered by goats. Lupin seed extracts hence
40  provide aworking basis for the development of novel anthelmintic compounds able to break drug
41  resistance in the field, while they could be used to increase the resilience of infected dairy
42 ruminants.

43

44  Keywords: nematode, nutraceutical, anthelmintic resistance, lupin, NAChR, akaloid, sheep, goat,
45  Haemonchus contortus
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48 Introduction

49  Anthelmintic resistance is a major issue for the sustainable management of both human-' and
50 livestock-infective helminth species”®. Gastro-intestinal parasitic nematodes (GIN) significantly
51 impact human development, amounting to a loss of 10 million disability-adjusted life years® and
52 impeding the livestock industry with production losses®’. While novel control solutions are urgently
53  needed, only few anthelmintic compounds have been released in the recent years, like monepantel®,
54  for which field drug resistance has been described only a couple of years after its release’. Vaccine
55  remain difficult to design® and GIN show enough transcriptomic plasticity to circumvent the
56 vaccinal response of their host™. In the veterinary setting, the breeding of more resistant individuals
57 in less need for treatment™"3, the implementation of targeted-selected treatment approaches™, or
58 the use of tannin-rich plant extracts'® have been studied. This latter strategy relies on the
59 combined properties of forages that show both good nutritional properties and bioactive
60 compounds, known as “neutraceuticals’*®. This approach should limit drug residues, lower drug
61  selection pressure and can be deployed under low resource settings™.

62  Lupin (Lupinus sp.) is agrain legume that belongs to the genistoid clade of the Fabaceae family'’ .
63 It produces protein- and energy-rich seeds used for ruminants'® or laying hens™ feeding, and
64  contributes to reduce risk of obesity, diabetes and cardiovascular diseases in humans®.

65 Lupin also exerts antifungal properties”™ and was shown to lower soil burden of the vine parasitic
66 nematode Xiphinema index®?. These antiparasitic properties are thought to be mediated by lupin
67 quinolizidine and piperidine akaoid compounds, that confer both bitterness and toxicity to the
68 akaloid-rich lupin varieties”. Indeed, alkaloidic compounds, like lupanine and spartein, block the
69  excitatory neuro-transmission through the binding of nicotinic acetylcholine receptors, NnAChRs™?4,
70  Interestingly, nAChRs are well characterized pharmacological targets for the control of parasitic
71  nematodes®. These transmembrane ligand-gated ion channels are made of five subunits that

72 associate together to form homo- or heteropentameric receptors®™. Widely used anthelmintics i.e.
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1’ and monepantel®, are agonists of these receptors, whereas derquantel, a

73 levamisole®, pyrante
74 derivative from the oxindole alkaloid paraherquamide®, acts as anAChR antagonist™.

75  Therefore, lupin seed could harbour novel anthelmintic agents of great interest for GIN control and
76  may be used as a nutraceutical for grazing ruminants. In this study, we investigated the anthelmintic
77 potential of lupin seed by exposing major parasitic trichostrongylids, i.e. Haemonchus contortus
78 and Teladorsagia circumcincta, to lupin seed extracts revealing its anthelmintic potential. We
79  performed analytical chemistry to unravel four alkaloid compounds underpinning this effect and
80 electrophysiology assay demonstrated their antagonist mode of action against nematode
81  acetylcholine receptors. In vivo trial with commercial lupin seed in growing ewe and goats was also

82  implemented.

83
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84 Results

85  Lupin seed extracts show anthelmintic effect on H. contortusinfective larvae
86 Asafirst step, agueous extracts from 11 alkaloid-rich and -poor lupin seeds (Supplementary Table
87 1) were tested against drug-susceptible and multidrug-resistant H. contortus infective larvae using a
88 larval migration assay (Fig. 1, Supplementary Table 2). Every aqueous extract considered (but
89 LANGL172) exerted a significant reduction of larval migration across parasite isolates whatever its
90 anthelmintic resistance status (Fig. 1, Supplementary Table 2). Extracts from akaloid-rich seeds
91 demonstrated a 77.7% inhibition of larval migration and were thus generally more potent than the
92  akaloid-poor varieties (27.1% * 0.04% difference in average inhibition, F; 3 = 28.68, P<10™* Fig.
93 1, Supplementary Table 2). Among alkaloid-poor varieties, extracts from ENERGY and LL049
94  exerted similar potencies across parasite isolates (57.8% + 0.2% and 59.3% + 0.16% respectively)
95 that significantly out-performed other alkaloid-poor varieties inhibitory effects (16.8% + 0.03%
96 difference, F227 = 62.8, P <10 Fig. 1).
97 Inaninitial attempt to establish the contribution of alkaloids to the inhibitory effect, alkaloids were
98 extracted from akaloid-rich varieties to evaluate their inhibitory effect. Alkaloid fractions
99 inhibitory effects (Supplementary Table 3) were minimal for LL151 on the fully susceptible H.
100 contortus isolate (52% + 2.77% s.d.) and the most potent effect was observed for EO63 on the
101  multidrug resistant H. contortus isolate (82% + 3.58% s.d.).
102  After this initial screening, the anthelmintic potential of lupin seed extracts was demonstrated
103  against both drug-susceptible and multidrug-resistant isolate. One alkaloid-rich and akaloid-poor
104  were selected for further study. The ENERGY variety was retained as the most potent commercial
105  variety that would eventually be used as a nutraceutical. The EO63 variety was further considered as
106  an akaloid-rich control given the highest inhibitory effect of its alkaloidic fraction.
107
108  Lupin alkaloids are more potent than non-alkaloid compounds acr oss isolates and nematode

