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THESIS SUMMARY

The present study was designed to explore how combination phytoanthelmintic therapy can be
employed to enhance livestock nematode control in goats and sheep. This was motivated by
wide spread emergence of resistant varieties of nematodes and related helminths of livestock
against chemical anthelmintics. Ongoing trend of selection for resistance by livestock
nematodes has led to general anthelmintic failure, urging exploration and potential
implementation of combination anthelmintic phytotherapy as an important option. Selected and
tested plant species in the current study included Allium cepa, Aloe van balenii, Ananas
comosus, Bidens pilosa, Carica papaya, Crinum macowanii, Gunnera perpensa, Nicotiana
tabacum, Ricinus communis, Sarcostema viminale, Trema orientalis, Urtica dioica, Vernonia
amygdalina, Zanthozylum capense, Zingiber officinale and Zizyphus mucronata.. From
preceding studies, anthelmintic activity of plant species in the current project have been linked
to some important macro anthelmintic biochemicals and grouped as such into sub-experiments
(SEPs). These included alkaloids and condensed tannins in SEP 1, flavonoids in SEP 2 and,
proteases and nitrogen compounds in SEP 3. Alkaloids and condensed tannins containing plant
species (SEP 1), included Aloe van balenii, Crinum macowanii, Gunnera perpensa, Nicotiana
tabacum, Sarcostema viminale, Vernonia amygdalina, Zingiber officinale and Zizyphus
mucronata; flavonoid containing plant species (SEP 2) comprised of Trema orientalis, Urtica
dioica and Zanthozylum capense; and proteases and nitrogen compound containing species
(SEP 3), consisted of Allium cepa, Ananas comosus, Bidens pilosa, Carica papaya, and Ricinus

communis.

In vitro studies initially tested oven-dried plant vegetative samples at 10g, 20g, and 40g
equivalent crude extract in 70% ethanol, and concentrated to 100ml for efficacy on mixed
nematode infected Nguni goats and Merino sheep in chapter 3. It sought to test effects of
concentration, plant species, animal species, interaction between concentration and plant
species, interaction between concentration and animal species, and interaction among plant
species, animal species and concentration on efficacy. In SEP 1, animal species (P= 0.0107)
and concentration (P= 0.0005) affected efficacy. Interaction between crude extract
concentration and animal species affected efficacy (P= 0.0127). In SEP 2, concentration
affected (P< 0.0001) efficacy. Animal species affected efficacy (P= 0.0046). Similarly, plant

species affected efficacy (P= 0.0572). There were interactions between concentration and



animal species (P= 0.0010), concentration and plant species (P= 0.0123) and among
concentration, animal and plant species (p= 0.0435). In sub-study (3), animal species affected
(P=0.0004) anthelmintic efficacy. Similarly, concentration affected (P= 0.0002) anthelmintic
efficacy. Additionally, interaction between animal species and concentration also affected (P=

0.0015) anthelmintic efficacy. Aloe van balenii was confirmed to exert anthelmintic activity.

The following in vitro study in chapter 4 evaluated combined efficacy of plant species
possessing similar macromolecule(s), in SEP 1, 2 and 3 on mixed nematode parasites of sheep.
It was aimed at evaluating anthelmintic potency of plant species combination with similar
macromolecules, and how these molecules relate with anthelmintic trait. Sub-experiment one
had twenty one (21) combinations; SEP two, three (3) and SEP three, ten (10). Crude extract
of each plant species was obtained by extracting 4 g dry matter (DM) in 70 % ethanol, and each
experiment ran thrice. Expected combined efficacy computed as (a + b)/2, and simple synergy
(differences between combined and expected efficacies) were also computed. Webb’s synergy
was computed using Webb’s fractional product method. Alkaloids, condensed tannins and
flavonoids contents were quantified and, simple and multiple regression analyses ran to
determine their contribution to anthelmintic efficacy. High efficacies were observed for
combined plant species of SEP 1, SEP 2, and SEP 3 but within sub-experiments were not
different (P>0.05). Simple synergies were mostly positive, with means of 2.5 £ 0.67 % (SEP
1),1.8 £1.19 % (SEP 2), and 2.8 £ 0.30 % (SEP 3). However, Webb’s synergy were largely
negative for SEP 1, SEP 2, and SEP 3, each being lower than zero. Among plant combinations,
in SEP 1, condensed tannin and flavonoid contents were different (P< 0.0001), while alkaloid
contents was similar (0.3037); in SEP 2 condensed tannin (P< 0.009) and flavonoid (P=0.0211)
contents were different but alkaloid contents were similar (P= 0.07); and in SEP 3, condensed
tannin contents were not different (P= 0.4312), while the alkaloid (P= 0.0135) and flavonoid
contents (P< 0.0001) were different. For all these macro-molecules, there was no discernible
association with anthelmintic efficacy. There was potent activity arising from combinations as
exemplified by high efficacy, which in the absence of any correlation is potentially attributed
to activity of all macromolecules and bioactivity of other related phytochemicals. It is
suggestive of a more complex and intricate macromolecular and biochemical interaction in

combinations.

In the following trial in chapter 5, combinations were constituted across groups from the

former. This was aimed at evaluating efficacy and synergistic effects, and additionally,



contribution of alkaloids, condensed tannins and flavonoids to these parameters in vitro in
sheep. Intergroup combinations were thirty two (32) for condensed tannins/alkaloids and
proteases/nitrogen compounds SEP 1; 13 combinations for flavonoids and alkaloids/tannin
plant species in SEP 2; and 15 combinations for proteases/nitrogen compound and flavonoid
containing plant species in SEP 3. Each experiment was run thrice. Extraction of plant species
was done similarly to the former in chapter 3, and dosing mode also retained, but component
plant species in combined pairs were from different SEPs’. Rectal faecal grabs from sheep
collected and pooled to constitute test samples (chapter 4), incubated and cultured similarly.
On day 13, dosing with combined plant species crude extract at 2.5 ml with double dose
concentration of each constituting pair. While some controls were moistened and others treated
with 70 % ethanol to eliminate potential solvent killing effect. Larval isolation was done
following Baermann technique, counting using McMaster slide on day fourteenth. Corrected
mortalities were evaluated following Abott’s formula and adopted as indices of observed
combined efficacies. Synergistic effects were computed following Webb’s method and
alternatively simple synergy from differences between observed and expected efficacies (a +
b)/2. Data was analyzed following general linear model of SAS (2000). Combined efficacies
of SEP 1 related species were not different, but high, mean (95.5 £ 0.12 %). Synergistic
activities were similar (P= 0.3217), with mean (-4.0 £ 0.12 %). No association occurred
between any of alkaloids, condensed tannins or flavonoids with observed efficacy for SEP 1,
2 and 3. Multiple regression analysis to seek any relationship among quantified
macromolecules with efficacy was not useful either for SEP 1, 2 and 3. Efficacy of
combinations SEP 2 were not different (p= 0.4318). Synergistic means were not different (P=
0.2685), but negative (-5.4 £ 0.34 %). Observed efficacy of combinations in SEP 3 were similar
(P=0.5968) and high, mean (95.8 = 0.04 %). Webb’s synergy was not different (P= 0.6264)
and had mean (-3.8 £ 0.04 %). All synergistic means were negative. Crude extracts of all
combinations exhibited anthelmintic activity, but could not be attributed to any specific
macromolecule(s). Evidently, there is more to the active principles involved than has been
examined in the current study, warranting a more detailed study in succeeding chapter 6.

All selected plant species were analyzed for phytochemical composition using GC/MS, in
search of anthelmintic and other related biochemicals. Four grams (4 g) dry matter (DM) of
each species vegetative material was extracted in 70 % ethanol, 2 pl injected into a
chromatoprobe trap, and analysed for biochemical composition. Compound identification

carried out using the NIST05 mass spectral library and comparisons with retention times of
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chemical standards done. Where available, comparisons between calculated Kovats retention
indices and those published in the literature were done. Clean chromatoprobe traps run in
GC/MS as controls to identify background contamination. Compounds present at higher or
similar percentages in controls were contaminants and excluded from analysis. For
quantification, each peak area in each sample was quantified and converted to percentage of
emission, and emitted mass in Nano grams. Phytochemicals identified belonged to aldehydes,
amines, sulphur compounds, nitrogen compounds, Ketones, aliphatic acids, benzenoids,
alcohols, lactones, amides, alkaloids, furans and esters. Means were determine, standard
deviation, sum, minimum and maximum biochemical content in Nano grams. Reference to
previous screening and related bodies of work identified and profiled phytochemicals with
anthelmintic and other related biological activities. Fourty six phytochemicals had antibacterial
activity, 42 antioxidant activity, 38 antifungal activity, 24 antiviral activity, and 13 anthelmintic
activity. Allotment of thirteen anthelmintic related phytochemicals according to occurrence in
selected plant species indicated that 2 plants had one, 6 plants had two, four plants had three
phytochemicals, and 4 plants four phytochemicals. It is most plausible that anthelmintic and
other related biological activities exerted by these plant species are closely linked to some
phytochemical(s).

The following study in chapter 7 retained and analysed identified phytochemicals in chapter 6
for their relationship with observed anthelmintic efficacy, simple and Webb’s synergies.
Pearson correlation coefficient was run to explore association of phytochemical candidates
with observed efficacy, simple and Webb’s synergy. Multiple regressions (using a selection
option stepwise) were run to explore the influence of various phytochemicals on efficacy,
simple synergy and Webb’s synergy, by conducting 10 searches to identify any of such
influence. Some phytochemicals had positive influences including (benzofuran, 2,3-dihydro;
pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)-; 2 propenamide; phytol; 5-hydroxymethylfurfural,
furfural) and others negative influences. Some phytochemicals selected to exerted positive
influence, did so on both observed efficacy and simple synergy. Both correlation matrix and

multiple regression relationships pointed to more consortia of phytochemical action.

In chapter 8, this study was designed to evaluate and identify the most effective combined dose
of Allium cepa and Vernonia amygdalina (COMBP1); and Ananas comosus and Carica papaya
(COMBP2) at 50:50 weight for weight relative to positive control, “Zolvix” on natural

nematode infected sheep in vivo. Sheep were fed 1.2 kg each of 4 % urea treated veld hay,
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crushed yellow maize and milled Lucerne hay in ratio 1:1:1. Treatment doses included 5 g, 10
g, 15 g, and 20 g dry matter equivalent extract in 100 ml of 70 % ethanol. Two experiments;
the first, evaluated egg per gram (epg) change post treatment and the second, egg hatch and
larval recovery. Fifty six Merino ewes averaging 45.0 = 0.09 kg were weighed and initial epg
count done. Both parameters used as covariates at allotting sheep to treatment doses and control
of experiment one. Effects of treatment over time, and interaction between treatment and time
on epg were evaluated weekly for 4 weeks. In the second trial, faecal grabs from each treatment
in the former were pooled, mixed and three sub-samples of 4 g incubated and cultured for egg
hatch and larval recovery post treatment on days 1, 14 and 28, relative to negative control from
untreated sheep. Effects of treatment, time and, interaction between treatment and time
evaluated relative to egg hatch and larval recovery. In trial one, for COMBPL, initial sheep
weight were similar, whereas final weight were higher (P< 0.05). Differences between initial
and final weight were similar. Epg preceding dosing and others post treatment at end of weeks’
1, 2 and 3 were lower. Epg at end of week’s 4 were higher (P< 0.05). For COMBP?2, initial
sheep weight preceding treatment were similar, whereas weight post treatment were mostly
similar, but partially higher for treatments 1, (5 g DM equivalent crude extract), (P< 0.05).
Initial epg pre-treatment for COMBP2 were similar (P> 0.05). Mean epgs post treatment at end
of weeks’ 1, 2 and 3 were lower, while that of week’s 4 were higher (P<0.05). In trial two, egg
hatch and larval recovery for COMBP1 were lower for all treatments on day 1 and 14, but
oppositely higher for day 28 (P< 0.05). Mean egg hatch and larval recovery of COMBP2 for
days 1 and 14 were lower, whereas that of 28 day post treatment were higher (P< 0.05). Egg
hatch and larval recovery increased with time (P< 0.0219). Similarly, interaction of treatments
and time resulted to higher egg hatch and larval recovery (P= 0.0496). Treatment trends for

both combinations were seemingly consistent for the first two weeks post treatment.

During experiment one of this project, there were differences in plant species, animal species
(goats and sheep), concentration of plant species crude extract and their interactions in relation
to efficacy. In vitro combination phytotherapy, pairs of plant species carrying similar and
different anthelmintic macromolecules exerted potent efficacy with little or no antagonism,
whereas the same macromolecules did not associate with efficacy. Interaction of biochemicals
in both combinations of plant species containing similar macromolecules, and combinations
involving different macromolecules would most likely have been different though.
Identification of various biochemicals from GC/MS analysis linked anthelmintic and other

related activities to some biochemical candidates, some of which were not macromolecules
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tipped initially to exert this activity. This was suggestive of a wide range of biochemical
interactions among these phytochemicals leading to observed combined anthelmintic activity.
Multiple regression analysis also failed to linked macromolecules to anthelmintic efficacy. In
relation to efficacy vis a vis identified biochemicals, some related positively, while others
related negatively, and such interactions have been associated with exercise of medicinal traits
by plants. It was observed in vivo studies in sheep, that combination anthelmintic therapy of
Allium cepa and Vernonia amygdalina (COMBP1); and Ananas comosus and Carica papaya
(COMBP?2) exerted anthelmintic activity, but most likely required a second dose following fast
waning activity of the first. This will potentially sustain activity longer and improve control. It

is recommended that this be done, as it is critical to advancing research in this area.
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Chapter 1

General introduction

Livestock parasites are a huge source of socio-economic losses to the industry worldwide as a
result of their pathogenic activities (Zajac, 2006; Roeber et al., 2013). The impact of losses to
stocks of global resource-limited farmers is unprecedented (Waller, 1999; Perry et al., 2002),
and central to these, are gastrointestinal (GIT) nematodes (Perry and Randolph, 1999; Waller,
2004: Sargison, 2016a).

Most of these parasites were initially thought to be endemic in the warm wet regions of the
world and in regions with a minimum monthly temperature of 18 ° C and rainfall of 50 mm.
These parasites of livestock now thrive even in the colder and drier parts of northern Europe
(Waller and Chandrawathani, 2005). This spatial prevalence has partly been driven by climate
change (Harvell et al., 2002, Van Dijk et al., 2010; Sargison, 2016a), that has resulted to rising
temperatures that favour pre-infective nematode parasite survival and development. The spread
might have also resulted from the evolution of more adapted nematode species to cold
temperatures. Their occurrence is emphatically global (Torres-Acosta and Hoste, 2008),
though climatic conditions impose various spans to viability of shed eggs and various larval
stages during their external development (Nogareda et al, 2006; O’Connor et al., 2006; Roeber
et al., 2013). The major difference lies in regular warm/hot temperatures and rainfall,
favourable to chronic multiplication, survival and infection in the tropics (Barger, 1999) and
subtropics (Banks et al., 1990) relative to temperate environments (Waller, 1997b). Some
genera have adapted to different climatic regions of the world than others, and are relatively
more prevalent (Nogareda et al., 2006). Nematode parasite of livestock at all levels of infection
generally affect their health and productivity (Perry et al., 2002), impacting negatively on farm
income and profit (Waller, 1997b; Zajac, 2006).

Their effects on livestock have been highly skewed towards grazing ruminants (Zajac, 2006;
Jackson et al., 2012), in both developing (Perry et al., 2002) and developed economies (Perry
and Randolph, 1999), with huge losses recorded (Sykes, 1994; Knox et al., 2006).

Grazing/browsing ruminants are trapped in a cycle of infection, treatment and reinfection from



the range environment (Waller, 1997a). Their negative impact on efficient production of
livestock at low burden is primarily by diverting nutrient resources from production to any of
replacement, repair or outright losses (Coop and Kyriazakis, 2001). Additionally, host appetite
is reduced, leading to insufficient nutrient intake to support production, reproduction, repair
and other metabolic processes. Insufficient proteins ensuing from depressed appetite as a result
of helminth infection, is further exacerbated by loss of endogenous proteins into the
gastrointestinal tract by leakage of plasma proteins. There is also epithelial cell slough off, and
huge quantities of mucoproteins being lost as well (Holmes, 1993; Coop and Kyriazakis, 2001).
The collective pathogenic effects caused by nematode parasites on their host are referred to as
parasitic gastroenteritis (PGE). The extent to which the infected host is affected depends on a

number of factors.

1.1 Factors affecting pathogenicity of GIT nematode parasites of livestock

Generally, nematode parasite species challenge and size of infection are primary drivers of the
type of disease potentially caused to the host animal. The level or magnitude of pathogenicity
is a culmination of a number of secondary factors, some of which include diet, immunological
status, stocking rate and stress, state of pasture and type, temperature and humidity, and

management (Odoi et al., 2007).

1.1.1 Prevailing nematode parasite species in most pastoral ecosystems in the world

Nematode parasite species that are present within different agro-pastoral ecological zones of
the world, are dependent on climatic conditions and their specific capacities to adapt to changes
in temperature and moisture brought about by seasons (Anderson et al., 1978; O’Connor et al.,
2006; Rose et al., 2016). Particular species can no longer be ascribed to specific regions of the
world, because most of them have a global incidence, though with different levels of prevalence
and are often mixed. Additionally, global changes in temperature have also aided the spread
and prevalence of nematode species previously thought to be tropical or subtropical to

temperate regions (Waller, 2004; Harvell et al., 2002; Sargison, 2016a).

Bunostomum species, Haemonchus contortus, Nematodirus battus, Oesophagostomum species,
Teladorsagia circumcinta and Strongyloides species are some prevailing nematode parasite

species of economic importance in temperate climates (Nogareda et al., 2006; Fox et al., 2012);



with H. contortus, Teladorsagia colubriformis and Teladorsagia circumcincta thriving best in
tropical and subtropical regions (Krecek and Waller, 2006; O’Connor et al., 2006; Getachew
etal., 2007). Under hot and dry weather conditions, all three species hardly survive out of their
host in the process of external development (O’Connor et al., 2006).The main species of
nematodes affecting small ruminants in the tropics and subtropics include Haemonchus
contortus, Teladorsagia circumcinta and Trichostrongylus species, all of which belong to the
order Strongylida (Anderson, 2000; Sutherland and Scott, 2010) and share common life cycle
(Levine, 1968). Larval development of Nematodirus species takes place within the egg, setting

it apart from other species of the same order (Roeber et al., 2013).

Haemonchus contortus with its wide distribution in small ruminant herds of the tropical,
subtropical and regions with summer rainfall, is highly prolific and pathogenic (Sutherland and
Scott, 2010). Disease caused to livestock results from L4 larvae and adult worms, which feed
on blood, eliciting anaemia and/or death depending on parasite burden, immunological and
nutritional status of infected animals (Eysker and Ploeger, 2000). Another species of
importance is Teladorsagia species.

Its multiplication is far lower than that of Haemonchus species, and pathogenic effects are
different. Extensive damage is caused by L4 larvae which burrow into parietal cells, forming
nodules in abomasal mucosa. Hydrochloric acid from this site is reduced, resulting to
accumulation of inactive plasma pepsinogen and reduced digestion of proteins. Its pathogenic
effects are commonly seen in lambs, weaners and adults, and there is reduce wool growth in
wool producing species (Donald et al., 1978). Trichostrongylus species is another genus of

economic importance to grazing livestock.

This genus has three main species; T. colubriformis, T. ragatus and T. vitrinus. Pathogenic
effects are caused by L3 larvae which burrow between enterocytes of intestinal villi forming
intra-epithelial tunnels (Beveridge et al., 1989) where they develop to young nematodes.
Migrating growing worms further exert extensive damage to duodenal mucosa. General signs
relating to Trichostrongylus infection include generalised enteritis, haemorrhage, oedema,
plasma protein loss followed by hypoalbuminaemia and hypoproteinaemia (Barker, 1975;
Barker and Titchen, 1982). Nematode parasites broadly either feed on blood or burrow into
gastro intestinal mucosa; both pathogenic activities provoking gastrointestinal enteritis and

relevant specific effects.



1.1.2 Larval/worm burden within host gastrointestinal tract and severity of pathogenesis

Larval/worm burden is critical to the magnitude of disease caused to the infected host (Jackson
and Miller, 2006) and at clinical level of infection are associated with specific signs; though
some of them may be common to most parasite species. Haemonchus species is usually linked
to pathogenic signs including, haemorrhagic anaemia, dark coloured faeces, oedema,
weakness, reduced production of wool and muscle tissue, and at times sudden death at acute
infection. On the other hand, protracted infection with Haemonchus contortus will result to

progression from depressed appetite, through weight loss and anaemia (Taylor et al., 2007).

Clinical infection with Teladorsagia species will cause diarrhoea, weight loss, low weight gain
and decreased wool production (Taylor et al., 2007). Additionally, another important group of
nematode parasites to grazing small ruminants is Trichostrongylus species, which mostly

inhabit the small intestine.

Trichostrongylus species infection is usually associated with extensive damage to the small
intestine, where some species establish, reduced nutrient intake and signs of malnourishment
(Sykes and Coop, 1976). High parasite burden is characterized by prolonged watery diarrhoea,
which stains hind quarters (Levine, 1968). Trichostrongylus axei establishes in the abomasum
and is generally in small numbers. Interaction among nutrition, immune response and health
are important elements that will either render animals susceptible or resilient/resistant to

nematode infection and pathogenesis.

1.1.3 Nutritional status of animal host, immunological status and general health

Nutrition, immune expression and health are intricately connected (Coop and Holmes, 1996,
Athanasiadou et al., 2008); with appropriate nutrition igniting the right link that enables proper
function, integrity and productivity of animal organ system. Livestock in good health will enjoy
a sound immunological status, thereby resisting/beating pathogenic effects of nematode
parasites and other microbial pathogens (Coop and Kyriazakis, 2001). Sufficient nutrients
including protein, essential amino acids, vitamins and minerals, will ensure that important
biological activities in order of metabolic priorities are attended to (Coop and Kyriazakis,
1999). Biological activities include maintenance, growth, reproduction, and combating of



parasitic organisms and their negative effects. This state in essence, allows for integral
biological function that wades off any pathogen establishment and its ensuing pathogenic
activity. Animals in this condition will have the capacity to resist nematode parasite infection
and/or withstand it (Knox et al., 2006), in situations where they are infected. This paints an
ideal picture, but what obtains generally in the tropics and subtropics contrast sharply, with

characteristic poor quality roughages (Leng, 1990; Jackson and Miller, 2006).

Persistent malnutrition of livetock is common in the tropics and subtropics, and where feeds of
good quality are available, the animals are fed insufficient quantity (Waller, 1997a). Either of
undernutrition or malnutrition predisposes livestock to parasite infection and disease attack.
Some of these factors include favourable temperatures for nematode egg hatch and
development, sufficient moisture, degraded and overgrazed pasture, overstocking, stress and

poor management, are predisposing factors to nematode parasite infection.

1.1.4 Environmental factors including state of pasture, stocking rate, management and
stress

Temperature, moisture, rainfall and humidity are important environmental conditions that have
an overbearing influence on development and survival of common ruminant nematode
parasites including H. contorts, Teladorsagia circumcinta and Trichostrongylus colubriformis
outside the host (Temberly et al., 1997, O’Connor et al., 2006). Warm temperatures will
enhance nematode parasite development, while very low temperatures will have the opposite
effect; but moisture is critical to further development to infective stage (Rossanigo and Gruner,
1994). Interaction among environmental factors favourable to nematode egg hatch, larval
moulting and survival (Getachew et al., 2007), will certainly predetermine the potential level
of new infection and reinfection. Closely linked to the environment is the nature and state of

pasture.

Good pasture can be maintained by carefully managing stocking rate, to ensure that the
requisite number of animals are grazed within the appropriate area in order to retain its integrity
(Waller, 2004; Higgins et al., 2007). Non respect of these critical parameters by over stocking
beyond range capacity to sustainably regenerate pasture, will lead to environmental
degradation and greater exposure to parasites. This scenario creates a favourable environment

for parasites to thrive and animals to easily encounter them, since they will be grazing very
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close to the soil. Degraded pasturelands with over grazed pasture, will therefore make for easy
encounter between livestock and nematode parasites, leading to reinfection and new infections
(Waller, 2004), besides poor quality of such pasture. Human input by way of management of
the state of pasture, stocking rate and incidental environmental conditions becomes a critical
input. This important management input either tilts the tide towards creation of favourable
conditions for nematode parasite propagation or mitigation/control. The appropriate option will
be the later, though with very limited control over climatic conditions such as temperature,
rainfall and humidity, since most husbandry activity is outdoor. This leaves us with the singular
option of nematode parasite control, since infection and reinfection can only be mitigated and

not completely prevented (Thamsborg et al., 2010).

1.2 Control of nematode parasites of livestock

Nematode parasite control evolved from the use of plants and plant related products (Waller,
1999; Githiori et al., 2006) to development and widespread modern-day reliance on chemical
anthelmintics (Waller, 1997b; Coop and Kyriazakis, 2001). This followed remarkable growth
of the industry and the quest for more efficient products and easier approaches to mass therapy.
Other related approaches in use include biological control (Larsen, 1999; Waller, 2006b) and
managerial strategies to evade or mitigate livestock nematode parasite contact and infection,
referred to as grazing management control methods or techniques (Barger, 1999; waller,

2006b).The adoption of anthelmintic therapy has not been without major challenges.

1.2.1 Challenges of contemporal nematode parasite control and prospective novel
approaches

The adoption of chemical anthelmintic therapy as the most preferred choice of helminth control
on the merits of relative clinical efficacy (Besier, 2006) in the livestock industry globally, has
been replete with major problems. Selection for chemical anthelmintic resistance has been a
major growing challenge (Kaplan, 2004), not long after its introduction in the livestock industry
and loomed large in the small ruminant sector (Waller, 1999; Kaplan, 2004). It is imperative
that previously adopted control methods that were dropped or no longer commonly used by
most stake holders and novel ones be explored for potential refinement and/or further
development. These have the advantage of diversifying control methods and conserving their

different efficacies, since control will revolve around a number of them.



Other methods of nematode parasite control include phytochemical control using plants and
plant related products (Githiori et al., 2006), biological control using nematophagous fungi
(Larsen, 2006; Ketzis, et al.; 2006), use of vaccines to induce and develop immunity against
nematode parasites of livestock (Bain, 1999; Hein and Harrison, 2005), selection of animals
for genetic resistance against nematode parasites (Stear et al., 2001). Parasitic nematodes
obtain their nutrients/nourishment from the host animals in various ways; some of which are
more harmful than others; leading to various disease conditions. Although a wide range of
nematode species affect livestock, Haemonchus contortus is economically the most important

because of its relative pathogenic nature (Waller and Chandrawathani, 2005).

Fundamentally, these parasites exert a huge impact on the productivity and survival of livestock
(Perry et al., 2002), and demand appropriate measures to keep them in check or possibly

eradicate them.

1.3 Prevailing treatment methods

Several approaches have been adopted to control helminth parasites of livestock (Waller,
1997a), some of which have been dropped in preference for those deemed more effective and
manageable. Anthelmintic therapy/prophylaxis originated from plant related products and their
extracts (Waller, 1999), but has been overwhelmingly abandoned in preference to
chemotherapy (Sargison, 2016b). Strong resurgence of anthelmintic resistance to these
methods and products has re-enkindled interest in previously abandoned ones with room for
improving anthelmintic efficacy, leading us to set this as a main objective for the project that

follows.
1.4 Objectives

The primary objective of this research was to explore how the anthelmintic efficacy of selected
plant species can be optimized by combination phytotherapy in small ruminants. Additionally,
potent combinations that prove to be more efficacious in vivo, will be developed further and
placed at the disposal of the livestock farmer to treat livestock.
The secondary objectives included:
(1) Assay selected plant species, in goats and sheep in vitro, for their individual
anthelmintic efficacy at different doses, as a basis for combination anthelmintic
therapy;



(2) Determination of the most effective dose of every selected plant species in vitro for
both goats and sheep for relative efficacy with regards to concentration, animal species
and their interactions;

(3) Quantitatively determine alkaloids, condensed tannins and flavonoids in selected plant
species as primary putative anthelmintic macromolecules for their potential association
with anthelmintic efficacy;

(4) In vitro evaluation of combined anthelmintic efficacy of constituted plant species
combinations possessing commonly shared putative anthelmintic macromolecules in
sheep;

(5) In vitro evaluation of combined anthelmintic efficacy of constituted plant species
combinations possessing different putative anthelmintic macromolecules in sheep,
and any potential influence of these macromolecules;

(6) Analyse plant species ethanolic crude extracts for their biochemical composition using
GC/MS, and profile identified biomolecules for biological activities.

(7) Biochemicals identified are evaluated for their relationship with important parameters
of healing traits including expected combined efficacy, observed combined efficacy,
simple and Webb’s synergies; and

(8) In vivo evaluation of selected plant species combinations to determine potential
combined doses that will yield least nematode egg shed and, egg hatch and larval
recovery over time in Merino sheep.

1.5 Thesis structure

e General introduction (chapter 1).
e Review of literature related to research project (Chapter 2).

e In vitro anthelmintic efficacy of ethanolic crude extracts of selected plant species
against nematode parasites of goats and sheep (Chapter 3).

e In vitro combined anthelmintic efficacy of selected plant species possessing similar
putative principles against nematode parasites of sheep (Chapter 4).

e Invitro combined anthelmintic efficacy of selected plant species possessing different
putative principles in sheep (Chapter 5).

e Identification of major compounds of selected plant species and their concentrations
using GC/MS, their biological activities including anthelmintic, antibacterial,

antifungal, antioxidant and antiviral activities (Chapter 6).



Influence of identified biochemical molecules on observed combined efficacy and
synergy (chapter 7).

In vivo dose evaluation of selected combinations of plant species in Merino sheep
(chapter 8).

Thesis overview and recommendations for further research (chapter 9).

1.6 Hypothesis

It is hypothesized that combined anthelmintic phytotherapy of small ruminants will not yield

better treatment effects relative to that of single plant species and chemotherapy method.

1.6.1 Subhyptheses include:

1.

It is hypothesized that plant species exerting anthelmintic activity do not have any
effects of concentration, animal species, or interaction of plant species, animal species
and concentration on observed efficacy.

Combination of crude extracts of plant species exerting anthelmintic activity will
produce no synergistic or antagonistic effect and similarly the observed efficacy,
synergy or anatagonism is not related to the alkaloid, condensed tannins and flavonoid
content of the plant species.

Combination of plant species crude extracts containing different anthelmintic
macromolecules will interact to produce no synergistic effects and correspondingly,
plant species content of any or all of alkaloids, condensed tannins and flavonoids will
have no effect on observed efficacy and synergy.

Anthelmintic activity exerted by plant species is an attribute of whole plant species, as
exhibited by species crude extract and will not relate to a specific compound or a group
of phytochemicals.

Phytochemicals and related macromolecules exerting anthelmintic activity, will
associate with observed efficacy, simple synergy and Webb’s synergy. Additionally,
phytochemicals exerting anthelmintic activity will interact with other phytochemicals
to affect observed efficacy, simple and Webb’s synergies.

Dosing of sheep with different concentrations of selected plants species combined crude
extracts will have no effect on egg count per gram, egg hatch and larval recovery.

The study was carried out in the animal section of the University Research Farm at Ukulinga,

using goats and sheep. Laboratory work was done in the post graduate laboratory of Animal
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and Poultry Science and related facilities in the School of Agriculture, Earth and Environmental

Sciences.
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CHAPTER 2

Literature Review

Literature relating to livestock helminths, and specifically gastrointestinal (GIT) nematodes,
epidemiology, global prevalence, control schemes, strategies to mitigate deleterious effects on
animal health and productivity, and potential approaches to enhance these strategies will be
reviewed. This serves as a conceptual basis for possible improvement of one of the pioneer,
most strategic, consumer and environmentally friendly but less implemented and
complementary scheme, ‘Ethnoveterinary control using plants/plant products’. Ethnobotanical
control of livestock nematodes is central to this study. Common bioactive principles in plants
will be explored, as a basis to identify from an extensive body of knowledge potential and

possible anthelmintic principles.

2.1 Global scope and prevalence of helminthiasis in livestock

Gastrointestinal nematode parasite infection represents a major global threat to livestock health
and productivity (Perry et al., 2002; Vercruysse et al., 2006; Waller, 2006a). These parasites
occur in tropical/subtropical (Miller, 1996; Stepek et al., 2004) and temperate environments
(Torres-Acosta and Hoste, 2008), thus affecting stocks across all agro-ecological zones
(Githiori et al., 2004). The free living developing larval stage have various spans of viability,
that is dependent on prevailing climatic conditions such as humidity and temperature
(O’connor et al., 2006; Chaudary et al., 2007).

Infective L3 larvae have survival span under tropical and subtropical conditions ranging from
1 — 3 months, whereas under temperate conditions the life span ranges from 6 — 12 and
sometimes 18 months (Torres-Acosta and Hoste, 2008); when environmental and climatic
conditions are favourable. In tropical/subtropical regions hot and wet conditions shorten larval
survival, whereas in temperate regions, cool weather prolongs it (Barger, 1999), potentially
because of the effect of temperature on metabolic activity. Under drought or frost conditions,
survival span is markedly reduced on both sides of the divide because of the susceptibility of
Ls larvae to both temperature extremes (O’Connor et al., 2006). Gastrointestinal nematode
parasitism has been identified as one of the biggest health challenges of small scale livestock

owners in Africa and Asia (Perry et al., 2002); whose stock are predominantly goats (Capra
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hircus L.) and sheep (Ovis aries L.), (Krecek and Waller, 2006; Devendra and Solaiman, 2010).
Although grazing stocks are generally affected, small ruminants have been acknowledged to
be the most affected (Eysker and Ploeger, 2000; Stear et al., 2007).

Gastrointestinal nematodes affect efficient production of small ruminants (Sykes, 1994),
resulting in major economic losses in the industry at both subclinical and clinical levels (Eysker
and Ploeger, 2000). These losses range from reduced weight gain (Ploeger and kloosterman,
1993; Agarwal and Banerjee, 2007), decrease fertility (Ankers et al., 1998), decrease milk
production (Gross et al., 1999), severe weight loss due to depressed appetite (Anthanasiadou
and Kyriazakis, 2004) and mortality of young vulnerable stock (Over et al., 1992; Eysker and
Ploeger, 2000; Sissay et al., 2007) as a result of blood or plasma protein losses and damage to
the gastrointestinal tract (gastroenteritis). Damage to the gastrointestinal tract (GIT) is usually
caused by Ls and L4 larval activities, which bore, lodge and form tunnels in the mucosa and
submucosa in the process of development to the adult stage. Adult worms in turn exert their
own harmful effects on animal host (Eysker and Ploeger, 2000). The challenge of
gastrointestinal nematode of livestock also affect large scale resource limited farmers in
developing countries (Dhar et al., 1982; Lorimer et al., 1996; Waller, 1997a; Jackson and
Miller, 2006; Sissay et al., 2007), a greater bulk of whom rear small ruminants. Even in
developed economies with sufficient technical support to nematode parasite control, resources
which would have aided further growth and expansion of the industry are directed to the health
sector (Waller, 2006b). This results to economic losses globally. The chronic prevalence of
livestock parasitic nematodes in grazing livestock sector can be attributed to inadequate
knowledge by most stake holders of the epidemiology and poor husbandry practices (Akhtar
et al., 2000; Bidkar et al., 2012), some of which result from shared grazing land and are
unavoidable (Papachristou et al., 2003). The set-up complicates unilateral management
decisions that would effectively disrupt or break the life cycle and stop multiplication and

infection.

Nematode larval growth and development entails exsheathment as it grows, moults and
progresses from external to internal development and establishment within the animal host. It
is explicit that any intervention that interrupts exsheathment, breaks the life cycle and disrupts
potential infection (Dakkak et al., 1981; DeRosa et al., 2005). In this part of the world, grazing
livestock husbandry is primarily done extensively on communal lands (Papachristou et al.,
2003). This common practice renders the implementation of alternative preventive measures,

such as grazing management strategies and other improved techniques to control helminthiasis,
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impracticable. Another case in point is in areas where land is scarce and animals usually return
to previously grazed areas during warm and humid periods, facilitating reinfection (Chaudary
et al., 2007; Sutherland and Scott, 2010). Additionally, modern veterinary support services are
scarce (Wasswa and Olila, 2006; McGaw and Eloff, 2008; Tariq et al. 2009), unaffordable or
absent (Hammond et al., 1979) in most developing economies. The presence and fecundity of
nematode parasitism in the warm wet tropical animal milieu is almost always chronic (Tariq et
al., 2009), considering the prevailing humid environmental climatic conditions and
temperature (Miller, 1996; Taylor et al., 2007). These conditions allow for recurrent substantial
level of egg hatch and survival of free living stages of larval parasite over prolonged periods
or incidentally when climatic conditions favour high egg hatch and development. The
socioeconomic and nutritional benefits expected from the livestock husbandry, some of which
include wealth, essential products such as meat, milk, skin, fibre, vital draft service in some
areas and manure (Coop and Kyriazakis, 2001) will be compromised and lost. There is,
therefore, the need for efficient control in order to retain these benefits. Sustainable supply of
these animal products and related services require that adequate attention be accorded to
livestock health, and more especially nematode control. Greater insight will be gained by

identifying different nematode parasites of economic importance to grazing livestock.

2.2 Classification of nematode parasites and economic importance to ruminant health

Helminths have two broad phyla, Platyhelminths (flatworms) and Nemathelminths
(roundworms) (Soulsby, 1982). Central to this study are the round worms, though the flat
worms also pose a serious health challenge to ruminants, they fall out of the scope of this study.

Nematodes belong to the phylum Nematoda (Hodda, 2007) and comprise of two major classes,
Secernentea and Adenophorea. Secernentea contain major parasites of terrestrial vertebrates,
most of which feature among the following orders: Ascaridida, Oxyurida, Rhabditida,
Spirurida and Strongylida (Strongylids) (Sissay et al., 2007; Sutherland and Scott, 2010). The
order Strongylida includes most of the nematode species that cause gastrointestinal diseases to
ruminants (Sutherland and Scott, 2010). Strongylida contains several superfamilies, with the
superfamily Trichostrongyloidea carrying the bulk of ruminant nematode parasites. They are
small and slender, most of which are 2cm long or less. They possess simple, small mouths,
which enable them to browse the mucous layer in search of small particles of matter, mucus
and dissolve molecules. A few important genera are found in other superfamilies, such as

Ancylostomatoidea and Strongyloidea, which are characterized by a stout nature relative to
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trichostrongyloids. Ancylostomatoidea contains blood-feeding hook worms, while
strongyloidea has a number of plug feeding nematodes, which ingest a plug of host tissue,
digest it into liquid form by enzymatic action in the buccal capsule and swallow. Nematodes
of the class Adenophorea are aquatic and have two important parasites of vertebrates: Trichuris

spp and Trichinella spp. Of special focus are nematode parasites of livestock.