109  species
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110  To further characterize lupin seed inhibitory effect on parasitic nematodes, total seed extracts were
111 fractionated into akaloidic and non-alkaloidic fractions for both EO63 and ENERGY varieties.
112 Alkaloids accounted for 3.30% of the EO63 seed mass whereas the alkaloid-poor ENERGY seed
113 akaloid content amounted 0.043% of the seed mass.

114  The larval migration assay performed with each extract revealed that alkaloids of both varieties
115  significantly inhibited the larval migration in comparison to negative control across drug-resistance
116  status or nematode species (Fig. 2, supplementary Table 4). Non-alkaloid compounds from
117 ENERGY had no effect on larval migration (12.5% + 0.06% inhibition difference relative to
118  control, tz = -2.15, P = 0.38), whereas the E063 non-alkaloidic fraction was as potent as the
119  akaloid fraction against susceptible H. contortus larvae (Fig. 2a, supplementary Table 4). E063
120  total seed extract could inhibit the susceptible H. contortus L3 with the same magnitude as the
121 10uM levamisole solution (99.3% + 0.06% and 82.8% + 0.06% mean inhibition for levamisole and
122 EO063 total extract respectively after accounting for migration plate effect, z-score = -2.84, P =
123 0.09).

124  Alkaloids recovered from ENERGY were significantly more potent than levamisole at inhibiting
125  the migration of the resistant isolate (24.3% + 0.07% inhibition difference, z-score =3.72, P = 5.1 x
126 107, Fig. 2b, supplementary Table 4).

127  Lupin seed total extracts and alkaloid fractions also significantly inhibited Teladorsagia
128  circumcincta infective larvae (Fig. 2c, supplementary Table 4).

129  Altogether these results confirmed the potential of ENERGY and E063 alkaloids as potent
130 anthelmintics against major trichostrongylid of small ruminants and their ability to control
131  multidrug-resistant H. contortus isolate.

132

133  Alkaloids of ENERGY and E063 lupin varieties are different and do not exert the same

134  anthelmintic activity
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135  To investigate the difference in the anthelmintic effects exerted by EO63 and ENERGY alkaloids,
136  chromatographic analyses were performed on their respective alkaloid fractions (Fig. 3a). Lupanine
137  was the most abundant akaloid in both cases (21.5% and 49.5% for ENERGY and E063
138  respectively, supplementary Table 5). ENERGY akaloids exhibited a more complex alkaloid
139  profile (five major alkaloids identified) than EO63 alkaloids (Fig. 3a).

140  Importantly, the qualitative differences in alkaloid profiles between varieties were also associated
141 with contrasted inhibitory effects: estimated ENERGY alkaloids 1Cso were at least 2 mg/mL lower
142 than for E063 alkaloids across H. contortus isolates (differences in 1Csy between varieties of 4.76
143 mg/mL, P<10* and 2.79 mg/mL, P = 0.03 for the drug-susceptible and resistant isolate
144 respectively; Fig. 3b, supplementary Table 6).

145  To further delineate the inhibitory effect of alkaloids, a concentration response assay of lupanine,
146 i.e. the major akaloid, was implemented against the susceptible H. contortus isolate
147  (Supplementary Fig. 1). While infective larvae responded in a dose-response fashion after
148  levamisole exposure (1Csp = 1.61 uM), the lupanine-induced inhibition increased in a linear fashion
149  with lupanine concentration, was highly variable and did inhibit less than 25% of the control
150  migration (Supplementary Fig. 1).

151  These observations would favour a more potent alkaloid mixture in the ENERGY seeds than in the
152 E063 variety, but lupanine alone could not explain the observed anthelmintic activity.

153

154  ldentification of alkaloidic compounds and evaluation of their anthelmintic activity

155  As lupanine, the most abundant lupin alkaloid, was not underpinning the observed anthelmintic
156  effects of ENERGY akaloids extract, a Centrifugal Partition Chromatography (CPC) pH zone
157  refining process was used to identify active compounds (supplementary Fig. 2, 3). Ten simplified
158  fractions were obtained (supplementary Fig. 2, 3). Initia screening of their potencies against H.
159  contortus by a larval migration inhibition assay revealed that four fractions (7 to 10) were highly

160 active (supplementary Table 7). These akaloid-only fractions could inhibit between 61.2 + 5.2%
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161 and 93.6% + 3.7% of larval migration of both drug-susceptible and multidrug-resistant isolates
162  (supplementary Table 7). HPLC analyses indicated that lupanine was not found in any of these
163  fractions but in fraction 5, the potency of which was more limited, i.e. 20% and 42.3% inhibition at
164 2.5 mg/mL for the susceptible and multidrug-resistant isolates respectively, in agreement with
165  observations made for synthetic lupanine (supplementary Fig. 1).

166 These four most active fractions (7 to 10) were then purified by semi-preparative HPLC
167  (supplementary table 5) which yielded six pure alkaloids (compounds 1 to 6; Fig. 4). Because of the
168  limited amount of compound available, their anthelmintic activity was tested using an Automated
169  Larval Migration Assay (ALMA) at concentrations ranging between 250 and 150 pg/mL (Fig. 4).
170  Among the six tested compounds, compounds 5 and 6 did not significantly inhibit drug-susceptible
171 H. contortus larval migration (P = 0.2 and 0.5, W = 2 and 4 respectively; Fig. 4). Larval migration
172 after exposure to other compounds was significantly inhibited falling to 53.6% + 3.42% s.d.
173 (compounds 1) to 76% * 9.68% s.d. (compounds 4) of control larval migration (P = 0.05, W = 0,
174  Fig. 4). Compound 1 was also a significant inhibitor of multidrug-resistant larvae which reduced
175  their migration to 62.4% + 2.88% s.d. (Fig. 4).

176 LC-ESI-MS analysis was performed to identify compound structures by comparison with the
177 litterature. Compound 1 was identified as 13-angeloyloxy or 13-tigloyloxy-lupanine (Fig. 4).
178  Compounds 2 and 4 were identified as sparteine-derivatives, i.e. an oxidated analogue of sparteine
179  (epiaphylline, 17-oxosparteine or 17-oxoisosparteine) and 7-hydroxysparteine respectively (Fig. 4).
180  Compound 3 structure was compatible with multiflorane or N-Methyldehydroalbine (Fig. 4).

181  Analytical chemistry combined with the recently developed ALMA unravelled lupanine- and
182  sparteine-derivatives as promising novel chemotherapeutics underpinning the anthelmintic potential
183  of ENERGY seed extracts.

184

185  Electrophysiology reveals an antagonistic mode of action of lupin alkaloids on nematode

186  nicotinic acetylcholine receptors
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187  To elucidate the mechanisms underpinning lupin alkaloids anthelmintic activity, we investigated
188  their interactions with AChRs. We expressed recombinant AChRs, i.e H. contortus and
189  Caenorhabditis elegans levamisole receptors (Hco-L-AChR-1, Cel-L-AChR respectively) and the
190  nicotine-sensitive C. eegans receptor (Cel-N-AChR) in Xenopus laevis oocytes and perfused them
191  with ENERGY and E063 extracts as well as lupanine, the most abundant alkaloid lupin extracts
192 (Fig. 5, supplementary Table 8).

193  The application of lupin seed extracts to the oocytes expressing either Hco-L-AChR-1, Cel-L-
194  AChR or Cel-N-AChR never induced any currents thus ruling out a direct agonist effect. However,
195 pre-incubation of X. laevis oocytes with ENERGY and E063 extracts significantly blocked the
196  subsequent acetylcholine-elicited currents for every receptor subtype (Fig. 5a, b). The inhibition of
197  ACh-induced current was significantly higher with ENERGY alkal oids than with E063 alkaloids for
198  Hco-L-AChR-1 (91 + 4% s.d. versus 65 + 9.6% s.d., P = 0.03, paired Wilcoxon's test = 0; n = 6;
199  Fig. 5b). The magnitude of this effect was more reduced for Cel-N-AChR (87.5 + 11.2% s.d. versus
200 64.3+23.7%s.d., P =0.06 paired Wilcoxon's test; n = 4; Fig. 5a). These antagonistic effects were
201  completely reversible after wash (Fig. 5a).

202 Because of ther limited respective amounts, it was not possible to undertake both ALMA and
203  electrophysiology measurements with alkaloid compounds 1 to 4. Lupanine is the main alkaloid in
204  both investigated lupin varieties. Despite its lack of direct anthelmintic effect, it was considered
205  further for electrophysiology study to gather insights on the mode of action of its derivatives.
206  Concentration-response assay demonstrated that Cel-N-AChR was more sensitive to the lupanine
207 inhibitory effect on ACh-elicited currents (ICso = 116.5 £ 9.7 uM; Fig. 5¢, supplementary Fig. 3 and
208  supplementary Table 8) whereas a similar inhibitory potential of this alkaloid was observed on
209 levamisole- and nicotine-sensitive receptors (1Cso = 539.9 + 90.2 uM and 548.8 + 64.1 uM for Hco-
210 L-AChR-1 and Cel-L-AChR respectively; Fig. 5¢, supplementary Fig. 3 and supplementary Table