Nematodes of veterinary importance include Haemonchus contortus Rudolphi (1803) (Barbers
pole worm), Ostertagia ostertagi, Ostertagia circumcincta (small brown stomach worms),
Trichostrongylus colubriformis Giles (1892), Trichostrongylus vitrinus Looss (1905), and
Trichostrongylus axei Cobbold (1879) (Emery et al., 1993). Other species of less potency
include, Nematodirus spathiger Railliet (1896), Cooperia curticei Railliet (1983), Bunostomum
trigonocephalum Rudolphi (1808) Oesophagostomum species. Important insight of potential
control strategies will be gained by briefly reviewing the life cycle of most common nematode
parasites. The effect of these nematodes on animal health and production is dependent first on
the species mode of obtaining nourishment and secondly on the infection load. Review of a
typical livestock nematode parasite life-cycle will shed light on the rationale for adopting

control strategies or mechanisms and other potential interventions that aid effective control.

2.3 Life cycle of a typical nematode parasite

Typical nematode parasites of small ruminants have a life cycle (Figure 2.1) that does not
involve an intermediate host, and sexes are distinctly separate (Sissay, 2007). Worms develop
to maturity within host, where breeding occurs, eggs are laid and shaded in faeces. Shade
fertilised eggs hatch into first-stage larvae (L1), which grow under conducive conditions of
humidity and temperature within faecal material. L1 larvae moult into second-stage larvae (L>).
L larvae sustain themselves by feeding on bacteria, and again moult to third-stage larvae (Ls),
which are infective. Ls larvae migrate out of moist faecal material and wriggle up vegetative
portions of pasture; moisture playing an important role in the process and are pick up by grazing
host. When prevailing temperature and moisture are favourable, development from eggs to
infective larvae can take place between 7 and 10 days. This is typical of most tropical or
subtropical environments, and summer periods in temperate areas. Within the host (goat and
sheep) and under normal conditions, Lz larvae moult into fourth-stage larvae (L4), within 3 to
4 days of infecting host and finally moult to young adult parasites between 10 to 14 days
(Soulshy, 1982; Coffey et al., 2007). Pre-patent period (time from infection of host by L3 larvae

to laying of eggs by adult female worms), differ among various nematode parasite species.
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General nemotode life cycle
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Figure 2. 1: General nematode life cycle: downloaded from
http;//www.farmanimalhealth.co.uk

Considering major nematode parasite species of economic importance, such as Haemonchus
contortus, the life cycle ranges between 18 and 21 days (Le Jambre et al., 1970), Cooperia
species between 15 and 20 days (Kaufmann, 1996), Nematodirus species between 15 and 28
days (Lindahl et al., 1970), Oesophagostomum species between 6 and 7 days (Talvik et al.,
1997) and between 20 and 25 days for Trichostrongylus species (Kaufmann, 1996). A review
of most nematode parasite, genera, some specific morphological details, predilection sites,

prepatent periods and major ruminant host are presented in the table below (Table 2.1).
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Table 2. 1: Common genera of nematodes affecting ruminants and some monogastrics,
their predilection sites and pre-patent periods

Family

Genera

Species Morphology

(adult length)

Predilection

site

Prepatent
period
(days)

Ruminant host

Trychostrongyldae

Trichostrongylidae

Molineidae

Trichostrongylidae

Chabrtiidae

Haemonchus

Ostertagia

Teladorsagia

Trichostrongylus

Nematodirus

Coopria

Oesophagostomum

Charbetia

H. contortus &10-20, @
18-30
H. placei, H.

similis

O. ostertagia,
O. lyrata, O.
circumcincta
T.
circumcincta,
T. trifurcate, T.
davtiani

T. axei

T. Less than 1
colubriformis,  cm long
T. vitrines, T.
longispicularis,

T. rugatus

N. battus, N.

filicolis, N.

spathiger, N.

helvetianus

C onchophora,

C. punctate, C.

pectinate, C.

surnabada, C.

curticei

Oe. Radiatum,

Oe.

Colubianum,

Oe.

Venulosum,

C. ovina

abomasum

abomasum

Small
intestine

Large
intestine

18-21

15-21

15-23

15-23

14-15

40-45

42-50

Goats & sheep

Cattle & sheep

Cattle, sheep,
goats, deer,
pigs and horses

Sheep, goats &
cattle

Cattle & sheep

Cattle & sheep

Compiled from Soulshy (1982) and Sutherland and Scott (2010)

2.3.1 Specific effects of nematode parasites and gastrointestinal predilection sites in

livestock host

Nematode parasite gastroenteritis of livestock is generally manifested by clinical signs such

as depressed appetite (Athanasiadou and Kyriazakis, 2004), anaemia, oedema, diarrhoea and

anorexia (Eysker and Ploeger, 2000; Roeber et al., 2013). Infective nematode larval stage and

adults of different nematode species exert different deleterious effect (gastroenteritis) in the
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predilection sites of the gastrointestinal tract where they are lodged. They will be examined in

the section below following their different predilection sites and their effects on animal health.

2.3.2 Abomasal nematode genera

Haemonchus contortus and Haemonchus placei are the main species of this genus.
Haemonchus contortus, is a blood sucking nematode that attaches to the abomasal mucosa via
its mouth parts, causing anaemia and related submandibular oedema (Eysker and Ploeger,
2000). In severe infection it causes death (Besier, 2007; Roeber et al., 2013). Haemonchus spp.
is the most pathogenic and prolific with females producing in the neighbourhood of 10,000
eggs per day (Sutherland and Scott, 2010). Haemonchus c. is mainly a parasite of goats and
sheep, but can occur in cattle and some species of deer while H. placei is a parasite of cattle.
Another species of importance is H. similis, which occurs in cattle and deer in North America
and Europe. Haemonchus spp. generally thrives under warm and moist conditions, and poses
a serious challenge in tropical and subtropical regions of the world (Sutherland and Scott,
2010). Common names include twisted stomach worm, Barber’s pole worm and wire worm.

Adults of these species range between 2 and 3 cm long.

Another abomasal genus of importance is Ostertagia spp. The main species include O.
ostertagi and O. lyrata, both of which are considered as the same species (Sutherland and Scott,
2010). Ostertagia 0. and Ostertagia circumcincta larvae penetrate the gastric glands of the
abomasum of cattle and sheep, before emerging to lodge on the mucosa. Adult worms are
slender, brownish red and about 1cm in length. Ostertagia spp. is less prolific relative to
Haemonchus spp., laying 50 eggs per day. Ostertagia leptospicularis is a primary parasite of
cervids but has been periodically recovered from cattle and sheep. Other abomasal genera

include Teladorsagia spp. and Trichostrongylus spp.

Teladorsagia, comprises of T. circumcincta, T. trifurcata and T. davtiani, all of which occur
in goats and sheep. They are brown and similar in colour to Ostertagia spp. On the other hand,
Trichostrongylus spp. is the smallest of abomasal nematodes. Trichostrongylus axei is the only
species of this genus that has been consistently recovered from the abomasum.

Trichostrongylus axei occurs in cattle, sheep, goats, deer, pigs and horses.

2.3.3 Small intestinal nematode genera
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Trichostrongylus are commonly found in the small intestine and comprises of the following
primary species: T. colubriformis, T. vitrinus, T. longispicularis and T. rugatus. They are less
than 1cm in length and relatively small. Trichostrongylus colubriformis and T. vitrinus are
important parasites of sheep and goats, whereas T. longispicularis is mainly a parasite of cattle.
In subtropical and warmer parts of temperate regions, Trichostrongylus spp. contributes
significantly to ruminant ill health (Sutherland and Scott, 2010). Animals infected with worms
of this genus display very high egg counts due to the prolificacy of the female Trichostrongylus
spp. Nematode worms of this genus are occasionally referred to as black scour worms because

of watery diarrhoea that stains fleece of hind quarters (Roeber et al., 2013).

Another small intestinal genus of significance is Nematodirus, which has N. battus, N. filicollis,
N. spathiger and N. helvetianus as main species. Morphologically, female nematodes of this
genus have narrower anterior relative to posterior, a trait that reflects the prolific egg producing
capacity of the parasite. They are described as thin-necked or thread-necked worms (Sutherland
and Scott, 2010). Nematodirus h. is mainly a parasite of cattle whereas the other species
commonly affect small ruminants. Nematodirus a. infects calves in addition to small ruminants.
Nematodirus spp. is different from other Trichostrongylus in that larvae develop to the
ensheathed Ls stage within the egg. Their eggs are usually large in size and development is

slow.

A third genus of small intestine is Cooperia, which has the following main species C.
oncophora, C. punctate, C. pectinata, C. surnabada (C. mcmasteri) and C. curticei. Cooperia
spp are parasites of cattle and sheep. Cooperia c. is usually recovered from sheep. Cooperia
punctata and Cooperia pectinata have larvae that are more invasive and damaging to animal
health, while the other species are of mild pathogenicity (Taylor et al., 2007).

2.3.4 Large intestinal nematode genera

There are two main genera of nematode parasites that inhabit the large intestine of livestock,
Oesophagostomum and Chabertia ovina. Oesophagostomum comprises of Oe. radiatum, Oe.
columbianum and Oe. venulosum. They are 2 cm in length and described as nodule worms
because of the nodules that develop around larvae that have burrowed into the submucosa of
host intestine. Oesophagostomum venulosum and Oe. columbianum infect sheep, but Oe.
venulosum is relatively more common. Oesophagostomum venulosum is least pathogenic.

Nematode parasites of this genus are plug feeding in nature. Adult parasites have shallow

18



buccal capsules, which mitigate pathogenicity. Oesophagostomum radiatum is a worldwide
strongyloid parasite of cattle. The larvae burrow and encyst in the submucosa of the distal small
and large intestines forming nodules and inflammation. Nodules are subsequently filled with
green oesinophilic pus and become more pronounced at repeated infection or exposure. Clinical

signs include diarrhoea, which follows the emergence of parasite from submucosal burrows.

Chaberta ovina has a large bell-shape buccal capsule that allows the parasite to take large bites
of intestinal mucosa and contrast sharply with Oesopagostomum. It is very pathogenic but the
parasite load is often low. However, as small as 300 adult parasites can cause clinical signs
(Sutherland and Scott, 2010).

Diarrhoea is a common feature of ostertagiosis, trichostrongylosis, nematodirosis (Eysker and
Ploeger, 2000). Control of helminth parasitism of livestock will culminate in improved
gastrointestinal integrity and feed utilization, productivity and general health (Piedrafita et al.,
2010). Haemonchus contortus is the most pathogenic and endemic species in tropical and
subtropical Africa and Asia (Waller, 2003).

Given pathogenic effects of various nematode species that affect grazing livestock and the
threat posed to the economy of stake holders and that of nation states, it is but necessary that

appropriate and effective control strategies be adopted.

2.4 Control of livestock helminths

Conventionally, orthodox chemical remedies are used overwhelmingly in routine control of
livestock helminths (Lorima et al., 1996; Waller, 1997c; Githiori et al., 2004; Jackson and
Miller, 2006; Waller, 2006; Kaminsky et al., 2008; Lopez-Aroche et al., 2008). From their
inception, they have been credited with greater efficacy (Waller et al., 2001), easier application
at treatment (Mirdeilami et al., 2011) and protective cover for a wide variety of helminths and
parasitic organisms (Waller, 2006b; Waller, 1997c). Additionally, they have the capacity to
provide dual curative and preventive cover (Jackson and Miller, 2006). The merits of chemical
anthelmintic control and development of increasingly small dosing having a wider spectre of
activities spanning across genera (Waller, 2006b), made it a primary global helminth control

method of choice for a long time.
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2.4.1 Prevailing methods of livestock nematode parasite control

Control of these parasites is paramount to sustaining animal health and productivity,
considering the present and projected global economic losses from their infection (Perry et al.,
2002; Krecek and Waller, 2006a), if appropriate measures are not taken. Animal gut health
(Eysker and Ploeger, 2000) is critical to efficient utilization of feed resources and general
productivity. Most control schemes target returning parasite population below the level at
which harmful effects will be caused to the host population, rather than complete eradication
(Larsen, 2000), which is difficult. Different control schemes have been applied to combat
nematodosis in various parts of the world, with mixed outcomes. Control either targets parasite
in host or the free living stages in the environment. These methods have various options and
include chemotherapeutic control (Waller, 1997c; Stepek et al., 2005; Jackson and Miller,
2006), biological control (Grgnvold et al., 1996), immunological control or vaccination (Knox
et al., 2010), selection for resistant animal stock to nematode parasites (Wanyangu et al., 1997;
Stear et al., 2007), grazing management (Barger, 1999) and use of ethnoveterinary plants and
plant products (Waller, et al., 2001). A review of each control scheme or method will shed
some light on how it is operated, its benefits to livestock industry and suggested strategies to

enhance their different efficiencies.

2.4.2 Chemotherapeutic and chemoprophylactic control

This method of nematode helminths control has been an age-old practice to curb livestock
losses (Macedo et al., 2010), and involves the use of chemical substances, which exert their
activities in various ways. Some of these modes of action include prevention of parasite from
establishment or being lodged in host, expelling parasites from gastro-intestinal tract,
tissues/organs of livestock or disrupting vital parasite biochemical processes and killing them
in the process (McKellar and Jackson, 2004). On the other hand, chemoprophylaxis is the use
of a chemical anthelmintic to prevent infection and/or establishment of helminths within the
host. The anthelmintic effects of these compounds may be on the adult helminths, larvae and/or
eggs. They can also exert anthelmintic activity on a wide variety of helminths; in which case,
they are referred to as broad spectrum in activity (Geary et al., 2012). The finest and most
efficient forms of current anthelmintic in terms of dose, spectrum and tolerance (Getachew et

al., 2007), evolved from candidates that had narrow spectre, required huge doses to exert their
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anthelmintic activities, had considerable toxicity and were less tolerant (McKellar and Jackson,
2004)

Broad spectrum chemical anthelmintics are ideally recommended for helminth control in
livestock because infections are often multi-specific (Waller, 2006b; Ravindra and Anita,
2007). They are grouped into three classes, viz. (1) benzimidazoles and probenzimidazoles, (2)
Imidazothiazoles and/or tetrahydropyrimidines and (3) macrocyclic lactones (Stepek et al.,
2004; Githiori et al., 2006; Waller, 2006b; Stear et al., 2007). Chemical anthelmintics have
been developed from plants and plant material that possess anthelmintic activity, and which
were relatively of low efficacy and also perceived to be generally hazardous (Waller et al.,
2001).

Benefits of chemical control of livestock nematodes have been great, but diverse in efficacy
in different parts of the world (Henrioud, 2011), owing to improper use and routine dosing to
both highly infected and sub clinically infected animals (Farias et al., 1977, Wolstenholme et
al., 2004; Sargison, 2016b). Generally, the global mode of application has been massive in the
livestock industry and more often indiscriminate and abusive (Lorimer et al., 1996; Stepek et
al., 2005; Shaik et al., 2006; Kamaraj et al., 2011; Bidkar et al., 2012). This has led to the

crises of selection by livestock nematodes for resistance (Waller, 1997c¢).

In major parts of the developed world, where chemical anthelmintics are readily available with
efficient veterinary support services, deployed resources, modern livestock industrial practices
and enforceable legislation, their use in control programs is relatively sound (Waller, 1997b;
Henrioud, 2011). However, huge discrepancies exist in the developing world and incidentally
in the developed world, depending on know-how of the stockholder, scale of production,
available resources, government monitoring/intervention and ability of livestock farmer to
properly administer them (Waller, 2006b). On a global scale, most of these anthelmintics and
techniques developed for their administration, have been improperly applied (Van Wyk, 2001),
further exacerbating the existing crisis of general selection for resistance by parasitic
nematodes. Additionally, management of nematode parasite problems in organic livestock
regimes, which advocate for non-application of chemical remedies and lack of conventional
regulation on drug use (De and Sanyal, 2009), have also contributed immensely to emerging

development of resistance against chemical anthelmintics.
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2.4.2.1 Global disparities in technical support, availability, affordability and quality of
anthelmintic regimes

General lack of sufficient technical knowledge and veterinary support services (Besier, 2006)
have been major drivers to improper use of chemical anthelmintics. In countries such as
Australia, New Zealand, Brazil, Paraguay, Uruguay and South Africa where the livestock
industry is well-developed and chemical anthelmintic remedies regularly available and used,
anthelmintic resistance is rived (Prichard, 1990; Van Wyk, 1990; Hennessy, 1997; Jackson and
Coop, 2000). Prevalence of resistant parasites in this context renders it absolutely difficult to
attribute selection for anthelmintic resistance only to ill-equipped stakeholders in the industry.
Where authentic and efficacious anthelmintics are available, most livestock farmers lack of
resources to procure them (Githiori et al., 2006). Additionally, in developing economies with
unregulated markets and absence of quality control, there are anthelmintic products of doubtful
quality (Githiori et al., 2006), which may largely aid selection for resistant parasites,
compromising the purpose for which they were applied. More often in the developed
economies, selection for resistant parasites might have arisen from frequent and indiscriminate
anthelmintic use (Besier, 2006). This has led to a universal crises of chemical anthelmintic
inefficacy and selection for resistant strains of parasites (Newton and Munn, 1999; Henrioud,

2011). Another important means of treatment is the use of copper oxide wire.

2.4.3 Use of copper oxide wire particles

Copper oxide wire particles (COWP) exert anthelmintic activity against Haemonchus contortus
by reducing infection load in goats (Chartier et al., 2000) and sheep (Knox, 2002; Burke et al.,
2004). Copper oxide particle are able to exert extended anthelmintic activity by lodging in
abomasal mucosa and being released gradually to act on susceptible nematode species (Jackson
and Miller, 2006). It poses serious threat to the life of multiple born offspring of ewes at late
pregnancy and should be set aside at this stage (Burke et al., 2005). It will in essence serve as
an important alternative, where resistant strains of Haemonchus contortus have emerged from
long and consistent anthelmintic use. The use of substances or candidates that evoke
appropriate immune response and in the process deter anthelmintic use in controlling

gastrointestinal nematode parasites is vital.
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2.4.4 Immunological control and/or vaccination against livestock helminths

Various immunological control options are being used to reduce or curb dependence on
anthelmintics. These include: vaccination, manipulation of the immune system by way of
supplemental nutrition (Knox et al., 2010) and selection of resistant/resilient animal stocks
(Jackson et al., 2009). Epidemiology amongst various gastrointestinal nematode (GIN)
parasites depends in part on host acquired immunity, while the development and maintenance
of immunity hinges on host plane of nutrition (Jackson et al., 2009).

Immunization against livestock helminth species stems from resistance of animals to re-
infection after a primary parasite infection (Emery et al., 1996); in which case parasite antigens
evoke some relative immune defence. A low harmless presence of helminths is an important
prerequisite to initiate and groom immune response. Two types of antigens have been identified
with nematode parasites: (1) Soluble excretory and/or secretory antigens; and (2) somatic
antigens that are fixed on the external surface or within the parasite (Newton and Munn, 1999).
These antigens ignite immune response in the host at infection and constitute natural antigens.
Other antigens exist, which do not ignite any immune response at infection with nematode
parasites and are referred to as hidden antigens (Newton and Munn, 1999). These antigens form
the basis for the development of vaccines against livestock parasitic helminths. When host is
immunized with the right gut membrane from a blood-eating parasite, a high antibody titre is
raised, evoking immune related processes. Parasites feed on host and ingest antibodies, which
bind on brush borders of intestinal cells, impairing digestive processes leading on-set of
starvation, compromising egg production; they become weak, detached from predilection site
and are eliminated from the system (Knox et al., 1995; Jackson and Miller, 2006). Antigens
identified in these processes are proteases that probably take part in digestion of blood meal
(Longbottom et al., 1997). Contrary to acquired immunity that is developed and transmitted to
subsequent generations from primary infection, immunity from vaccines against GIN is

referred to as induced and requires subsequent dosing to boost its defence activity.