211 8).
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212 Lupanine-mediated antagonism was further investigated by comparing ACh concentration-response
213 inthe absence and in the presence of 300 uM lupanine (Fig. 5d, supplementary Table 8). This assay
214  yielded 3.71- to 5.95-fold increase in ACh ECs values for Hco-L-AChR-1 (ECsgacr = 4.8 + 0.5
215 UM versus ECsoach + s00um Lup] = 28.6 * 8.4 uM, P = 0.005, t = -2.83) and for Cel-N-AChR
216 (ECsopac = 21.7 + 0.9 UM versus ECsoacheaooum Lup) = 80.6  27.5 uM; P = 0.034, t = -2.14). The
217  same tendency was observed for Cel-N-AChR but was not significant (ECsojacr) = 19.6 £ 1.7 uM
218  versus ECsoachesooum Lupp = 99.1 + 47.8 uM; P = 0.1, t = -1.66; Fig. 5d). This variation in
219  acetylcholine affinity across al three receptors is a typical feature of competitive antagonism.
220  Finally, we observed an 81% drop-off in the maximum amplitude of ACh-elicited currents for the
221  Cel-N-AChR whereas this maximal current was less affected (38% diminution) for levamisole-
222 senditive receptors (Fig. 5d). This would be in favour of a non-competitive antagonism.

223  Altogether these results suggested that ENERGY potency is mediated by an antagonistic mode of
224  action of its alkaloid content. Electrophysiology also revealed striking differences between the
225  sendtivity of nicotine-sensitive AChR subtypes to lupanine that may underpin the inhibitory
226  potentia of lupin extracts against the multidrug-resistant isolate.

227

228 Invivotest on growing sheep and dairy goats

229 The last step of our study was to establish whether ENERGY crude seeds could be used as a
230  nutraceutical. Homogeneous groups of growing sheep and dairy goats (supplementary Table 9) fed
231 with lupin were subjected to experimental infection and their performances compared to respective
232 controls fed with their classical diet (supplementary Table 10). Quantity of lupin in diets (250g/day
233 and 450g/day for ewes and goats respectively, supplementary table 10) was maximized but
234  constrained to feed animals with diets balanced for protein and energy requirements. As a result of
235 the infection by H. contortus, Faeca Egg Count (FEC, Fig. 6a, b) increased throughout the

236  experiment and reached maximal values at 30 days post-infection (dpi) whereas parasitic-mediated
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237  blood losses inflected haematocrit values (1.83% + 0.45 and 1.5% + 0.44 differences relatively to
238 18 dpi for ewes and for goats across conditions, Fig. 6¢, d).

239  FEC did not show significant differences between lupin-fed and concentrate-fed animals suggesting
240  lupin seed did not affect H. contortus within its host (P = 0.84, y{ = 0.039 for ewes; P = 0.55, y; =
241 0.36 for goats; Fig. 5a, b). On the contrary, ewes fed with lupin had higher FEC values at 30 dpi
242 than their concentrate-fed counterparts (116 eggs/g difference between groups, P = 2 x 1073, tes =
243  3.2; Fig. 6a). Also, lupin seeds did not delay the onset of egg excretion in sheep or goats and did not
244 alter the larval development rate measured that both remained similar between lupin-fed and others
245  in ewes and goats (supplementary Table 11).

246  Ewes resilience was not different between both groups as similar haematocrits were found
247  throughout the challenge (P = 0.10, y# = 2.68; Fig. 6b). However, goats exhibited a slightly
248  different pattern: the overall trend in blood losses was not significantly different between diets (P =
249  0.75, y; = 0.10; Fig. 6¢) but blood losses were significantly reduced in goats fed with lupin at 30
250  dpi (2.41% + 0.63 difference in haematocrit between both groups, P = 3 x 10, te = 3.86; Fig. 6¢).
251  This would suggest an increased resilience in dairy goats fed with lupin seeds. But this increased
252  resilience was not observed for production traits. Growth rate deteriorated in infected ewes fed with
253 lupin seeds (-122 g/day 46.1, P= 0.01, t3 = -2.644; Fig. 6€) and goat milk yield remained unchanged
254 between groups throughout the experimental challenge (P = 0.83, F3 4 = 0.3; Fig. 6€).

255  Despite the promising compounds harboured in ENERGY lupin seeds, these observations suggest
256  that commercial lupin seed cannot be used to control major H. contortus infection in growing ewes
257  at the dose tested in this setting. Still, it may contribute to dampen blood losses suffered by infected

258  goats.
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259  Discussion

260 We provide first line of evidence to support the anthelmintic properties of lupin seed extracts
261  against parasitic nematodes. The seed alkaloid content was mediating an anthelmintic effect which
262 was conserved across drug resistance status and trichostrongylid species. Analytical chemistry
263  revealed four lupanine- and sparteine-derivatives as the most promising novel anthelmintic leads.
264  This anthelmintic effect could result from both competitive and non-competitive inhibition of
265 parasitic nematode acetylcholine receptors as suggested by electrophysiology data. Furthermore,
266 commercia lupin variety conferred increased resilience to H. contortus infected dairy goats but had
267  no direct effect on faecal egg excretion or larval development rate.

268  Lupin seed alkaloids could hence contribute to the development of novel compounds able to break
269  resistance as observed inhibitory effects were shared across trichostrongylid species. This finding is

31-34
€

270 in line with previous works in helminths of veterinary or medical importanc or plant-parasitic

271 nematodes®™%*

that also evidenced the anthelmintic potential of plant extracted akaloids. Our
272 results also suggested that lupin extracts would control multidrug-resistant field isolate, which is an
273  important consideration given the threat to sustainable control impeded by such isolates worldwide,
274 including Europe®.

275  Electrophysiology of nematode recombinant receptors in Xenopus oocytes contributed to resolve
276  some of the molecular bases underpinning the lupin seed extract inhibitory effects. While lupanine
277  exerted similar antagonistic effect against cholinergic receptors, concentration-response curves
278  suggested contrasted pharmacological interactions of lupanine with levamisole- and nicotine-
279  senditive receptor subtypes. Of note, ECs, shifts observed for levamisole-sensitive receptors would
280  suggest a reversible competitive antagonist mode of action, whereas currents measured on Cel-N-
281  AChR suggests that lupanine acts as a non-competitive antagonist. As these cholinergic receptors
282  control muscle cell contractions at neuromuscular junctions, the resistance breaking effect of lupine

283  seed extracts may be mediated by the simultaneous action upon severa receptor subtypes. This

284  hypothesis underscores the importance of nAChRs for the development of novel anthelmintic
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285  compounds® and highlights the need to investigate the putative modulatory effect of lupin alkaloids
286  on other nematode ligand-gated ion channel subtypes.

287  Resolving the contribution of AChRs antagonism to the observed anthelmintic effects would require
288  additional experiments that are beyond the scope of this study. For such experiment, the knock-
289  down of acetylcholine receptor expression by RNA interference® in parasitic larvae before further
290  exposure to lupin alkaloids could be a method of choice. However, our results indicated that the
291  EO063 enriched alkaloidic fraction was not necessarily exerting as much inhibition as the total seed
292  extract and that significant larval migration inhibition was associated with the non-alkaloid seed
293  extract in that case. This suggests that lupin seed extracts may contain chemicals which would have
294  additional effects on parasitic larvae. It may be speculated that some non-alkaloid compounds, like
205  flavonoids, could prevent alkaloid metabolism by the parasite as this is the case with ivermectin®.
296  Thiswould explain the relatively low effect observed for lupanine on larval migration that contrasts
297  withits clear antagonistic effect on cholinergic receptors.

298  Results from the in vivo experiment were also promising regarding the nutraceutical potential of
299  lupin seeds. Unlike akaloid-rich lupin varieties, commercial lupin seeds contain only traces of
300 alkaloids™ that are responsible for seed bitterness *, hence making lupin seeds palatable enough for
301 livestock species'™®® as observed in our trial on ewes and goats. Despite the lack of beneficial
302 effects in ewes and the similar egg excretion levels monitored between diets, blood losses were
303 lessened in goats at the end of their challenge. Lupin seeds could hence contribute to better sustain
304 H. contortus-infected goat welfare; its omega-6 fatty acids content might underpin a beneficial pro-
305  clotting effect as seen in hens®. However, the residual alkaloid content harboured in commercial
306  lupin seeds does not seem to suffice to exert any direct anthelmintic effect, especially in ewes which
307 received less seeds in this trial beause of their reduced ingestion capacity. Additional developments
308 are hence required to deliver lupin-based solution to breeders. Selection of lupin varieties with
309 higher alkaloid contents added to livestock diets could be an option as well as the combination of

310 lupin seeds with tannin-rich forages.
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311  In conclusion, we provided first evidence of lupin seed anthelmintic properties against major
312  trichostrongylid of ruminants and identified lupanine- and sparteine-derivatives as the likely active
313 compounds. Our results aso suggested that alkaloid compounds act as antagonist of parasitic
314  cholinergic receptors. While lupin seed did not contribute to reduce parasite egg excretion in
315  experimentally challenged ruminants, it increased goat resilience. Lupin seeds may hence serve as a
316 nutraceutical to increase the sustainability of ruminant farming by both contributing to limit
317 anthelmintic usage and supplying protein requirements. More importantly, alkaloid compounds
318  harboured in commercial lupin seed provide a working basis for the development of novel

319  anthelmintic compounds able to break drug resistance in the field.

320
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321  Materialsand methods

322 Ethicsstatement

323  Animal experiment was approved by the Centre Val de Loire Ethics committee (Licence number
324  APAFIS#2224-2015100917282331 v2) and carried out according to EU regulation on animal
325  experiment (2010/63/UE).

326

327  Lupin speciesand varieties

328 An initial screening for anthelmintic activity was performed on 11 populations of lupin seeds,
329 encompassing four different species, i.e. L. albus, L. angustifolius, L. luteus and L. mutabilis that
330 exhibited either high or low alkaloid content (Supplementary Table 1). Alkaloid-rich seeds are not
331 commercialy available and were provided by the national biobank for proteaginous plants (CRB
332  Protéagineux, INRA, Dijon, France) as well as the LANG172 and LL0O49 varieties. Other
333 commercia varieties with low alkaloid content, namely CLOVIS, ENERGY, and ORUS were
334  provided by Jouffray-Drillaud (Lusignan, France).