Acquired and induced immunity restricts parasitism such that the effects of parasitism on host
survival and fecundity are markedly reduced to insignificant economic levels potentially
because of reduced infection and establishment. Relative to non-resilient livestock to helminth
infection and establishment, resilient stock will perform well irrespective of helminth burden
(Hoste et al., 2006), while non-resilient ones will have their productivity and health greatly

impaired or affected. Non-resilient or susceptible livestock to helminth parasitism lack the
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ability to function and produce optimally at clinically infective level. Young growing ruminants
exhibit a good level of resilience against helminths and eventually establish formidable
immunity against gastrointestinal helminth parasites as they grow older (Knox et al., 2010),
granted there is appropriate nutrition. Given the option to choose between resistant and resilient
stock, resistant stock is preferable because it harbours a low harmless helminth burden whereas
resilient stock thrives even in the presence of very high helminth burden. Resilient stock will
pose a pathological threat to susceptible non-resilient ones. Remarkably, young ruminants
progress from resilience to resistance against gastrointestinal helminths. Nutrition exerts a
modulating role on the expression of immunity, resilience and resistance of helminth

challenged animal host.

2.4.4.1 Effect of nutrition on host immunity, resilience and resistance

Good nutritional status of livestock tends to influence nematode parasite development and
establishment. This entails striking a fine balance at the inclusion of sufficient protein (Coop
and Kyriazakis, 1999; Ketzis et al., 2006; Besier, 2006), macro/micro elements, essential
nutrients, vitamins and energy. Energy component is critical to fuel the nutrient pool for growth
activities, reproduction, immune response processes and activities. It enhances host ability to
accommodate and cope with parasites, improves resistance by limiting establishment, growth,
fecundity and persistence, and can well affect parasitism through intake of antiparasitic
compounds (Coop and Kyriazakis, 2001; Roeber et al., 2013). Different components of feed

make various contributions to immune processes and response of animal host.

Fat- rich diets have the potential of suppressing immune response to parasitic nematodes of
livestock (Chandra, 1983), rendering them more reliant on treatment. Its inclusion in animal
diets must be such that it does not affect immune response to helminth parasites and other
pathogens adversely. Supplemental protein tend to improve resilience and resistance in both
young and old parasitized ruminants (Holmes, 1993), by ameliorating the expression of
immunity to gastrointestinal nematode parasites (Coop and Holmes, 1996; Datta et al., 1998).
This demands adequate supply of essential amino acids for efficient metabolic function and
immune defence. Increased metabolisable protein supplementation resulted in a low nematode
egg count in faeces of sheep (Jackson et al., 2004; Houdijk et al., 2005; Alemayehu et al.,
2009), indicative of a low nematode burden, establishment and fecundity. Supplementary
metabolisable protein enhances immunity to helminth parasitism depending on the need and

availability of this essential nutrient to livestock (Kahn et al., 2003). Some animals show
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exceptional resistance to parasite infection relative to others and will constitute an important

base in potential breeding programs for resistance.

2.4.5 Selection of resistant stock

Genetically resistant livestock to helminths is fundamental to sustainable low cost parasite
control, in addition to promoting animal health, welfare and productivity (Stear et al., 2001).
The genetic variation to regulate helminth parasites is heritable in goats (Vagenas et al., 2002)
and sheep (Morris, 1998), presenting a huge opportunity to use this trait to reduce dependence
on anthelmintics in parasite control programs (Tables’ 2.2 and 2.3). Different breeds of sheep
have in turn expressed various vulnerability to GIT nematode parasite infection (Getachew et
al., 2007; Zvinorova et al., 2016), further highlighting the need to identify useful ones (Table
2.3).

Important phenotypic markers include faecal egg count in highly challenged herds, alongside
closely related immunological ones such as antibodies or eosinophils in blood in naturally
affected herds (Getachew et al., 2007). Use of these breeds to upgrade herd resistance to
nematode parasites and other pathogens will be a very critical economic input that will down
scale helminth control cost. Resistant stocks have the ability to repel helminth infestation and
establishment, while some host animals may harbour traits to interfere with fertility and
multiplication (Stear et al., 2007). This genetically driven defence mechanism retains infection
at subclinical harmless level that will ignite development of appropriate immune defence
activity. Animal host immunity, therefore, strongly hinges on genetic factors, in addition to

age, production stage, nutrition and history of exposure to parasites (Stear et al., 2007).

Naive or previously uninfected young animals are more susceptible to helminth parasite
infection than older stock primarily because of low initial immune response at onset of parasite
infection (Colditz et al., 1996). Generally, innate immunity to gastrointestinal parasites is
related to age and closely linked to physical and chemical differences in gut environment of
adult and young animals (Mulcahy et al., 2004). Naive black belly sheep of different ages, were
found to have evoked immune response to H. contortus infection in age-related pattern
(Getachew et al., 2007); the older ones being more responsive than the young. The Red Maasai
sheep of east Africa (Table 1.3) retains a low faecal egg count (FEC) preceding primary
infection with Lz larvae of Haemonchus contortus, following anthelmintic treatment and

natural re-infection relative to Dorper ewes (Wanyangu et al., 1997). Resistance against
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gastrointestinal helminth infection will therefore vary among ruminant species, breeds and

within breeds (Gray, 1997; Knox et al., 2010); with several parameters factoring in.

Prevailing conditions in the tropics and subtropics subject most indigenous grazing livestock
breeds to regular nematode parasite infection and hence the developed genetic capacity to
accommodate, tolerate and cope with them through natural selection (Getachew et al., 2007).
Harsh environmental conditions and inadequate nutrition are additional stressors that have
further equipped these breeds to develop formidable resistance relative to their temperate
counterparts (Getachew et al., 2007). Genetic resources for resistant animal breeds will
therefore abound in these regions and require judicious work to identify for further
development. Complimenting preceding methods of nematode parasite control, is biological

control using nematophagous fungi.

Table 2. 2: Goat breeds with resistant traits against gastrointestinal nematode parasites

Resistant breed  Susceptible  Infection Parasite(s) References
breed
Sabi Dorper N Hc Matika et al., 2003
Small East Galla N Hc Baker et al., 1994, 1998
African(SEA)
Jamunapari Barbari N Hc, St, Oe Rout et al., 2011
Creole - N Hc, Tc Mandonnet et al., 2001
Creole - A Hc Bambou et al., 2009
Creole - N Hc de la Chevrotiere et al 2012a

West African

N Mixed Behnke et al., 2011

(-) indicates traits which only involve one breed; within breed differences, N- natural infection, Hc-
Haemonchus contortus, Tc- Trichostrongylus colubriformis (Zvinorova et al., 2016); St —

Strongyloides; Oe — Oesophagostomum spp.
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Table 2. 3: Sheep breeds possessing resistant traits against gastrointestinal nematode
parasites

Resistant breed  Susceptible Infection  Parasite(s) References

breed
Gulf Coast - N Hc Pena” et al., 2004.
Native
Fir&F; - N Hc Li et al., 2001; Miller et al.,
SuffolkX Gulf 2006.
Coast Native
INRA 401 - A Hc, Tc Gruner et al., 2004.
Merino - A Hc, Tc Andronicos et al., 2010.
Gulf Coast Suffolk N Hc, Tc Miller et al., 1998; Shakya
Native et al., 2000.
Red Masaai Blachheaded A/N Hc Mugambi et al., 1997.

Somali, Dorper,
Romney Marsh

Barbados black  INRA401 A Trichostrongyles Gruner et al., 2003
belly
Santa Ines Ile de France, N Hc, Amarante et al., 2004.
Suffolk Oesophagostomum,
Columbianum
Texel Suffolk N Trichostrongyle, Sayers et al., 2005; Good et
Teladorsagia, al., 2006.
Nematodirus
Florida native, Rambouillet N Hc Amarante et al., 1999.
Florida native X
Rambouillet
Dorper X Hampshire A/N Mixed Burke & Miller, 2002.
Katahdin
Lohi Thalli, Kachhi A/N Hc Saddiqi et al., 2010.
Caribbean Hair,  Crossbred- A Hc Vanimissetti et al., 2004.
Katahdin Dorper

(-) indicates traits which only involve one breed; within breed differences, N- natural infection, Hc-

Haemonchus contortus, Tc- Trichostrongylus colubriformis (Zvinorova et al., 2016)

2.4.6 Biological control of livestock helminths

This has been an active research area of growing interest on livestock helminth control,
considering its biological non-chemotherapeutic nature. Biological control of livestock
helminths entails use of a living antagonist by man to reduce helminth burden to within
acceptable non-harmful, subclinical level (Grgnvold et al., 1996). This approach targets the
free living stage of helminth in dung pats and on pasture (Waller, 2006a). Nematode-trapping
fungus Duddingtonia flagrans has shown promising biological control of the free living stages
of Ostertagia ostertagi and Cooperia spp in cattle, whereas in horses, the same fungus is a

potential biological control of Cyasthostomes, Strongylus vulgaris and Strongylus edentatus (
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Grenvold et al., 1996). Additionally, Duddingtonia flagrans exhibited natural control over
other helminth species such as Oesophagostomum dentatum and Hyostrongylus rubidus in pigs
(Nansen et al., 1996).

Duddington flagrans is endowed with the traits and capacity to survive animal gut passage,
grow aggressively in freshly deposited dung pat and has prodigious nematophagous capacity
(Larsen, 1999). These characteristics render Duddington flagrans an excellent biological
control agent. Bacillus thuringiensis and the fungus Clonostachys rosea have also shown
individual and combined efficacy in the control of small ruminant helminth burden (Baloyi et
al., 2011). Similarly, larval development of Merino sheep was significantly reduced using C.
rosae in vitro (Ahmed, 2013). Grazing management of livestock to avoid or minimize

interaction between livestock and nematode parasites is another important control strategy.

2.4.7 Grazing management as control measure of livestock helminths

This concept is aimed at providing grazing livestock clean pasture after anthelmintic treatment
(Barger, 1999), to minimize and deter reinfection (Torres-Acosta and Hoste, 2008).
Environmental conditions that favour growth and establishment of pasture such as ambient
temperature and moisture (Morgan et al., 2006), also promote development, survival and
transmission of helminth parasites of grazing livestock (Waller, 2006a; Torres-Acosta and
Hoste, 2008). Under ambient temperature and moisture, excreted eggs develop and moult into
third-stage larvae in the faecal pat, which migrate onto pastures pending being picked up during
grazing by livestock. Third-stage larvae are resistant to both physical and chemical factors,
with an average life-span in the tropics and subtropics of 1-3months (Torres-Acosta and Hoste,
2008). By the same token, the mean survival rate in the temperate area is potentially longer,
ranging from 6-12/18months. Third-stage larvae are susceptible to severe drought and cold
conditions (O’Connor et al., 2006); probably linking survival span in tropics and subtropics to

drought and temperate environments to cold.

The rate of development of shed eggs, migration and mortality of infective larvae outside of
the host is dependent on local climatic conditions. This, therefore, implicates adopted
production systems in either propagation and/or control of livestock helminths (Piedrafita et
al., 2010). Grazing management techniques can be implemented such that animals are kept off
pastures when climatic conditions favour helminth egg hatch and development to L3 infective

larval stage (Table 2.4). Alternatively, animals can be put to graze when environmental
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conditions are hostile to parasite development and survival. Removal of grazing livestock from
pasture to previously un-grazed paddocks and reverting to the same paddock after a little while
(Barger, 1999) before the onset of high infective Lz larvae, reduces the frequency of drenching
(Jabbar et al., 2007; Kahn and Woodgate, 2012). This approach makes available to the animals
clean uncontaminated pasture, thus enhancing productivity in addition to retarding selection

for resistance by helminths because of reduced host and parasite interaction.

Another option is the use of pastures with a low incidence of worms such as crop stubbles, hay
or re-sprouted pasture after bush fire (Jabbar et al., 2007). Additionally, alternate grazing of
goats and/or sheep with species including cattle and horses, which do not share major nematode
parasites species (Barger, 1999; Jabbar et al., 2007) can also be adopted. This approach of
alternate host grazing is currently being re-examined because small ruminants are progressively

becoming more susceptible to cattle helminth species infection (Waller and Thamsborg, 2004).

The relationship between climate and parasite survival constitutes an important tool for
biological livestock helminth control via grazing management (Waller and Thamsborg, 2004;
Morgan et al., 2006). Some helminth species have been identified with particular pastoro-
climatic regions of the world. An overview of the distribution indicate that, Haemonchus and
Cooperia are most important in sub-tropical and tropical environments (Waller, 2006a; Torres-
Acosta and Hoste, 2008), Nematodirus and Ostertagia in temperate regions whereas
Trichostrongylus is common throughout (Waller, 2006a). There exist local peculiarities with
various mixes of different species and others that may be of incidental importance. Almost all
species of gastro-intestinal nematodes have a common life cycle, allowing for the use of a
common grazing management strategy to control them. A sound knowledge of the
epidemiology of gastrointestinal nematode parasites is critical to the adoption of grazing
management, which have been largely successful in Australia and most of the developed world
(Hennessy, 1997). The tropics and subtropics have greater potential of implementing grazing
management strategies (Waller and Thamsborg, 2004), but they are rarely implemented. It is
of great necessity that this prevention or avoidance strategies be encouraged in Africa and Asia,
where a greater bulk of poor livestock farmers who do not have sufficient resources operate.
Grazing management strategies, some of which have not been dwelled upon are found in the

table below.
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Table 2. 4: Different grazing management strategies to minimize contact and infection
of livestock

Preventative strategies

Evasive strategies

Diluting strategies

Turning

out

parasite

free

animals on clean pasture

Worm challenge is evaded by

moving

animals from

contaminated to clean pastures

Worm challenge is relieved by

diluting pasture infectivity

7
0.0

7
0.0

7
0.0

Delayed turnout

Changing pastures between

seasons

Moving at weaning

Late lambing

Grass reseeds

Cultivation

forage crops

of annual

Silage/hay aftermaths

Alternation

host species

of different

Moving to safe pastures

within the same season

Alternate  grazing  of
different species

Hay/silage aftermaths

New grass reseeds
Cultivation  of  annual

forage crops

7
0.0

R/
0'0

Avoid stocking rates close
to carrying capacity of plant
production

Reduction of the general
stocking rate

Mixed grazing with other
host species
Alternate grazing with

other host species

®,
0.0

= Designates a grazing management strategy; Adapted from Younie et al., 2004.

Another historical and essential method of parasite control is the use of plants and plant extracts in livestock

helminth control.

2.4.8 Use of plants/plant extracts as anthelmintics in livestock

Plant use in the treatment of various diseases in animals and humans has been a long historical

practice (McGaw and Eloff, 2008; Rochfort et al., 2008). Modern anthelmintic chemotherapy

and chemoprophylaxis and other therapeutic interventions originated from their plant

counterparts (Waller et al., 2001; Waller and Thamsborg, 2004). Plant material or their crude

extracts are being used as athelmintic remedies in several parts of the world (Waller and
Thamsborg, 2004; Githiori et al., 2006), especially Africa and Asia (Rochfort et al., 2008).
This is common in the local livestock industry, given their ethno cultural knowledge,
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availability and low cost (Torres-Acosta and Hoste, 2008). This practice is more widespread
where communication is more developed, and there is intense interaction and flow of
indigenous knowledge among various communities, resulting in local plant remedies and

exotic ones being commonly used (Waller et al., 2001).

Growing interest in both developed and developing world in herbal anthelmintics (Hammond
et al., 1997; Waller et al., 2001) and traditional herbal health remedies (Schillhorn van Veen,
1997; Rochfort et al., 2008), is critical to the development of this sector. Moreover, world
health organization estimates that 80 % of the population of most developing nations depend
on herbal remedies for their health and that of their livestock (Dange and Bggh, 1999).
Livestock owners in these communities usually draw from the wealth of ethnoveterinary
medicine acquired from preceding generations to treat their stock (McGaw and Eloff, 2008).
Worldwide switch to chemotherapeutic remedies in most communities, as a result of their high
efficacy, relative safety and very broad spectre of activities (Gibson, 1980), seriously dented
development of anthelmintic phytotherapy and other ethno botanical therapeutic applications.
On the other hand, current pharmacopeia contains 25 % drugs from plant origin and many
synthetic analogues based on plant prototype compounds isolated from herbs (Waller et al.,
2001); again rendering plant remedies very relevant.

The perception of plant remedies as being hazardous is attributable to method of processing
than their inherent anthelmintic, antiparasitic and antibiotic traits. The onset of wide scale and
ongoing emergence of multi-resistant pest organisms and pathogens, greater appreciation of
natural remedies and occurrence of synthetic residues in the food chain and environment are
compelling steering factors towards increased research, development and use of herbal
remedies (Waller et al., 2001). Additionally, greater appeal and world-wide approval for
organic livestock production and emphasis on the adoption of organic remedies (Thamsborg et
al., 1999; Waller and Chandrawathani, 2005), has been another source of motivation for its
development. Moreover, the adoption of developed anthelmintic phytotherapy is projected to
receive wider approval, since it is commonly practiced and readily available in most parts of

the world.

Research in this area from livestock perspective has been based on a few selected plants from
a large consortium of identified ones exerting anthelmintic activity (McGaw and Eloff, 2008).
Intense research, development and application of phytochemical anthelmintic remedies is
expected to markedly reduce residual chemical anthelmintics commonly lodged in meat and

31



other animal products and environment (Thamsborg et al., 1999; Piedrafita et al., 2010).
Ethnoveterinary plant remedies against helminths present a very important option, given their
biological nature. They also have the added advantage of not inducing selection for resistance
of human nematodes, cestodes and trematodes to anthelmintic treatment.

Traditional and organic farmers with an extensive knowledge of the use of ethnoveterinary
remedies in controlling helminths constitute an important base for this research. Organic
farmers are particularly committed to phytochemical or homeopathic remedies, which are
authorized in organic livestock industry (Cabaret, 2003). Whereas traditional livestock farmers
will adopt phytochemical remedy as primary option based on need and availability, modern
veterinary services is secondary in the event of inefficacy. Ultimately, some phytochemicals
have been linked to both anthelmintic and antibiotic activity exerted by them. A brief
examination of antiparasitic benefits of grazing sheep and goats on some plant species that
serve simultaneously as feed and remedy-nutraceuticals, with a greater inclination towards the

health benefits, will give some insight to some of the active principles involved.

2.3.8.1 Nutraceuticals

These are forage plants that serve a dual function, both as forage and anthelmintic remedy to
livestock (Kumar et al., 2012). Primary consideration will be accorded to the health benefits
they provide due to their secondary metabolite content (Waller and Thamsborg, 2004).
Generally, when most of these forage plant species are grazed or browsed by goats and sheep
or fed to them, they reduce gastrointestinal egg count by between 50 — 60 % (Waller and
Thamsborg, 2004). For this reason, anthelmintic activity has been closely associated with
condensed tannins (Paolini et al., 2003a & b) among other secondary plant compounds. Their
bio-activities have been linked to various effects, some of which include reduced fecundity,
elimination of adult worms and reduced establishment of infective Lz larvae (Athanasiadou et
al., 2000a; Athanasiadou et al., 2000b; Kahiya et al., 2003; Paolini et al., 2003a; Paolini et al.,
2003b).