335

336 Lupin seed extract preparation

337  To prepare lupin seed aqueous extracts used in the initial screening, seeds were crushed into powder
338  and incubated within water (1/5 w/w) during 48h at 20 + 2 °C. Agueous extract was then filtered on
339  cotton mesh before being frozen and lyophilised. For parasitological tests, lyophilised extracts were
340 diluted in water at 5 mg/mL and filtered through 0.2 um mesh to increase solution transparency and
341  prevent the obstruction of the migration mesh, thereby preventing any interaction with the larval
342  migration assay.

343

344  Alkaloid extraction, fractionation and identification

345  Lupin alkaloids extraction protocol was adapted from previous work®. Lupin seeds were crushed

346  and extracted five times with HCI 0.5 M (1/6, w/w), before pH adjustment to 12 with 40% NaOH
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347  and three subsequent extraction with CH,Cl; (6:1, v/v). Resulting organic phases were pooled, dried
348  with MgSO, and concentrated under vacuum before three additional extractions with HCI 0.05M
349  (3:1, v/v). Residual traces of CH,Cl, were eliminated by evaporation under vacuum, and the
350 resulting aqueous alkaloidic extract was freeze dried.

351  Compositional insights on the alkaloidic fractions was subsequently inferred by ultra-high-
352  performance thin layer chromatography (UHPLC). For UHPLC, mobile phases were solvent A
353  0.1% TFA in water and solvent B acetonitrile. Gradient was set by raising acetonitrile content from
354 0% to 100% in 15 min and maintained for 2 min, with a flow rate of 0.8 mL.min-1, and oven
355 temperature set at 40°C. Chromatogram was monitored at 205, 220 and 305 nm. Calibration curve
356  was derived using 5 pL of 200, 400, 600, 800 and 1,000 pg/mL lupanine perchlorate (Innosil,
357  Poznan, Poland) solutions. Lupin agueous maceration or alkaloids extract were solubilized in water
358 toobtain afinal concentration between 1 and 20 mg/mL as requested.

359 To identify the alkaloidic compounds harboured by Energy seeds, crude alkaloids extract (1.9 g)
360 obtained from 3.2 kg of seeds were fractionated using Centrifugal Partition Chromatography (CPC)
361 in pHzone refining mode with a biphasic solvent system in descending mode (Methyl terbutyl
362 ether/n-Butanol/water, 23:32:45, v/viv). Triethylamine (29.4 mM) was used as a retainer in organic
363 stationary phase, and HCl (3.3 mM) was used as a displacer in agueous mobile phase.
364 Chromatographic parameters were set as follows: flow rate 6 mL.min-1; rotation speed 1400 rpm;
365 back pressure 40 bars; stationary phase retention 70%. Resulting fractions were purified using semi-
366 preparative HPLC with the same UHPLC chain (See supplementary material). Isolated alkaloids
367  were then analysed using mass spectrometry (LC-ESI-MS) as described esewhere™. Compounds
368  structure were proposed according to retention time combined with m/z and fragmentation profile
369 by comparison with literature™.

370

371 Larval migration inhibition assay test (LMIA)
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372 Parasite material was maintained by the INRA animal parasite nematode collection™. Two H.
373  contortus isolates with contrasted resistance status, i.e. susceptible or resistant to every licensed
374  anthelmintic compound in France (benzimidazoles, levamisole, macrocyclic lactones) were used.
375  To establish whether lupin effect was conserved across GIN species, a fully susceptible French
376  Teladorsagia circumcincta isolate was also used for in vitro testing. For every test, infective larvae
377 were exsheathed with 0.5% hypochlorite solution and rinsed thrice with water before subsegquent
378 incubation in 5 mg/mL solutions of either crude maceration, alkaloidic fraction or non-alkaloidic
379 fraction, levamisole (10 uM) or water, for 18h at 20°C. At the end of the incubation period, 100 L3
380  were deposited on migration plates with 20 pm mesh at 38°C for 2h as described elsewhere®’.
381 Typically, for each variety of the initial screening on 11 varieties, three replicates were made and
382 normalized by six control observations. Dose-response assays were run with six control replicates
383  and four replicates by concentration tested (0, 5, 7.5 and 10 mg/mL for EO63 alkaloidsand 0, 2, 4, 6
384 and 8 mg/mL for ENERGY alkaloids).

385

386 Automated Larval Migration Assay (ALMA) for theisolated alkaloid from ener gy seeds

387 Because of the scarcity of fractionated alkaloidic compounds (2.7 to 12.8 mg), their anthelmintic
388 effect on infective H. contortus larvae was measured using ALMA. This technic relies on larval
389  auto-fluorescence generated through ultraviolet excitation®. Every alkaloidic compound was
390 incubated for 4 hours a 20°C with 7,500 H. contortus infective larvae each. Larvae were then
391 passed through a 207 Tum sieve and left for a 60 s stabilization time before migration into the
392  spectrofluorimeter cuvette. Cumulative fluorescence resulting from larval migration into the cuvette
303 and correlating the total number of larvae™ was recorded during 5 min. Each set of experiment
394 was performed in triplicate at a concentration of 250 pug/mL but for compound 2 (150 pg/mL).
395 Levamisole 10uM was used as a positive control.

396

397  Xenopus laevis oocyte electr ophysiology
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398 The lupanine and akaloid extracts from lupin seeds were perfused on defolliculated X. laevis
399  oocytes (Ecocyte Bioscience, Dortmund, Germany) expressing either the nicotine-sensitive nAChR
400  subtype from Caenorhabditis elegans (Cel-N-nAChR) encoded by acr-16* or the levamisole-
401  sensitive nAChR subtype 1 (Hco-L-nAChR1) from H. contortus encoded by unc-29.1, unc-38, unc-
402 63 and acr-8%° respectively. Expression of recombinant NAChRs was achieved by microinjection of
403  cRNAs into the oocyte cytoplasm and two-electrode voltage-clamp recordings were carried out as
404  previously described®.

405  In any case, acetylcholine was applied first to check for the presence of functional NnAChRs and for
406 current normalization in presence of lupanine or alkaloid extracts. Antagonist modulation of
407  acetylcholine-elicited current was determined by pre-application of lupanine or alkaloid extracts for
408 10 seconds, followed by their co-application in the presence of acetylcholine.

409  Datawere collected and analysed using pCLAMP 10.4 package (Molecular Devices, UK).

410

411  Invivotesting

412  Any nutraceutical should show in vitro anthelmintic activity, be palatable and exert its effect in the
413 infected hosts”™. To test the last two properties, 48 female Romane ewe and 48 Alpine dairy goats
414  were alocated to four experimenta groups corresponding to possible meal composition and
415  infection status (L up-Inf: lupin-fed and infected; L up-Ninf: lupin-fed and not infected; Conc-Inf:
416  concentrate-fed and infected; Conc-Ninf: concentrate-fed and not infected). Dietary
417 supplementation with protein can increase host resilience to H. contortus infection®. Therefore,
418 lupin- and concentrate-diets were designed to be balanced in their total energy and protein content
419  (supplementary Table 10) and to fulfil animal nutritional needs (a growth rate of 150 g/day for ewes
420  and a 3.1 kg/day milk production for goats)™. Lupin- and concentrate-diets were similar in energy
421 (around 1,580 and 3,600 kcal NEL, for ewes and goats respectively), proteins (around 13% and
422  14% CP, for ewes and goats respectively) and fibers (around 20% and 22% CF, for ewes and goats

423 respectively).
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424  The experimental infection was run indoor and was set up to mimic field chronic infection. It
425  consisted in afirst infection with 5,000 H. contortus larvae that lasted 30 days before animals were
426 treated (ivermectin for ewes, Oramec®, 2.5 mL/10 kg bodyweight, Merial, France; fenbendazole for
427  goats, Panacur 2.5% NDV, 10 mg/kg, MSD, France) and left indoors for 15 days. A second
428  challenge then took place with 5,000 H. contortus and blood and faecal samples were taken just
429  before infection, at 18-, 21-, 24- and 30-days post-infection (dpi) onwards to measure haematocrit
430 and Faecal Egg Count (FEC). Ewes were weighted at every time point and goat milk production
431  was recorded (morning milking) at O, 21 and 30 dpi. To evaluate any putative effect of lupin on
432  larval development, faecal samples (10g) were collected at 30 dpi from the two most infected
433  individuals, mixed together and allocated to six culture batches incubated for 12 days at 25°C and
434 60% humidity). Infective third stage larvae were then enumerated and the ratio between observed
435  and expected (derived from the total number of eggs used for incubation) number of larvae, i.e.
436  larval development rate was derived.

437

438  Statistical tests

439  Theinhibitory potential of each variety was computed as.

No.treated migrated larvae

=1-
p Average No.control migrated larvae

440  This proportion was subsequently regressed upon variety and parasitic isolate, simultaneously
441  accounting for the migration plate effect fitted as a random effect with the Ime function of the R
442 software v3.5>*. Model diagnostics was run to check for residual normality and detect putative
443  outliers that were discarded accordingly. Post-hoc comparisons accounting for multiple
444  comparisons between tested effect levels were performed using a Tukey’s test implemented with
445  the multcomp package v1.4-8%.

446  Dose-response data were modelled as log-logistic regression with two, i.e. the curve slope and the

447  associated median excitatory (EC50) or inhibitory (IC50) concentration using the drc package v3.0-
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448 1% A third parameter was added for electrophysiology data modelling to account for differencesin
449  maximal response values.