Some of these plant species exerted their activities in designated sections of the gastrointestinal
tract (Athanasiadou et al., 2001; Marley et al., 2003) of small ruminants. Quebracho that
contains condensed tannins reduced small intestinal nematode species load such as
Trichostrongylus colubriformis, but had no effect on abomasal nematode species of sheep,

notably Haemonchus contortus and Teldorsagia circumcincta, (Athanasiadou et al., 2001). The
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same results were obtained from dosing goats using Quebracho condensed tannins (Paolini et
al., 2003a; Paolini et al., 2003b), while Chicory intybus containing sesquiterpene lactones
(Foster et al., 2011), on the other hand, reduced abomasal nematode species burdens in sheep
(Knight et al., 1996; Marley et al., 2003). These results suggest that biochemical environment
in some sections of the GIT may be more favourable to the activity of some bioactive
anthelmintic principles than others. Different biochemical actives have been associated with

anthelmintic activity exerted by plants.

2.5 Common bioactive phytochemicals in medicinal plants

Most bioactive plants have a wide array of phytochemicals, many of which have a variety of
biological activities; antiparasitic properties among them (Saxena et al., 2013). These active
biochemical candidates either act directly on the parasite by disrupting its vital processes, or
indirectly by affecting host regulatory mechanisms or systems that dislodges parasites from
GIT (Jackson and Miller, 2006). Some of these indirect regulatory activities include promotion
of host intolerance to nematodes, resilience to adverse effects caused, and resistance to
pathogens and their establishment (Jackson and Miller, 2006). Preceding antiparasitic
properties of similar bioactive phytochemicals was their antinutritional role when present in
high concentration (Dove, 2010), hence the negative connotation or perception towards these
biochemicals. However, they have been closely associated with deterring herbivory

(Athanasiadou et al., 2006), thus playing a crucial role in plant defence and conservation.

These bioactive phytochemicals (Table 2.5) include alkaloids, terpenes, saponins, lactones,

glycosides and phenolic compounds (Waller and Thamsborg, 2004; Saxena et al., 2013).
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Table 2. 5: Common active biochemical compounds in medicinal plants

Classification

Main groups of compounds

Biological functions

Non starch polysaccharides (NSP)

Antibacterial & Antifungal

Antioxidants

Anticancer

Detoxifying agents

Others

cellulose, hemicellulose, mucilages,

pectins, lignins

terpennoids, alkaloids, phenolics

polyphenolic compounds, flavonoids,

carotinoids, tocopherols, ascorbic acid

carotenoids, polyphenols, curcumine,

flavonoids

reductive acids, tocopherols, phenols,

Indoles, aromatic isothiocyanates,

coumarins, flavones, carotenoids,

retinoids, cyanates, phytosterols

alkaloids, terpenoids, volatile flavour

compounds, biogenic amines

water holding capacity, delay in
nutrient absorption, binding toxins &

bile acids

inhibitors of microorganisms, reduce

the risk of fungal infections

oxygen free radical quenching,

inhibition of lipid peroxidation
inhibited

Inhibitors of tumours,

development of lung  cancer,

antimetastatic activity

Inhibitors of procarcinogen activation,

inhibition of tumourogenesis

neuropharmacological agents, anti-

oxidants, cancer chemoprevention

Adapted from Saxena et al., 2013

Some plant species, showing sufficient evidence anthelmintic activity (Table 2.6), have related

bioactive phytochemicals and/or their analogues. Considering their common occurrence in

South Africa, they will play an important role in the current project in attempt to improve their

ethnoveterinary capacity in helminth control programs.
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Table 2. 6: Some common selected plants species relevant to the study, exerting
anthelmintic activity, identified bioactive principles and relevant reference(s)

Plant species

Bioactive principles and reference(s)

Aloe species Glycoprotein, barbaloin, aloe emodin, mannose-6-phosphate, polysaccharide,
acemannan, aloesin, -sitosterol, diethyltheylphthalate, low molecular weight
substances (Choi and Chung, 2003)

Allium cepa Flavanoids, Proteins, Glycosides, Saponins, Tannnins (cold ethanol extracts)

(Bibkar et al., 2012); Thiosulphates and volatile sulphur compounds (Marwat et al.,
2011); Allicin (Vieira et al., 1999).

Anana comosus

Cysteine proteinases (Stepek et al., 2005); cysteine proteases (bromelain)

Bidens pilosa

Polyacetylenes (Lans, 2007), Polyacetylene, Phenylheptatriyne and
Chalcones(Graham et al., 1980; Hoffman and Hoelzl, 1988) Phenylpropanoid
glucosides, polyacetylenes, diterpenes, flavonoids and flavone glycosides (Chiang et
al., 2004).

Carica papaya

Cysteine proteinases (Stepek et al., 2005) Papain and tannins (Adongo, 2013)

Crinum
macowanni

Alkaloids, Coumarins, Glycosides, Triterpenes and Flavanoids; Alkaloids (lycorine
type alkaloids and phenolics) (Refaat et al., 2012)

Gunnera perpensa

Some bitter principle Celastrine; Alkaloids, Flavonoids, Steroids, Saponins, Tannins
and Glycosides (Simelane et al., 2010)

Nicotiana tabacum

Nicotine sulphate (British Veterinary Codex, 1953), Nicotine, Nicoteine, Nicotelline
and Nicotinine (alkaloids). Also yields Anabasine, Betaine iamylamine, Pyrrolidine
and n-methyl pyrroline, resin, Albumen, Gum, extractive matter, and ash containing
large amounts of salts (sulphates, nitrates, chlorides, phosphates, malates, and citrates
of potassium, ammonium, calcium, etc.). Study isolated a pair of sesquiterpene
glucosides — 3 — hydroxysolavetivone-beta-D-glucoside A and B- from the leaves.

(Stuart et al., 2012)

Ricinus communis

Alkaloids, Flavonoids and Condensed tannins (Rampadarath et al., 2014; Wafa et al.,
2014), also contains poly unsaturated omega 6,9 fatty acids (linoleic acid, Ricinoleic
and 11-eicosenoic acids, Palmitic and Stearic acids), toxic principles present.

Sarcostema
viminale

Pregnane derivatives like bregenin [2] and pregnane glycosides like brevine and
brevinine [3]. Genin G and H [4], triterpenes like B-amyrin and friedelin [5] and some
toxic constituents like sarcovimiside [6], polar compound exert anthelmintic activity
(Grime et al., 2008)

Trema orientalis

Tannins (Watt and Breyer-Brandwijk, 1962)

Urtica dioica

Flavonoids, Acetylcholine, Phenolic acids, Coumarin, Sterols, high in Calcium,
Chromium, Magnesium, Zinc, Cobalt, Manganese, Phosphorus, Potassium, Riboflavin,
Selenium, Silicon, Thiamine, vitamin A and C. Seed contains Glycerol, Linoleic acid,
Linolenic acid, Oleic and palmitic acids (Haman, 2007)
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Vernonia Steroid glucosides, sesquiterpene lactones and flavonoids (Yeap et al., 2010)
amygdalena

Zanthozylum Sanshol (Ghisalberti, 2002), Alkaloids and essential oil (cumarins) (Negi et al., 2011),
capense

Zingiber officinale | Gingerole and Shogaol (Ghislberti, 2002), Essential oil, Zingiberene, Zingeberole,
Sesquiterpene hydrocarbons, including Zigiberene arcurcumene, Sesquiphellandrene,
and Bisabolene, Monoterpene aldehydes and Alcohols (Haman, 2007); Alkaloids,
Flavonoids, Saponins, Steroids and terpens (Singh et al., 2011),

Ziziphus Tannins, alkaloids, flavonoids and polar terpenes (sesquiterpene lactones, trip
mucronata triterpenes, iridoids, flavonoids and alkaloids. (Van Wyk and Wink, 2004); Tannins,
other phenolic compounds and alkaloids (Olivier, 2012)

2.6 Challenges arising from chemotherapeutic/chemoprophylactic control of livestock
nematode parasites and strategies to mitigate them

General abuse and too frequent use of synthetic anthelmintics has led to widespread emergence
of resistant strains of livestock nematodes (Waller, 1986, 1997c; Gill and Lacey, 1998; Van
Wyk, 2001; Mortensen et al., 2003; Wang et al., 2010). Initial identification of single drug
anthelmintic resistant parasites (Geerts and Gryseels, 2000), has been closely followed by
development of multidrug resistance (MDR) (Table 2.7) in almost all classes of grazing
livestock, and largely in the small ruminant industry (Kaplan, 2004). Moreover, selection for
anthelmintic resistance has been associated with anthelmintics of all classes (Terrill et al.,
2001; Jackson et al., 2009; Kaplan and Vidyashankar, 2012). Several measures were adopted
to deter rapid loss of efficacy that was almost leading to total anthelmintic failure.

Waller (2006b) recommended judicious and sparing use of effective anthemintics as a measure
to delay selection for resistant helminth parasites and extensive research efforts for other
control options. Frequent and repeated treatment with efficacious anthelmintics and successive
ones (Barger, 1995; Stepek et al., 2005), was also highlighted as the principal cause of recurrent
anthelmintic failure. Diversification of treatment options has the potential to reduce
dependence on any one control method, limit frequency of application and curb selection for
anthelmintic resistance (Farias et al., 1996; Van Wyk et al., 1997; Waller, 1997c, 2006;
Chandrawathani et al., 2003; Kaplan and Vidyashankar, 2012) by nematodes. There is the
likelihood of improved efficacy span of most products in use. This has prompted the
exploration of alternative control methods in addition to improving existing modes of treatment

to enhance efficacy.
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Adoption of other non-chemical treatment options have advantages of reducing residual
anthelmintic molecules in meat and other animal related products, and also pollutes the
environmental (Newton and Munn, 1999; De and Sanyal, 2009; Pediedrafita et al., 2010; Kahn
and Woodgate, 2012). These deleterious effects are closely linked to persistent use of chemical
anthelmintics. The cost of research and development of new anthelmintic candidates is huge
and prohibitive to the pharmaceutical industry, besides that of procurement and administration
which is a serious constraint to livestock farmers (Jackson et al., 2009; Kahn and Vidyashanka,
2012). The general realization of the scale of this crisis, prompted global mobilization of stake-
holders from pharmaceutical industries, research institutions and the livestock industry.
Successive meetings were held in Armidale, Australia in 1995, Baton Rouge in the USA in
1998; with subsequent ones in in Edinburg, United Kingdom in 2002 and Merida in Mexico in
2005 (Jackson and Miller, 2006) to seek solutions to this crisis. It is imperative to seek other
control methods, especially because selection for resistance increases control cost, reduces
production efficiency in addition to risk of environmental pollution (Cox, 1999; Coop and
Kyriazakis, 2001; Stepek et al., 2004; Macedo et al., 2010).

Most of rural Africa, Asia (Waller and Thamsborg, 2004) and Latin America use a wide range
of herbal ethnoveterinary remedies (Anon, 1994; Akhtar et al., 2000; Alawa et al., 2003;
McGaw et al., 2005; Mirdeilami et al., 2011), that constitute important control option to
mitigating selection for anthelmintic resistance. This is examined from the perspective of
deterring selection for anthelmintic resistance from repeated use of anthelmintics, rather than
curative or therapeutic as pre-reviewed. Chemical control remains relatively the most widely
adopted and efficacious measure globally (Waller, 1997b; Jackson and Miller, 2006; Kaminsky
et al., 2008), and is predicted to remain the most appropriate for the foreseeable future. The
scale of the crises is not relenting following emergence of resistant strains of nematode parasite
from the use of all three major classes of chemical anthelmintics viz; benzimidazoles,
Imidazothiazoles/tetrahydropyrimdines and macrocyclic lactones (Stepek et al., 2004). This

development emphasizes adoption of urgent measures to deter near total anthelmintic failure.

Diversification of control methods has the advantage of reducing regular application of
chemical anthelmintics and extending their efficacy span (Barger, 1999). The use of various
methods interchangeably has allowed for less regular treatment or drenching of livestock using
chemical anthelmintics, leading to more sustainable control strategies (Waller, 1997a).

Effective control of these livestock parasites will ultimately lead to improved animal health,
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improved utilization of feed resources, enhanced productivity and increased economic returns

(Piedrafita et al., 2010), as primary objectives of the production process.

In the interim, the following strategies have been adopted to deter or mitigate selection for
anthelmintic resistance; strategic drenching, quarantine of new stock, reduced frequency of
anthelmintic therapy, selective treatment, administration of appropriate dose and anthelmintic
combination therapy. A brief review of each of these highlighted strategies in the section that

follow, will demonstrate how useful they are to the process.

Table 2. 7: General global state of anthelmintic resistance among livestock hosts

Drug class Host with high Host with Major livestock-
resistance emerging producing areas

resistance where drug is still

highly effective in

sheep, goats and

horses
Benzimidazoles Sheep, goats, Cattle None
horses
Imidothiazoles/tetrahydropyrimidines
Levamizole (ruminants) Goats, sheep Cattle None
Pyrantel (horses) Horses (USA Horses Unknown - few
only) studies out of the
United States
Avermectin—milbemycins
Avermectin Sheep, goats and Cattle, Horses -
cattle horses worldwide
Sheep, goats -
Moxidectin goats Canada/Europe
Sheep,
goats, Horses -
cattle worldwide
Sheep - most
regions

For horses reference is made to cyasthostomin nematodes and trichostrongylid nematodes of small ruminants. Gradation of
resistance from emerging to high, refers to resistance that has been identified, prevalence not known and distribution not
severe in the former. In the later, level and prevalence of resistance demands general concern and prior test for efficacy before
use.*Table adopted from Kaplan, (2004).
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2.6.1 Strategic drenching or treatment

Routine treatment of entire herds has generated a lot of challenges, owing to differences in
parasite burden among infected animals and others that may not be infected. These differences
among animals in a herd have ignited the concept of judicious, appropriate and strategic
drenching or treatment of livestock as an important measure to retard selection for resistance
by nematodes. Uninfected animals are prevented from being used to currently efficacious
anthelmintic and also becoming tolerant. This has a huge potential of conserving the efficacy-
status of anthelmintics longer than in routine general periodic treatment (Kahn and Woodgate,
2012) without epidemiological considerations. Strategic use, at the time much required, is aided
by a sound knowledge of parasite epidemiology and clinical symptoms (Barger, 1999;
Getachew et al., 2007). In temperate areas where strategic as opposed to routine anthelmintic
treatment is practised, animals at risk and weaned lambs are treated in first grazing season
(Getachew et al., 2007). In arid areas where parasite build-up with the onset of rains, two prong
treatment is advised; four weeks after beginning of rains and again at the end (Urquhart et al.,
1996). Animal identified within the herd as heavily infected can be isolated, judiciously treated
and reintegrated into the herd. This entail retaining the status of good management in terms of
parasite control by carefully handling infected stock to prevent contamination and disruption
of set out strategies and programs to avoid too frequent anthelmintic use. Introduction of new
stock into the herd has a routine procedure to be implemented as deterrent to contamination
referred to as quarantine (Waller, 1997). New animals are isolated, examined, observed and

possibly treated if need be, before integration into herd.

2.6.2 Quarantine of new stock

Importation of exotic stock and/or reception of new stock into an existing animal facility,
should of necessity be quarantined, faecal egg count and relevant reliable test of non-resistant
parasite strains done (Sargison, 2016). Diagnosis in this process is expected to be sensitive,
accurate and rapid, given the short quarantine period. This will enable appropriate anthelmintic
and other relevant therapy to be administered to rid animals of potentially resistant parasites
(Kaplan and Vidyashankar, 2012). Acquisition of new stock without quarantine and treatment
has been identified as a major method of introducing resistant helminths parasite into stocks

with minor or no incidence of resistance. Other measures of preserving chemical anthelmintic
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efficacy by livestock farmers include reduced frequency of treatment, accurate dosing

(Sangster and Dobson, 2002), and selective treatment of infected animals.

2.6.3 Reduced frequency of treatment

Frequent dosing tends to promote selection for resistance by helminths against chemical
anthelmintics in use (Kettle et al., 1983; Hennessy, 1997; Wolstenholme et al., 2004;
Leathwick and Besier, 2014), as surviving nematode parasites develop considerable tolerance
to them. Increased dosing in the phase of waning efficacy, and increased frequency of
anthelmintic application (Donald, 1994), also increases the potential of precipitating selection
for  resistance.  This is caused by nematodes that have  survived
chemotherapy/chemoprophylaxis to become the next generation of worms (Papadopoulos et
al., 2001), after having been exposed and ineffectively acted upon, in previous dosing.
Moreover, protracted use of a particular anthelmintic has been associated with grooming,
development and consolidation of resistance (Maingi et al., 1996; Hennessy, 1997), because of
growing parasite tolerance and genetically aided loss of susceptibility (Jackson and Miller,
2006). In some instances, especially where prevailing abiotic and biotic conditions favour rapid
build-up and persistence of free living parasites, frequent treatment is often applied (Waghorn
et al., 2011). Frequent treatment increases selection pressure (Wolstenholme et al., 2004) as
the most fit parasites survive, further provoking development of resistance in the long term.
Strategic programs are designed to drench livestock when helminth burden is at clinical level
in order to conserve anthelmintic efficacy. One of such program is the monitoring of worm egg
count (WEC) (Kahn and Woodgate, 2012), which gives a proximate level of helminth
parasitism in a stock at different periods of the year. This approach requires skilled manpower,
which is scarce in developing countries and insufficient in developed countries (Jackson and
Miller, 2006). Alternatively, application of avoidance techniques by moving livestock to
cleaner pasture at close to peak periods of Lz larvae incidence and longer intervals of
anthelmintic administration will potentially retain chemical anthelmintic efficacy for longer
periods. Papadopoulos et al. (2001) recommended complete avoidance of chemical
anthelmintic use or occasional administration as strategy to avoid selection for resistant
nematodes parasites of livestock. Selective treatment of parasitized stock is as well an

important management option.
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2.6.4 Selective treatment of infected stock

Targeted treatment of animals, depending on predetermined and standardized techniques of
detecting helminthosis of livestock, is required to adopt selective treatment. One of such
methods, is FAMACHA® (Malan et al., 2001), which is based on anaemic manifestation on
the lower eyelid mucous membrane in small ruminants as a morbidity sign for haemonchosis
and indicator for treatment (Jackson and Miller, 2006). This approach reduces treatments
normally required and minimizes contact or interaction between anthelmintic and prevailing
parasites (van Wyk and Bath, 2002) in animal host, which apparently cause no major
subclinical or clinical health hazard. It has the advantage of retaining herd parasite populations
that have no prior contact with anthelmintics (refugia) (Kaplan et al., 2004). This method is
thus specific to haemonchosis, and require other disease indicators or markers for clinical
nematode infections that manifest otherwise, such as diarrhoea indices, body weight loss,
physiopathological or immune related indicators in milk, serum or faeces (Jackson and Miller,
2006). Respect of anthelmintic dose with respect to animal weight is also important to

sustaining efficacy.

2.6.5 Administration of appropriate dose

Inappropriate dosing has been a major issue of contention, leading to induced emergence of
resistant nematode parasites to most chemical anthemintics in use. Under dosing by inaccurate
estimation of animal weight (Leathwick and Besier, 2014) has been one of the causes of
selection for resistance by parasitic helminths. It creates anthelmintic tolerant nematode
parasites as a result of the administration of insufficient dose, thus reducing action span after
administration (Getachew et al., 2007; Lawrence et al., 2007). It has been recommended that
animals be weighed and anthelmintic dosing based on the heaviest weight to maximize
anthelmintic efficacy (Hennessy, 1997, Leathwick and Besier, 2014). In this respect, rather
than reduced anthelmintic action after administration, it should be increased for those animals
that have lower weights from the heavier ones that have been adopted as standard for herd

dosing.
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2.7 Anthelmintic failure, prospects of recurrent failure of new candidates and recourse
to neglected control options

The spectacular development of very efficient anthelmintic therapy/prophylaxis over the years,
and lack of relevant education and technical support to enable proper global administration has
led to generalized failure (Lanusse et al., 2014; Learmount et al., 2016; Sargison, 2016).
Though selection for anthelmintic resistance certainly sets in with time, inability to properly
administer these remedies as prescribed and recommended in the factors above, precipitates
recurrent decline of their efficacy. This trend has continued with research and development of
new candidates, demanding thorough re-examination of mode of application and exploration
of other viable options.