450 Linear regression of FEC and haematocrit upon experimental group, day post infection and their
451 interaction considered as fixed effects and individual as a random effect was implemented with the
452 Ime function of the R v3.5 software®®. To account for group heterogeneity in haematocrit at the
453 beginning of the 2™ infection (FEC were O for every individual at O dpi), basal haematocrit level
454  measured at O dpi was used as covariates. Average daily gain was computed for every ewe as the
455  difference between weights at 30 and O dpi divided by the number of days, and recorded milk
456  production volumes were summed for each goat as a proxy for their total volume. Both traits were
457  regressed upon experimental group accounting for an individual random effect. Every measured
458  trait but FEC was normally distributed (assessed by Shapiro-Wilk's test values of 0.85 and 0.81 for
459  average daily gain and transformed FEC, and above 0.96 for other traits). FEC were thus applied a
460  fourth-root transformation to correct for normality departure.

461  Average prepatent period length and larval development rate were compared between diets within
462  speciesusing a Wilcoxon’s test.

463  Unless stated otherwise, average estimates are reported with their standard error (s.e.m.).
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464 Data availability

465  Data have been provided as supplementary information. Raw data are available upon requests to the
466  corresponding author.

467
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616  Figurecaptions

617  Figurel. Initial screening highlights ENERGY and E063 as the maost potent varieties

618  Figure depicts the average percentage of larval migration inhibition (relative to negative control)
619  measured on drug-susceptible (x-axis) and drug-resistant (benzimidazole, levamisole, ivermectin; y-
620  axis) Haemonchus contortus isolates exposed to 11 lupin varieties seed total extracts. Lines show
621 standard deviation measured from three replicates. Green dots stand suitable for commercialy
622  available varieties.

623

624 Figure 2. Comparative inhibitory potential of ENERGY and EO063 lupin seed total extract,
625 alkaloidic and non-alkaloidic fractions

626  Picture depicts observed inhibitory effects of lupine seed extracts (expressed as the percentage of
627 observed migration relative to negative control) on drug susceptible (a), multidrug resistant H.
628  contortus (b) and susceptible T. circumcincta (c) infective larvae migration after exposure to
629 different solutions. “Tot. Extract” stands for total seed extract. Levamisole (10 uM) and water were
630 used as positive and negative controls respectively, and lyophilized extracts were used at a
631  concentration of 5mg/mL. Each condition was run across six replicates.

632

633 Figure3. ENERGY and E063 alkaloids differ in their content and anthelmintic effect

634 HPLC profiles measured at 220 nm (black) and 310 nm (pink) reveal a more diverse alkaloidic
635  content (spikesin profile) in ENERGY (@) than in EQ63 (b).

636 Bottom panels depict the inhibited fraction of larvae relative to control for alkaloid concentration
637  ranging between 0 and 10 mg/mL, for a drug susceptible (c) and a multidrug resistant (d) isolates.
638 Solid line stands for the fitted log-logistic regression curve and shaded area indicates 95%
639 confidence interval (red for E063 and blue for ENERGY).

640
641 Figure 4. ldentified alkaloids and their anthelmintic activity against H. contortus infective

642 larvae
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643  Plotted are the results of the Automated Larval Migration Assay expressed as a percentage of drug-
644  susceptible or drug-resistant H. contortus larvae migrating (relative to negative control; CTL;
645  water) after exposure to six alkaloidic compounds (C1 to C6; 150 pg/mL for compound 2 and 250
646  pg/mL else) or appropriate negative (CTL) and positive control (LEV; levamisole 10 uM). Inferred
647  compound structures are provided next to each plot. Bars represent the median migration fraction
648  and red asterisks indicate compound with significant effects.

649

650 Figure 5. Inhibitory effect of lupin seed extracts from ENERGY and E063 varieties and
651 lupanine on nematode acetylcholine receptor (AChR) subtypes expressed in Xenopus laevis
652  oocytes

653  Figure shows representative recording traces from the Caenorhabditis elegans nicotine-sensitive
654 AChR (a) and the H. contortus levamisole-sensitive AChR (b) after exposure to acetylcholine
655 (ACh) aone or in the presence of ENERGY and E063 extracts. Concentrations (uM) are indicated
656  above each trace. Bars indicate the time period of the drug application (ACh in black and lupin
657 alkaloidsin red).

658 Panel ¢ depicts lupanine concentration-response inhibition curves obtained on Cel-N-AChR (l€ft),
659  Cel-L-AChR (middle) and Hco-L-AChR-1 (right).

660 Panel d displays acetylcholine concentration-response curves either alone (in black), or with 300
661 UM lupanine (in red) on Cel-N-AChR (left), Cel-L-AChR (middle) and Hco-L-AChR-1 (right).

662

663  Figure6. In vivo test of lupin energy seed on sheep and goats challenged with H. contortus

664  Figure shows measured Faecal Egg Counts (a, b), haematocrit (c, d) and production traits (e, f) for
665  growing ewes (a, ¢, €) and dairy goats (b, d, f). Average daily gain is the growth difference between
666 30 and O dpi scaled by the number of days. Milk volume is the sum of three recorded milk yields at

667 0, 21 and 30 dpi. Dots are coloured by experimental groups (Lup-Inf: lupin-fed and infected; Lup-
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668  Ninf: lupin-fed and not infected; Conc-Inf: concentrate-fed and infected; Conc-Ninf: concentrate-

669 fed and not infected)
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