In this state of a global crisis, selection for resistance by nematode species of small ruminants
is already filtering in from New Zealand, Uruguay and Holland (Scott et al., 2013; Mederos et
al., 2014; Van de Brom et al., 2015) for one of the latest drug candidate ‘Zolvix®”; reaffirming
apparent absence of any lessons learnt from previous developments or outright irresponsibility.
Several flaws in control strategies and practices factored into recurrent failure of different
classes of anthelmintics ranging from benzimidazoles and probenzimidazoles,
imidazothiazoles/tetrahydropyrimidines and macrocyclic lactones (Stepek et al., 2004; Githiori
et al.,2006; Waller, 2006b; Stear et al., 2007; Lanusse et al., 2014); most of which have been
reviewed in preceding sections. Some of them included ignorance of the implications of general
routine administration/dosing; irresponsible use by livestock farmers; dosing by inexperienced
non-professionals without relevant consultation or assistance (Farias et al.,, 1977,
Wolstenholme et al., 2004; Sargison, 2016); adoption of smaller live weight in herds as
standard for dosing resulting in under dosing of heavier animals; counterfeit or substandard
inefficient anthelmintic products (Githiori et al., 2006) that induce parasite tolerance instead of
treatment or prevention; insufficient integration of chemotherapy and management schemes
(Lanusse et al., 2014) as deterrent to frequent anthelmintic use; little knowledge of
pharmacological properties and inconclusively, various host related-factors that potentially
lead to modification of pharmacokinetic activity and a reduced efficacy of the antiparasitic

drug of choice (Lanusse et al.,2014).

Pharmacokinetic-based resistant mechanisms include insufficient intracellular drug
concentration; improved inactivation of active drug; decreased activation of drug into a more

active compound and increased concentration of a metabolic product that inhibits drug action.
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Pharmacodynamic resistant mechanisms include modified functional target receptors and
remodelled receptor structure that affect drug affinity. Some of the previous practices, leading
to anthelmintic failure (Falzon et al., 2014), are much more menacing as the choice of
efficacious anthelmintic narrows down to a smaller number coupled with declining search for

new anthelmintic candidates (Waller, 2006b).

Incidences of resistance to former anthelmintic candidates around the world surpassed those of
the latest ones (Falzon et al., 2014; Learmont et al., 2016), primarily because of their relative
longevity or frequency of use, and resulting selection for genetically resistant traits by
surviving parasites. Single product use in parasite control programs currently serve as
prodigious common risk-factor in selection for resistance (Lanusse et al., 2014; Learmont et
al., 2016), hence the need for combined application as an appropriate measure to deter product
failure. Besides, time span of drug concentration and exposure to parasites is key to efficacy,
in addition to persistence of activity for most anthelmintics that are applicable to ruminants
(Lanusse et al., 2014). It is implicit that any strategies that increase anthelmintic drug
availability and persistence, will certainly enhance efficacy. Incidences of anthelmintic failure
in ruminant species around the world, some of which affected exclusively goats or sheep, and

others affected both animal species are presented in Tables’ 2.8 and 2.9.
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Table 2. 8: Global incidences of anthelmintic resistance in sheep and goats and major
nematode species affected

Animal  Country  Anthelmintic class Nematode genera Reference(s)
species
Goats Ethiopia Albendazole, Tetramisole, H. contortus, Sissay et al., 2006;
Ivermectin (BZ, IMID, AVM)  Trichostrongylus, Kumsa and Abebe,
Teladorsagia spp. 2009
Uganda Albendazole, Levamisole, H. contortus, Cooperia Byaruhanga and
Ivermectin (BZ, IMID,AVM) spp., Oesophagostomum Okwee-Acai, 2013
Spp
Nigeria H. contortus Chiejina et al., 2010
Pakistan Oxfendazole, Levamisole (BZ,  H. contortus, T. Saeed et al., 2010
IMID) colubriformis
Sheep Zimbabwe  Fenbendazole,  Albendazole, H. contortus, Cooperia Mukaratirwa et al.,
Oxfendazole, Levamisole (BZ, spp. 1997; Matika et al.,
IMID) 2003
Zimbabwe  Fenbendazole, Albendazole, H. contortus Boersema and
Levamisole, Rafoxanide (BZ, Pandey, 1997
IMID, SCL)
Zambia Ivermectin, Albendazole H. contortus, Gabriel et al., 2001
(AVM, BZ) Trichostrongylus,
Oesophagostomum spp.
Germany Levamisole, Ivermectin (IMID,  Trichostrongylus spp. Voigt et al., 2012
AVM)
Brazil Ivermectin (AVM) H. contortus Fortes et al., 2013
IvermectinLevamisole (BZ, Trichostrongylus, McMahon et al.,
Northern MLB, AVM, IMID) Teladorsagia, Coopria 2013
Ireland Spp.

a Benzimidazoles—BZ; Macrocyclic lactones- ML (Avermectins-AVM or Milbemycin—MLB; Nicotinic agonists
(Imidothiazoles-IMID or Tetrahydropyrimidines-TETR); Aminoacetonitriles derivatives-AAD; Salicylanilides-
SCL. Adapted from: Zvinorova et al., 2016
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Table 2. 9: Incidences of selection for anthelmintic resistance in sheep and goats; major

nematode genera affected

Animal Country Anthelmintic class Nematode genera Reference(s)
species
Goats/Sheep  South Albendazole, Closantel, H. contortus, Bakonsi et al.,
Africa Ivermectin, Levamisole  Trichostrongylus, 2013, Tsotetsi et
(BZ, SCL, AVM, Oesophagostomum spp.  al., 2013
IMID)
Kenya lvermectin, H. contortus, Nwamachi et al.,
Fenbendazole (AVM, Trichostrongylus, 1995
BZ) Oesophagostomum spp.
Switzerland  Avermectin (AVM) H. contortus, Artho et al.,
Trichostrongylus spp. 2007
Norway Albendazole (BZ) Teladorsagia, Domke et al.,
Trichostrongylus spp. 2012
India Fenbendazole, H. contortus, Rialch et al.,
Benzimidazole (BZ) Trichostrongylus spp. 2013
India Thiabendazole, H. contortus Swamkar and
Tetramisole (BZ, IMID) Singh, 2011
Philipppines Benzimidazole (BZ) H. contortus Ancheta et al.,
2004

Benzimidazoles—BZ; Macrocyclic lactones- ML (Avermectins-AVM or Milbemycin—MLB; Nicotinic agonists
(Imidothiazoles-IMID or Tetrahydropyrimidines-TETR); Aminoacetonitriles derivatives-AAD; Salicylanilides-
SCL.

2.8 Anthelmintic combination(s), pharmacokinetic and pharmacodynamic implications
to optimized activity

Single anthelmintic drug use and its related efficacy has been strongly linked to systemic
bioavailability of the active principles (Alvarez et al., 2012a; Alvarez et al., 2012b). Different
routes of administration affected this important determinant of efficacy; some of which
included intravenous (IV), intraruminal (IR), subcutaneous (SC) and oral routes. Intravenous
(IV) administration of albendazole to sheep, resulted in higher plasma availability and
improved efficacy relative to intraruminal (IR) administration (Entrocasso et al., 2008). Fasting
on the other hand, as a pharmacokinetic strategy, did not improve anthelmintic efficacy
irrespective of increased systemic bioavailability of albendazole sulphoxide administered to
sheep against resistant Haemonchus contortus (Alvarez et al., 2010), but required a very high
dose to attain the desired anthelmintic efficacy. Increases in dose for albendazole and
ivermectin as high as 9 and 10 folds the therapeutic dose, respectively, were required to achieve
acceptable efficacy against a very resistant strain of Haemonchus spp. (Lanusse et al., 2014).
Expert technical assistance is vital to the method and route of administering either single or
combined anthelmintics, in order to achieve the desired efficacy.
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Existing anthelmintics that are regarded to have failed can still be employed in resistant
nematode control programs by adopting pharmacokinetic strategies to improve parasite
exposure thereby extending their efficacy span and that of new anthelmintic candidates by
alternate and regulated use (Alvarez et al., 2012a). Drug mixtures from different families have
been suggested as an important strategy to deter development of anthelmintic resistance (Table
2.10) but improve efficacy (Anderson et al., 1988). Several preparations are currently available

in Australia, New Zealand and Uruguay (Lanusse et al., 2014).

Inherently, combinations resulted to multicomponent active-principle formulations, all
exerting different modes of biochemical activity and leaving nematode parasites with
insufficient resistance for all of them as opposed to single drug formulations (Lanusse et al.,
2014). The outcome from such practice is either improved activity, synergy, individual
independent activity or mutual destruction. Incidentally, combinations adopted in helminth
control programs have exerted very high efficacies (Lanusse et al., 2014).

Major sheep producing countries such as Australia, New Zealand and Uruguay have several
combined formulations in the market including Triton® Merail comprising of albendazole,
ivermectin and levamisole, Matrix®, Ancare, made of oxfendazole, abamectin and levamisole,
multicombinational-drench (Q-Drench, Jurox) consisting of albendazole, levamisole, closantel
and abamectin for sheep in Australia (Lanusse et al., 2014). The higher the efficacy attained
by using combined-formulations, the smaller the resistant strain; which will in turn be diluted
by susceptible naive nematode population. In cases of absolute efficacy from combination
therapy, selection for resistance will be lost in the absence of parasite populations from
preceding treatment (Dobson et al., 2001). This target might appear elusive, but remains a

feasible achievement given this novelty.
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Table 2. 10: Assessment of pharmacokinetic drug-drug interactions occurring after
administration of albendazole (ABZ), ivermectin (IVM), levamisole (LEV) &
triclabendazole (TCBZ) administered either alone or under different combined
preparations to sheep. The impact of the different routes of administration on the
systemic exposure is compared

Athelmintic  Assayed Route of Systemic exposure expressed Pharmacokinetic
combination  moleccule  administration as AUC (ugng h d/mL) drug-drug
interaction
Drug  alone Combined
treatment treatment
ABZ + IVM! ABZ v 30.2+5.31 33.9+£6.65 Nointeraction
IVM v 1123+ 374 210.3 *+ Positive interaction
80.6"
ABZ + IVM!  ABZ IR 19.8£2.55 28.2+£3.72° Positive interaction
IVM SC 131.1+£70.5 139.7 £ 28.6  No interaction
LEV +ABZ+ LEV Oral 8.63 +5.22 10.5+5.73  No interaction
IVM? . . .
ABZ Oral 30.7£9.01 19.4+£7.90° Negative interaction
IVM Oral 309+11.6 51.6 £16.2° Positive interaction
TCBzZ + TCBZ v 297 £74.3 319+70.2 No interaction
VAV N o )
IVM v 144 +5.83 48.5+46.6° Positive interaction
TCBZ IR 654 + 141 651 £ 123 No interaction
TCB + IVM* IVM SC Not Not -
determined determined

Data from Alvarez et al., 2008; Suarez et al. (unpublished); Lifschitz et al., 2009; Ceballos et al., 2010. 1V,
intravenous; IR, intraruminal, SC, subcutaneous. AUC: area under the plasma concentration vs time curve.
ABZ and TCBZ AUC values are referred to their sulphoxide metabolites, ABZ-sulphoxide and TCBZ-

sulphoxide
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Chapter 3

In vitro anthelmintic activity of crude extracts of various plant species
exerting bioactivity on nematode parasites of small ruminants

Abstract

This study was focused on in vitro screening of 15 selected plant species identified to have
anthelmintic traits for their individual activity at three concentrations on mixed L3 larvae of
goats and sheep grazing contaminated Kikuyu grass (Pennisetum clandestinum). It comprised
of three sub-studies, based on major bioactive anthelmintic principles from extensive body of
research. Sub-study (1) was based on alkaloids and tannins plant species, including Crinum
macowanii, Gunnera perpensa, Nicotiana tabacum, Sarcostema viminale, Vernonia
amygdalina, Zingiber officinale and Zizyphus mucronata. Sub-study (2) was based on
flavonoid plant species and consisted of Trema orientalis, Urtica dioica and Zanthozylum
capense. Ultimately, sub-study (3) was based on proteases and nitrogen compounds containing
plant species including Allium cepa, Ananas comosus, Bidens pilosa, Carica papaya, and
Ricinus communis. Oven-dried leaf samples (40g; 20g; 10g) of each species were extracted in
70% ethanol, and concentrated to 100ml; constituting 4x, 2x and 1x crude extract
concentration. Rectal faecal material from 10 Merino sheep and 25 Nguni goats, pooled within
species and hand-mixed. Dung samples (5g) were weighed and cultured for 12 days at 27°C.
On day 13, four plates were watered, and others (4) treated with 70% ethanol to correct for
solvent effect on mortality. Sub-study (1), had 2 (animal species) x 7 (plant species) x 3 (extract
concentrations) factorial design. Sub-study (2), 2 (animal species) x 3 (plant species) x 3
(extract concentration) factorial design. Sub-study (3) had 2 (animal species) x 5 (plant species)
x 3 (concentrations) factorial design. In each run, three plates were treated with each crude
extract concentration. L3 larvae isolated on day 14, larval counts done, and mortality adopted
as indices of percentage dose anthelmintic efficacy. The study was re-run three times. In sub-
study (1), animal species (P= 0.0107) and concentration (P= 0.0005) affected efficacy.
Increases in crude extract concentration from 1x to 2x and 4x resulted to efficacies of
71.2+2.62%, 88.0+1.88% and 97.9+0.91% for goats, and 93.8+2.62%, 96.0+1.88 % and
98.0+0.91 % for sheep. Interaction between extract concentration and animal species affected
efficacy (P= 0.0127). In sub-study (2), concentration affected (P< 0.0001) efficacy. Animal
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species affected efficacy (P= 0.0046). Similarly, plant species showed a tendency to affect
efficacy (P= 0.0572). There were interactions between concentration and animal species (P=
0.0010), concentration and plant species (P= 0.0123) and among concentration, animal and
plant species (P= 0.0435). In sub-study (3), Animal species affected (P= 0.0004) efficacy.
Concentration affected (P= 0.0002) efficacy. Interaction between animal species and
concentration also affected (P= 0.0015) efficacy. In parasitic helminth control programs,
anthelmintic efficacy of plant species can be potentially optimized by according attention to
plant species, animal species, crude extract concentration, interaction between concentration
and animal species, between plant species and concentration, and among crude extract

concentration, plant and animal species.

3.1 Introduction

Given the huge economic set-back to the livestock industry as a result of nematode parasite
infection (McLeod, 1995), with a heavier toll on resource-limited livestock farmers (Perry et
al., 2002; WHO, 2002; Githiori et al., 2004) who constitute a bulk of the global industry; there
is pressing need for action. Effective and sustainable control of nematode parasites of livestock
has become a global challenge that demands prompt attention to curb the growing surge of
selection by parasites for chemical anthelmintic resistance (Kaplan, 2004; Waller, 2006b).
From the 1950s to the 1990s, during which period benzidazoles, levamisole and avermectins
were developed and used to control a wide range of helminth parasites of livestock, the first
appearance of resistant strains of nematode parasites to these chemical anthelmintics had
already been spotted (Waller, 2006b). Moreover, chemical anthelmintics, notably some
macrocyclic lactones such as ivermectins are largely excreted unaltered in faeces and affect
dung eating invertebrates, which in turn have the capacity to affect other organisms higher up
the food chain (Cox, 1999), among others. This process can potentially induce resistance in
other organism by indirectly under-dosing them with the same chemical anthelmintic over time,

thus provoking anthelmintic tolerance/resistance by gastro intestinal nematode parasites.

Gastrointestinal nematode parasitism further imposes huge economic constraints on global
livestock production at both subclinical and clinical levels of infection; first by depriving their
host of essential nutrients or feeding on tissue/blood, and secondly, by causing wasting and
death of the host at high levels of infection. Haemonchus contortus has been identified in the
sheep and goat herds of Ukulinga Research Farm as the primary nematode parasite species

87.27%, Trichostrongylus 7.34% and Oesophagostomum spp. 5.39% (personal observation).
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Haemonchus contortus is highly pathogenic and has the capacity of causing acute disease and
high mortality in all classes of grazing stock (Allonby and Urquhart, 1975). The small ruminant

industry is strategically very important to most developing and emerging economies.

The global small ruminant industry is dominated by resource poor small farmers (Devendra
and Soulaiman, 2010), who depend on their animals for food, clothing, income and manure. At
the onset of chemical anthelmintic discovery and application in the 1950s (Waller, 2006b) that
was lauded as the most efficient control method. This discovery drew attention and resources
from all other control strategies, and nematode parasites of livestock have since been controlled
largely using them (Makkar et al., 2007). The facility with which chemical anthelmintic
therapeutics could be procured and used, the spectrum of activity and remarkable efficacy
turned out to be short term gains that militated for rapid development of resistance due to gross
misuse (Githiori et al., 2004). Overtime, euphoria has diminished with increasing development
of resistance to all classes of developed chemical anthelmintics, keeping stakeholders hard at
work for solutions. This therefore urges diversification, search for optimization of existing
control strategies, development of previously neglected or abandoned approaches, especially
ethno veterinary practices and processes of livestock nematode parasite control using
phytochemicals/plant material and integrated use of various strategies (Akhtar et al., 2000) to

mitigate reliance on any one method of control.

Appeals for a more subtle and judicious application to avert/deter development of anthelmintic
resistance are facing steep challenge in its implementation, given the wide disparity of technical
knowledge possessed by most stakeholders in the industry. Ethno veterinary practice of using
plants possessing anthelmintic activity to control helminths of livestock is anticipated to find
favour with local livestock farmers considering its cultural base in most communities of Africa
(Hammond et al., 1997; Githiori et al., 2004) and the world. The expectation of this study is
that changes in concentration of plant species crude extract will have no effect on anthelmintic

efficacy.

The objective of this study was to screen selected plant species crude extracts identified to
possess anthelmintic activity for their individual anthelmintic efficacy at three different
concentrations on mixed infective L3 larvae of goats and sheep grazing on contaminated
kikuyu grass (Pennisetum clandestinum). This was part of ongoing studies to explore potential

enhancement of the efficacy of these plant species through combination anthelmintic
phytotherapy.
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It is hypothesized that plant species exerting anthelmintic activity do not have any effects of
concentration, animal species, or interaction of plant species, animal species and concentration

on observed efficacy.
3.2 Materials and methods

3.2.1 Collection of vegetative plant material, establishment of groups and processing of
crude extracts

Fifteen plants that are used traditionally to treat parasitic nematodes of livestock were selected
from available literature and allotted to three main groups following reported primary
anthelmintic principles. They consisted of: (1) Alkaloids and tannin containing plant species
including Crinum marcowanni (Refaat et al., 2012), Gunnera perpensa (Simelane et al., 2010),
Nicotiana tabacum (British Veterinary Codex, 1953; Stuart et al., 2012) Sarcostema viminale
(Grime et al., 2008), Vernonia amygdalina (Yeap et al., 2010), Zingiber officinales (Haman,
2007; Singh et al., 2011), and Ziziphus mucronata (Van Wyk and Wink, 2004; Olivier, 2012).
(2) Flavonoids containing plant species comprising of Trema orientalis (Watt and Breyer-
Brandwijk, 1962), Urtica dioica (Haman, 2007) and Zanthozylum capense; (3) Proteinases and
nitrogen containing plant species namely, Allium cepa (Vieira et al., 1999; Marwat et al., 2011;
Bidkar et al., 2012), Ananas comosus (Stepek et al., 2005), Bidens pilosa (Graham et al., 1980;
Hoffman and Hoelzl, 1988), Carica papaya (Stepek et al., 2005; Adongo, 2013) and Ricinus
communis (Rampadarath et al., 2014; Wafa et al., 2014). Plant material was collected from
the University of KwaZulu Natal Botanical garden, some from the National Botanical garden,
Pietermaritzburg, others from private gardens and some were bought/collected from
commercial food and vegetable stores in Pietermaritzburg central business district. Voucher

samples were deposited at the UKZN Herbarium, Pietermaritzburg.

Fresh vegetative material was collected, washed, chopped for those with large/long leaves, air
dried and subsequently oven dried (Oven mark; LABCON, Model5SOEIB, Maraisburg 1700)
to constant weight at 60 °C. Each plant species oven-dried vegetative material was milled using
an electric centrifuge mill, mark (RETSCH, GmbH and Co.KG, 5657 HAANI, West
Germany), fine enough to pass through a 1 mm sieve. Milled plant samples were then put into
air-tight labelled plastic containers and stored in boxes, away from light and moisture at room
temperature. Ten grams of each oven-dried plant species material was weighed into labelled

thimbles, fitted into distillation columns and extracted with 70 % ethanol as solvent over a
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heating unit, mark (Gerhardt Bonn, App. Nr 450893). The extraction process was deemed
completed, when the solvent in the thimble carrying unit was apparently free of any coloration.
Three other masses of 10 g dry matter were extracted following the same procedure for each
of the plant species and later concentrated to 100 ml of plant species crude extract. Half and
one quarter of the original crude extract were both made to 100 ml with the same solvent;
equivalent to 20 g and 10 g DM crude extracts respectively. The initial crude extract was 4x,
the second 2x and the third 1x.

The plant species crude extracts were sealed with parafilm, put into sealed boxes and stored in
the fridge for in vitro dosing of cultured isolated mixed nematode L3 larvae.

3.2.2 In vitro evaluation of plant species extracts

Rectal faecal material was collected from10 Merino sheep and 25 Nguni goats grazing on
contaminated Kikuyu grass (Pennisetum clandestinum) at Ukulinga Research Farm, pooled
within species and thoroughly hand-mixed. Dung samples, each of 5 g were weighed into plates
and incubated/cultured (MEMMERT, 854 Schwabach, West-Germany) for 12 days at 27 °C.
Samples were watered at 12.00 noon every day during the 12 days of incubation/culturing to
keep them moist; considering moisture consistency in the process, in order not to drench and
kill hatched developing larvae. On day 13, 4 plates were watered, 4 plates treated with 5 ml of
70% ethanol to correct the solvent effect on mortality and three plates that were allotted to each
plant species extract, treated with 5 ml of 1x, 2x and 4x extractions. All the samples were
further incubated for 24 hours and nematode isolation done using the Baermann set-up (Hansen

and Perry, 1994) in the following 24 hours.

The Baermann technique was used to isolate nematode larvae (Hansen and Perry, 1994). Each
faecal culture was placed in a double cheese cloth, a porch loosely formed around and tide with
a rubber band. All faecal cultures in the cheese cloth pouches were placed in labelled funnels,
big enough to enable complete immersion and supported by appropriate device. Lukewarm
water was poured to fill the funnel, care taken to avoid porch from blocking isolated migrating
L3 larvae from swimming down the funnel stem. The apparatus was left for 24 hours at room
temperature and 15 ml of fluid collected in blood test tubes from the funnel stem. Tubes
containing fluid were left to stand for 30 minutes, the supernatant was drawn with a Pasteur
pipette, a McMaster slide filled and mounted on a microscope. Samples were examined and

larvae viewed and counted using 100 x magnification.
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3.2.3 Experimental design and statistical analysis

Sub-experiment (1) had two animal species, seven plant species and three extract
concentrations: hence 2 x 7 x 3 factorial design; sub-experiment (2) had two animal species,
three plant species and three extract concentrations, resulting to 2 x 3 x 3 factorial design; and
sub-experiment (3) had two animal species, five plant species and three extract concentrations,
yielding 2 x 5 x 3 factorial design. In each run, three plates were treated with each plant species
crude extract in three concentrations (4x, 2x and 1x). Surviving L3 larvae were isolated on day
14, larval counts done, and mortality (based on the mean of three plates) became indices of
dosed anthelmintic efficacy. The study was re-run three times. Nematode mortality was

calculated using Abbott’s formula (Abbott, 1925), as follows:

nin T after treatment

Corrected % mortality = (1 —

) x 100

n in Co after treatment

Where n = number of larvae, T = treated and Co = control.

Data from nematode larval mortality were analysed using the General Linear Model of SAS
(2000) to determine the effect of animal species (goats and sheep), plant species, concentration
(1%, 2% and 4x) and of various levels of interaction of animal species, plant species, and
concentration on mortality. The level of significance was standardized at maximum probability

p < 0.05 for all statistical tests.
Yik=H+ Ai+ Sj+ Ck+ (AxS)ij+ (AX Cik+ (Sx C) jk + (Ax Sx C) ijk + €ijk;

Where, Yijk = individual observation; p = overall mean; A = effect of animal species; Sj =
effect of plant species; Ck = effect of concentration; (A x C) ik = interaction of animal and
concentration effects; (S x C) ik = interaction of plant species and concentration effects; (Ax S
x C) ijk = interaction of animal effect, plant species effect and concentration; ek = the error

term; jji= number of the respective parametric terms.

3.3 Results
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3.3.1 Sub-experiment 1 (alkaloid and condensed tannins containing plant species)

Animal species (P= 0.0107) affected anthelmintic efficacies of plant species possessing
alkaloids and tannins. Anthelmintic efficacies for sheep, ranged from a minimum of 89.8 =
2.62 % for Nicotiana tabacum to a maximum 100 + 0.91 % for both Nicotiana tabacum and
Zingiber officinales; whereas the minimum efficacy for goats was 42.8 £+ 2.62 % for
Sarcostema viminale and 43.7 = 2.62 % for Gunnera perpensa and spanned to a maximum of
100 % 0.91 % for both Zingiber officinales and Zizyphus mucronata (Table 3.1). There was a
higher initial efficacy for sheep relative to goats, but both animal species efficacies converged
at the upper end (Table 3.1; Figures 3.1 & 3.4). At 2x concentration for goats, the efficacies
for Sarcostema viminale 66.1 + 1.88 % and Gunnera perpensa 74.3 + 1.88 % were the only
ones below the 80 % mark (Table 3.1).

There was interaction between crude extract concentration and animal species (P= 0.0127).
The relationship between anthelmintic efficacy of sheep and goats at various concentrations of
crude plant extracts given in Figure 3.1 demonstrated that sheep parasite were highly
vulnerable to even the lowest concentration of plant crude extracts. Goat parasite succumbed
to the activity of these crude extract when subjected to 4x the initial concentration. Thus the
spread of efficacy for goats started by being widely dispersed at concentration 1x, closed rank

at 2x and at 4x it was between 85 and 100%.

Concentration (P< 0.0001) affected anthelmintic efficacy (Figure 3.1). Wilks’ Lambda
statistics showed that a change in crude extract concentration from 1x, 2x and 4x resulted to
mean efficacy range of between 71.2 £ 2.62 % and 98.0 = 0.91 % for 1x, 2x and 4x
concentrations (Figure 3.2).

Interaction between concentration and animal species affected (P= 0.0127) anthelmintic
efficacy (Figure 3.1). Anthelmintic efficacy for goats and sheep at 1x concentration were
different (Tables 3.1/Figure 3.3; 71.2 £ 2.62 % vs 93 £ 2.62 %). Additionally, the crude extract
efficacy at concentration 2 was also different (P= 0.0446), with mean efficacy of 88.0 £ 1.33
% for goats and 96.0 + 1.33 % for sheep (Figure 3.2). Efficacy for both animal species
converged at concentration 4x, though the trend for both animals was different. There was a
more gradual and marginal increase for sheep, whereas that of goats increased more radically

from 1x through 2x and 4x concentrations (Figure 3.4).
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3.3.2 Sub-experiment 2 (flavonoid containing plant species)

Increase in concentration resulted to an increase in anthelmintic efficacy (P< 0.0001); with
mean efficacies of 72.8 = 7.89 % at 1x concentration, 84.3 £ 5.12 % at 2x concentration and
97. £ 0.78 % at 4x concentration. On the other hand, animal species affected efficacy (p=
0.0046). Goats had lower anthelmintic efficacy relative to sheep (73.9 + 6.38 % vs 95.8 + 1.14
%; Figure 3.5). Plant species showed a tendency to affect anthelmintic efficacy (P= 0.0572).
There were vast differences in anthelmintic efficacy for both T. orientalis and U. dioica with
progression of efficacy, Whereas Z. capense initially had relatively very high efficacy that
changed very little with similar progression. Interactions between concentration and animal
species, concentration and plant species, and among concentration, animal and plant species

affected (P<0.05) anthelmintic efficacy.

Interaction between crude extract concentration and animal species affected (P= 0.0010)
anthelmintic efficacy (Figure 3.2). At the lowest concentration anthelmintic efficacy for sheep
was much higher than that of goats (91.5 + 3.86 % vs 54.6 + 3.86 %); as concentration increased

the anthelmintic efficacies increased slowly for sheep but much radically for goats (Figure 3.2).

Similarly, there were effects (P=0.0123) of interaction between concentration and plant species
on efficacy. The differences in anthelmintic efficacy among various plant species at all the
different concentrations reduced with increasing concentration, leading to very close efficacies
at 4x concentration (Table 3.2). At 1x, 2x and 4x concentrations, Zanthoxylum capense had the

highest efficacy, which changed marginally as concentration increased.

Ultimately, interaction among concentration, animal and plant species affected (P= 0.0435)
anthelmintic efficacy. Efficacy for sheep at 1x, 2x and 4x concentration were generally high
for all three plant species, but those for goats varied from low to high. There was an upward
shift at 2x concentration, but with more concentration of plant species efficacy in the upper tier
and diffused efficacy in the lower tier. Meantime at 4x concentration, there was near absolute

concentration of plant species efficacies at the upper tail end (Figure 3.3).

3.3.3 Sub-experiment 3 (proteases and nitrogen containing plant species)

Both animal species had different (P= 0.0004) anthelmintic efficacies, with relatively more
radical changes in efficacy for goats than sheep (Figure 3.1) for the same crude extract

concentration. At parity, efficacies for goats were generally lower than those of sheep (Table
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3.1; Figures’ 3.1, 3.2 & 3.3). Concentration affected (P< 0.0001) anthelmintic efficacy, with
various trends of increases in efficacy following increasing concentration (Figure 3.6).
Interaction between animal species and concentration (P= 0.0015) also affected anthelmintic
efficacy (Table 3.1; Figure 3.6). At 1x concentration, there was a far lower efficacy for goats
relative to that of sheep, which subsequently increased radically at 2x and 4x for the former
animal species (goats). On the other hand, efficacy for sheep at 1x concentration was much
higher than that of goats but changed marginally with subsequent increases to 2x and 4x
concentrations (Figure 3.6). Generally, mean efficacy for both animal species (goats and sheep)
were between 66.4 = 3.13 and 97.5 £ 1.95 % (Figure 3.6).
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Table 3. 1: Least square means of anthelmintic efficacy + standard error of least square means (%) of plant species crude extracts
containing alkaloids and/or tannins, flavonoids, proteases and/or nitrogen compounds for both goats and sheep at 1x, 2x and 4x
concentration

Goats Sheep

Primary anthelmintic Plant species Efficacy (%) at 1x Efficacy (%) at  Efficacy (%) at Efficacy (%) at 1x  Efficacy (%) at 2x Efficacy at (%) 4x

phytochemical(s) Conc. 2x Conc. 4x Conc. Conc Conc. Conc.

Alkaloids & Crinum m. 924 £2.62 95.6 £1.88 98.7£0.91 74.7£2.62 96.4 +1.88 97.6 £0.91

Tannins Gunnera p. 98.1£2.62 100.0 £1.88 99.4+£0.91 43.7 £2.62 743+1.88 98.3+0.91
Nicotiana t. 97.8 £2.62 100.0£1.88 100.0 £0.91 70.1 £2.62 91.6+1.88 95.2+0.91
Sarcostema v. 93.4+£2.62 93.4+1.88 97.0+0.91 42.8 +2.62 66.1 +1.88 95.2+0.91
Vernonia a. 90.8 +2.62 92.9+1.88 96.4 +0.91 96.8 + 2.62 98.6 +£1.88 99.3+0.91
Zingiber o. 89.8 £2.62 92.9+1.88 100.0 £ 0.91 83.3+2.62 100.0 +1.88 100.0 £0.91
Zizyphus m. 945 +2.62 99.0+1.88 99.0+0.91 87.2+2.62 88.9+1.88 100.0 £0.91

Flavonoids Trema o. 22.6 £3.86 50.4 £3.23 93.0+2.45 93.4 +3.86 96.8 £3.23 100.0 £ 2.45
Urtica d. 43.0 + 3.86 60.8 £3.23 80.8 £2.45 92.9 +3.86 97.2+3.23 98.8 £2.45
Zanthozylum c. 98.3 +£3.86 100.0 £3.23 100.0 £ 2.45 88.1 +3.86 96.9 £3.23 98.3+245
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Goats Sheep

Primary anthelmintic Plant species Efficacy (%) at 1x Efficacy (%) at Efficacy (%) at ~ Efficacy (%) at 1x ~ Efficacy (%) at 2x Efficacy at (%) 4x
phytochemical(s) Conc. 2x Conc. 4x Conc. Conc Conc. Conc.
Proteases Allium a. 53.7+3.13 70.3 £2.69 77.7+1.95 79.0+£3.13 91.4 +2.69 934 +£1.95
&/or Ananas c. 46.7 £3.13 62.6 = 2.69 69.5 +1.95 96.2 £3.13 98.1 +£2.69 99.4 £1.95
Nitrogen Bidens p. 75.3+3.13 83.3+2.69 94.8 £1.95 90.8 £3.13 90.8 +£2.69 97.2+1.95
compounds Carica p 67.5+3.13 82.2+2.69 96.2 £1.95 96.1 £3.13 97.9 £2.69 98.7 £1.95

Ricinus c. 37.3+£3.13 51.3+2.69 83.2+1.95 95.4 +3.13 98.4 +£2.69 99.0 £1.95

Crinum m.= Crinum macowanni, Gunnera p.= Gunnera perpensa, Nicotiana t.= Nicotiana tabacum ,Sarcostema v.=Sarcostema viminale, Vernonia a.= Vernonia amygdalina, Zingiber 0.= Zingiber officinales and

Zizyphus m.= Zizyphus mucronata, Trema o0.= Trema orientalis, Urtica d.= Urtica dioica, Zanthozylum c.= Zanthozylum capense,. Allium c= Allium cepa, Ananas c.= Ananas comosus, Bidens p.= Bidens pilosa, Carica

p.= Carica papya, Ricinus c. = Ricinus communis, SELSM= standard error of least square mean, Conc= Concentration
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Figure 3. 1: General distribution of in vitro phytotherapeutic efficacy (%) for goats and
sheep at 1x concentration for selected plants possessing alkaloids/Tannins, Flavonoids
and Proteases/Nitrogen compounds
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Figure 3. 2: General distribution of in vitro phytotherapeutic efficacy (%) for goats and
sheep at 2x concentration for selected plants possessing alkaloids/Tannins, Flavonoids
and Proteases/Nitrogen compounds
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sheep at 2x concentration for selected plants possessing alkaloids/Tannins, Flavonoids
and Proteases/Nitrogen compounds
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Figure 3. 4: Trend of anthelmintic efficacy (%) of plant species possessing tannins and
alkaloids for both goats and sheep at 1x, 2x and 4x concentration
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3.4 Discussion

3.4.1 Sub-experiment one (alkaloids and tannins)

Anthelmintic efficacy of the same plant species crude extract possessing condensed tannins
and alkaloids at the same concentration was different for both goats and sheep (Figures’ 3.1
and 3.4), suggesting that animal species related traits might have affected efficacy as
concentration increased (Paolini et al., 2003; Hoste et al., 2006). This is consistent with the
suggestion that specific requirements of animal species be considered in order to maintain or
enhance anthelmintic efficacy of relevant plant species because of inherent disparities
(Vercruysse et al., 2001). At higher concentration the anthelmintic efficacies for both goats
and sheep were either similar or within close range of each other (Figure 3.4), showing how
close efficacies of both animal species become at higher concentration. Contrary to our
expectation increase in crude extract concentration resulted to increase in efficacy. Other

possible causes may be responsible for the differences in efficacy as a result of animal species.

Differences in anthelmintic efficacy for the same plant species between goats and sheep
(Figures’ 3.1 and 3.4) at lower concentrations may be attributed to their feeding behaviour and
forages encountered; goats browse/graze (Skarpe et al., 2007; Dove, 2010) whereas sheep
mainly graze naturally (Gordon, 2003). Plant secondary metabolites including alkaloids,
flavonoids, tannins and saponins abound in browse (Nguyen et al., 2005; Athanasiadou et al.,
2007) and/or forbs, consequently, goats might too frequently have been pre-exposed to these
compounds relative to sheep. Their foraging behaviour might have aided to develop the
biochemical capacity to counteract tanniferous and alkaloidal anthelmintic activities at lower
concentration (Hoste et al., 2006) and/or having worms with better adaptation strategies. At
higher concentration, the threshold of animal species difference is potentially
exceeded/overwhelmed and counteracted, thus concentration exerts its full effect on
anthelmintic efficacy giving rise to the highly close efficacy for both species (Figure 3.4).
Secondary chemical metabolites of forage consumed by both animal species may well have

served as another contributing factor for the differences observed in anthelmintic efficacy.

Fundamentally, browse and forbs, and grass differ in their chemistry (Gordon, 2003); browse
plants contain higher levels of secondary compounds (alkaloids, flavonoids, saponins and
tannins) and other nitrogenous compounds (Gordon, 1989) relative to grasses. This trait might

have increased the level of tolerance by goats due to frequent pre-exposure to alkaloids and

61



tannins, since browse constitutes a major proportion of their diet. Sheep consumed a lower
level of tannin rich Lespedeza sericea (Terrill et al., 1989) relative to goats grazing the same
forage species (Terrill et al., 1989; Min and Hart, 2003), reaffirming goats’ tolerance to higher
level of tannins and alkaloids. That is potentially why lower concentrations of plant species
crude extract containing alkaloids and tannins yielded a higher efficacy for sheep than goats,
but exhibited similar anthelmintic efficacy at higher concentration (Figure 3.4). On the other
hand, a change in concentration entails a higher concentration of the active anthelmintic
principle(s) (alkaloids and/or tannins) and increased efficacy (Figure 3.4). This concurs with
in vivo studies in sheep, goats and deer suggesting that a minimum range of 3-4 % condensed
tannins has to be attained for any discernible anthelmintic activity and further increases in
concentration resulted to increases in efficacy (Hoste et al., 2006). This threshold marks the
concentration below which administration of plant crude extracts containing alkaloids and/or
tannins to livestock in helminth control programs will be regarded as under dosing and thus

ineffective.

There was similar interaction of anthelmintic efficacy and condensed tannin concentration
administered in vivo, potentially linking increased activity to increased concentration (Min and
Hart, 2003). Increased tannin extract concentration from legumes also resulted to a decrease in
egg hatch and larval development of Trichostrongylus colubriformis (Molan et al., 2000). In
vivo administration of condensed tannins to nematode infected sheep has to be carefully
managed because beyond some threshold, adverse effects will set in, negating the positive
anthelmintic effect that they possess. Administration of 8 % of food intake to sheep infected
with a single dose of Teladorsagia colubriformis of Quebracho extract rich in tannins, resulted
to reduction in faecal egg count (FEC) and worm burden lasting for a week (Athanasiadou et
al., 2000), but with consistent follow-up administration, FEC remained low. Similar results
were obtained from in vivo studies wherein sheep were dosed with crude plant extracts of
Ananas comosus, Aloe ferox, Allium sativum, Lespedeza cuneata and Warburgia salutaris
weekly for forty two days (Ahmed et al., 2014). Athanasiadou et al., (2001) subsequently found
that dosing the same sheep infected with Teladorsagia colubriformis once with 8 % of
Quebracho extracts relative to daily food intake reduced FEC and could potentially be retained
at that level for a month. Sheep receiving an initial dose of 16 % Quebracho extract compared
to daily food intake had a more reduced FEC, but their food intake fell significantly from day
28 and they manifested severe signs of diarrhoea after the second dose of Quebracho extract

administration. Reed (1995) discouraged administration of high levels of some classes of
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condensed tannins to ruminants because of their toxic effects. Condensed tannins differ widely
in chemical structure/activity (Alonso-Diaz, et al., 2009; Rochfort et al., 2008) and different
types occur in different plant species (Barry, 1985), additionally, plants contain a wide array
of secondary metabolites (Makkar, 2006; Hoste et al., 2008a) which may collectively influence
the plant species level of anthelmintic activity among others, thus contrasting sharply with the
concept of a primary putative bioactive anthelmintic principle. The biochemical mode of action
of most plant secondary metabolites (PSM) on adult nematode fecundity and egg hatch is not

clearly understood.

Plant secondary metabolites, especially condensed tannins and other polyphenolic compounds
form complexes with organic macromolecules, some of which are proteins and carbohydrates
(Ademola et al., 2005; Hoste et al., 2006; Mueller-Harvey, 2006; Alonso-Diaz et al., 2011).
The formation of these complexes is suggestive of deprivative effect on proteins, essential
amino acids and carbohydrates that will drive vital biochemical activities within the
developing/developed nematode egg, growing larva and adult nematode. Tannins-
protein/amino acid complexes formed, culminate to potential loss of egg capacity to develop
or developed mature eggs from hatching, hence decreasing egg hatch and count (Athanasiadou
et al., 2000; Molan et al., 2002). The same interaction with other macromolecules (Mueller-
Harvey, 2006) of developing nematode larvae, possibly will impair biochemical activity that
promote development and growth, decreasing or arresting larval development (Molan et al.,
2002). Concentration of some tannins and other polyphenolic compounds as low as 75 pgml-
Linterfered and related negatively with some biological processes of Haemonchus contortus
(Alonso-Diaz et al., 2011; Azando et al., 2011). In the nematode parasite life cycle, any
biochemical activities/intervention that either lead to decrease in egg hatch or impede larval
development will potentially reduce infective L3 larvae and adult nematode parasite burden
(Athanasiadou et al., 2000). Alkaloids in their own group are naturally occurring chemical
compounds that contain mostly basic nitrogen atoms in the heterocycle. It is claimed the same
reaction may be plausible with alkaloids (Alonso-Diaz et al., 2011; Azando et al., 2011)
because they possibly exert the same effect and some of them are alleged to be polyphenolic
in nature (Ademola et al., 2005). There is vast empirical evidence implicating alkaloids of
exhibiting anthelmintic activity (Ademola et al., 2005; Hoste et al., 2006, Alonso-Diaz et al.,
2012), but their biochemical mode of action is not clearly understood and has been likened to

that of tannins.

63


https://en.wikipedia.org/wiki/Natural_product
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Base_(chemistry)
https://en.wikipedia.org/wiki/Nitrogen

The trend of efficacy at the lowest concentration for goats was Vernonia amygdalina>Zizyphus
mucronata>  Zingiber officinale>Crinum macowanii>Nicotiana tabacum>Gunnera
perpensa>Sarcostema viminale (table 1) relative to sheep that were within close range of
Vernonia (table 1) which exhibited the highest efficacy for goats. This trend reaffirms
suggested differences in response of different animal species (Paolini et al., 2003; Hoste et al.,
2008a) to the use of plant species possessing anthelmintic activity in parasite control programs.
Additionally, the trend of efficacy at the lowest concentration for all plant species is suggestive
of differences in the concentration and number of bioactive anthelmintic principle(s) which
may synergise each other, given the increase in concentration that brings about increased
efficacy to various extents for all plant species (Figures 3.1 and 3.4). This is analogous to more
than just a dose dependent anthelmintic activity that is exhibited by most plant species
possessing antiparasitic activity (Shrivka and Kuma, 2003; Igbal et al., 2006; Jabbar et al.,
2007), thus suggesting there could be interacting multiple principles in each plant. For both
animal species, all plant species exhibited mean anthelmintic efficacy above 60% (Figure 3.4)
concurring with previous findings (British Veterinary codex, 1953, 1965; Grime et al., 2008;
Haman, 2007; Refaat et al., 2012; Simelane et al., 2010; Van Wyk and Wink, 2004; Yeap et
al., 2010).

3.4.2 Sub-experiment two (flavonoids)

Goats and sheep had various levels of efficacy for same plant species crude extract (Table 3.1),
but the differences in efficacy for both animal species decreased as efficacy increased until
they were statistically very close (Figure 3.5). The wide differences in efficacy between goats
and sheep potentially have been borne from animal species related trait influences (Vercruysse
et al., 2001; Chaudry et al., 2007) on bioactive anthelmintic principles involved and resulting
anthelmintic efficacy. Anthelmintic efficacies of sheep for Trema orientalis and Urtica dioica
were higher than those of goats (Table 3.1). Exceptionally, this trend was different for the third
species Zanthozylum capense that had very high values for both goats and sheep; but with
numerically higher efficacy for goats than sheep. The above observations reaffirm suggestions
that animal species trait (Vercruysse et al., 2001; Makkar et al., 2007) might have caused the
different trends in efficacy for Trema orientalis and Urtica dioica; Zanthozylum capense broke
rank from consistency and exhibited its own unique anthelmintic efficacy trend. The
anthelmintic activity of Zanthozylum capense is probably linked either to very powerful potent

bioactive anthelmintic principle(s) or the absence of any prior encounter by both animal
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species. Animal species feeding behaviour and diet composition also appear to play a major
role in the observed differences in anthelmintic efficacy between goats and sheep. Goats
browse and graze (Alonso-Diaz et al., 2008; Skarpe et al., 2007; Dove, 2010), while sheep
naturally graze (Gordon, 2003; Alonso-Diaz et al., 2009). Goats are pre-exposed to some of
the bioactive classes of compounds such as tannins, terpenes, alkaloids beside flavonoids that
possess anthelmintic activity and abound in browse and Forbs (Papanastasis et al., 2008;
McDonald et al., 2011). Pre-exposure by goats most likely has created some level of tolerance
to flavonoids at low concentration in the present context, leading to marginal differences in
efficacy for both animal species at higher concentration relative to wider differences initially
observed at lower concentrations. Additionally, variation in anthelmintic efficacy between
goats and sheep might have arisen from genetic differences in resistance between them;
consistent with observed significant differences in resistance of gastrointestinal nematode
parasites of goat and sheep breeds of the same species (Chaudary et al., 2007). This is
suggestive of huge variation for different animal species such as goats and sheep, making goats

a good animal model for potential anthelmintic studies.

There were various effects of initial concentration and subsequent changes to 2x and 4x
concentration (Figures’ 3.1, 3.2 & 3.3). Plant speciation (Hammond et al. 1997; Aherne and
O’Brien, 2002; Makkar et al. 2007; Cala et al., 2012) is suggested to be a primary driver of the
various effects of concentration on efficacy; as biochemical composition (Hammond et al.,
1997; Wenk, 2003; Shaik et al., 2006) is unique to any of T. orientalis, U. dioica and Z. capense
among other factors. The nature, chemical structure, molecular size and variety of the
anthelmintic principle(s) and related biochemical candidates (Harborne, 1986) that support and
enhance anthelmintic/antibiotic activity of any of the plant species are potential factors that
might have influenced the effect of concentration on efficacy. This is essentially because most
plant species possessing/exhibiting anthelmintic activity have a wide range of antibiotic
principles and also exercise broad spectrum anthelmintic activity (Satrija et al., 2001).
Additionally, a low dose of anthelmintics expelled helminths, while a sufficiently high dose
was potent (Sollmann, 1918), reaffirming the differences in anthelmintic activity/efficacy as a
result of increased concentration. Interaction of concentration and animal species exerted

different effects on efficacy.

An evaluation of interaction between animal species and concentration in the current study
showed that progression in concentration brought about elaborate changes in anthelmintic

efficacy for both goats and sheep. These results concur with previous studies, wherein lower

65



levels of inclusion of Sericea lespedeza (25% and 50%) in goat diet resulted in reduced faecal
egg count (FEC), whereas 80% inclusion resulted to reduction in abomasal worms (Terrill et
al., 2009). Similar results were obtained for both goats and sheep at 75-80% of Sericea
lespedeza inclusion (Lange et al., 2006; Shaik et al., 2006). Interaction between concentration
and plant species also exerted various effects on efficacy. Though T. orientalis, U. dioica and
Z. capense all putatively possess a common class of bioactive anthelmintic principle
(flavonoids), they retain their specific differences in phytochemical nature, variety (Hammond
et al., 1997; Makkar et al., 2007) and concentration (Cala et al., 2012) within the same and
different concentrations hence different levels of efficacy. Similar observations whereby plant
species from the same family (Bazh and EI-Bahy, 2013) exhibited different anthelmintic
efficacies at the same crude extract concentration concur with that of the present study; possibly
reaffirming the natural variation of plant species (Wenk, 2003; Cala et al., 2012). After all,

interaction of concentration, animal and plant species had diverse effects on efficacy.

In the present study, efficacies obtained at various concentrations were different in accordance
with Hordegen et al., (2006), while animal species also affected efficacy (Vercruysse et al.,
2001; Makkar et al., 2007) at all three concentrations, and plant species in turn exerted their
specific differences, suggestive of their biochemical variation (Hammond et al., 1997; Gordon
2003; Makkar et al., 2007) by exhibiting various effects on efficacies (Hordegen et al., 2006)
at the same and at different concentrations in the current study. These differences in
anthelmintic efficacy resulting from the effects of concentration, animal and plant species
potentially point to significant interaction as statistically tenable in the current study. However,
how flavonoids exercise their biochemical activity in control of parasitic nematodes of

livestock is enigmatic.

Empirical evidence is suggestive of sufficiently acceptable levels of anthelmintic activity by
plant possessing flavonoids (Perry and Metzger, 1980; Duke, 1992; Barrau et al., 2005; Haman,
2007; Kerboeuf et al., 2008; Eguale and Giday, 2009; Azando et al., 2011; Refaat et al., 2012:
Bibkar et al., 2012). Flavonoids inhibited larval migration of H. contortus as much as
condensed tannins did. Sequential fractional precipitation of flavonoids that occur in plant
vegetative material alongside condensed tannins using polyvinyl pyrrolidone (PVPP)
eliminated inhibitory activity of larval migration caused (Barrau et al., 2005). In a similar
study, but that which dealt with L3 larval exsheathment inhibitory assay (LEIA), flavonoids
and tannins inhibited the process (Azando et al., 2011); which was restored to near negative

control levels with addition of Polyethylene glycol (PEG). Tannins bind and form insoluble

66



complexes with organic macromolecules such as proteins and carbohydrates (Ademola et al.,
2005; Hoste et al., 2006; Mueller-Harvey, 2006; Alonso-Diaz et al., 2011). These
macromolecules support major vital biochemical activities and growth of nematode parasites,
and their developmental intermediate stages, hence disruption of larval motility and larval
exsheathment (Barrau et al., 2005; Azando et al., 2011). This reaction is evocative of a similar
biochemical mode of action of flavonoids and tannins. There is fundamentally very close
relationship between flavonoids and tannins, both of which are polyphenols, with flavan-3-ols
as basic phenolic monomers (Barrau et al., 2005); potentially supporting closely similar

biochemical mode of action against livestock parasitic helminths between the two.

3.4.3 Sub-experiment three (proteases and nitrogen compounds)

Animal species had different in vitro anthelmintic efficacies (Figure 3.6) regardless of the plant
species (Table 3.1). The trend in anthelmintic activity in relation to animal species is in
agreement with (Vercruysse et al., 2001), who suggested consideration of animal species
differences at dosing with anthelmintics in order to ensure high and consistent efficacy.
Similarly, differences in anthelmintic efficacy of plant remedies, emanating from differences
in animal species (Makkar et al., 2007) were observed and highlighted to be taken care of at
dosing, in accordance with the observation of the current study in order to obtain optimum
anthelmintic efficacy in helminth control programs. In the process of developing anthelmintic,
it is perhaps better to use the animal (goats) with a lower efficacy than sheep, given that
whichever plant species exerts anthelmintic activity for the former, does exceedingly well for
the later (Figures 3.1, 3.2, 3.3 & 3.6). Cysteine proteinases from pawpaw that were found to be
very effective against parasitic helminths showed variable efficacy in vivo with different strains
of rat (Luoga, 2012). Although, the observation was from an in vivo trial, the present in vitro
study highlights subject variety differences with strong implications to greater species
differences in anthelmintic efficacy between goats and sheep.

Given the same concentration of plant species crude extract, the anthelmintic efficacy for larvae
drawn from sheep was far higher than that from goats (Figure 3). This trend was suggestive of
prior exposure to the same or similar active anthelmintic phytochemical by goats relative to
sheep, in effect, creating some level of tolerance at low concentration. The most probable route
of prior encounter is likely to have been through animal species diet (Gordon, 1989), in which
plant species or plant varieties possessing similar phytochemicals constituted some portion of

their diet. Goats browse and graze, whereas untrained sheep graze (Solaiman, 2010), rendering
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tree parts such as shoots, leaves, growing parts of shrubs and forbs main constituents of goats’
diet. These forages contain plenty of plant secondary metabolites (McAllistair et al., 2005;
Rogosic et al., 2008), some of which are implicated in control of parasitic nematodes and other
microbial organisms. Sheep on their part seldom encounter these plant secondary metabolites
because their diet is predominantly grass in nature (Gordon, 1989). Differences in anthelmintic
efficacy were also observed in the treatment of infected lambs and mice with extracts of Albizia
anthelmintica Brong (Githiori et al., 2003), wherein, there was no anthelmintic activity
observed against mice parasites. Though the outcome contrasted with that of the current study
in which plant species possessing proteases and protein compounds exhibited anthelmintic
activity against both goats and sheep in vitro, it highlights animal species differences vis a vis

anthelmintic efficacy of the same plant species

Concentration effect of different plant species crude extract was also observed to influence
differences in anthelmintic efficacy in this study. Increase in concentration of plant species
crude extract from 1x through 2x to 4x concentration for both animal species resulted to various
changes in anthelmintic efficacy in conformation with dose-dependent activity of Ficus
racemose (Linn.) bark crude extract (Chandrashekhar et al., 2008) on adult earth worms. The
primary anthelmintic bioactive phytochemical in the above crude extract is proteases in nature
(Chandrashekhar et al., 2008), and similar to that of some plant species in the current study.
Cysteine proteinases from papaya latex administered to sheep infected with Haemonchus
contortus and Trichostrongylus colubriformis (Buttle et al., 2011), also exhibited dose
dependent anthelmintic activity. Additionally, aqueous extracts of pineapple skin and
bromelain exhibited dose-dependent in vitro activity on Haemonchus contortus egg hatch
development inhibition and larval development inhibition in sheep (Domigues et al., 2013).
All of the former examples are corroborative of dose dependent anthelmintic activity of the
same plant species and others in the current study. Variable anthelmintic efficacy emanating
from different plant species possessing proteases such as pineapple, Kiwi fruits and pawpaw at
the same and different concentration (Luoga, 2012) are in accord with results of the current
study. Concentration or dose effect may also vary between in vitro and in vivo activity in
consonance with (Luoga, 2012), as a result of animal host internal environment. There were
differences between animal species and concentration. How proteinases and related

phytochemicals exercise their activity in helminth parasite control is worth brief exploration.

Proteinases have a wide range of characteristics, some of which include tissue dissolution and

remodelling (Knox, 2007). The same biochemical mode of action is used by parasites to
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penetrate host tissues in order to obtain nutrients, be it plug tissue feeding Strongyloides
(Sutherland and Scott, 2010) or other parasitic species that burrow and lodge in the
subcutaneous walls of the gastrointestinal tract among others. These parasites protect
themselves from host protease analogues which aid protein digestion and other biochemical
processes by secreting proteases inhibitors (Knox, 2007). Proteases exert their activity in
context by binding to protein or peptide substrate in their active site, in the process cleaving
them (Sajid and Mckerrow, 2002), and retaining site specificity by amino acids on both sides
of the cleavage. It is implicit that several active sites are therefore involved in dissolution of
parasite protein or peptide, for them to exert anthelmintic activity. Extensive in vitro and in
vivo cuticular damage was done to rodent intestinal nematode Heligmosomoid bakeri by
cysteine proteases from Kiwi fruit (Actinidia deliciosa), latex of Carrica papaya, and, stem
and fruit bromelain of Ananas comosus (Luoga et al.,2015), reaffirming tissue digesting trait

of proteases. So a combination of proteases could even become more devastating on helminths.

3.5 Conclusion

Animal species effect has to be accorded adequate attention in the use of crude plant extracts
containing bioactive anthelmintic principles, be they tannins, alkaloids, flavonoids, proteases
or nitrogen compounds. This is essential to ensure that there is accurate dosing to obtain the
desired high efficacy. In the use of condensed tannins, in vitro treatment with high
concentrations may yield higher efficacy, but they have proven to be a huge limitation to animal
health and productivity due to their negative interaction with proteins and other biological
macromolecules essential to biochemical function and metabolic activities. Different plant
species exerted different levels of anthelmintic activity, regardless of the anthelmintic
principle(s) involved. Concentration of the various plant species crude extracts was also central
to the level of athelmintic efficacy. In nature, tannins, alkaloids, flavonoids, proteases and
nitrogenous bioactive macromolecules are a wide variety of different plant compounds with
the potential of exercising different levels of anthelmintic activity that culminate to the
observed plant species activity. Combinations of the various plant species extract, will have
the capacity of increasing the range of bioactive compound classes, macromolecular variety
pool and potential of optimizing anthelmintic activity at a lower concentration or dose.
Combination therapy has the potential of enhanced anthelmintic activity at lower
concentrations thus reducing the dose and adverse effects that may arise from excessively high

concentration, especially condensed tannins.
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Important insight has been gained from key vehicles of anthelmintic efficacy of plants
possessing different bioactive anthelmintic principles. These included animal species, plant
species, dose/concentration of crude extract and their interactions. This therefore provide some
bearing or guide to subsequent studies. Moreover, the potential to enhance anthelmintic
efficacy by exploration of other modes of dosing will be recommended for further research in

the following studies.
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Chapter 4

In vitro combination anthelmintic phytotherapy for sheep using plants
possessing similar bioactives
Abstract

This study evaluated in vitro anthelmintic efficacy of combined plant species on mixed
nematode of sheep in three sub-experiments, comprising of plant species containing (1)
alkaloids and/or condensed tannins, (2) flavonoids and (3) proteases and/or nitrogen. Sub-
experiment (SEP) one had twenty one (21) combinations; SEP two, three (3) and SEP three,
ten (10). Each experiment was run three times. Crude extract of each plant species was obtained
by extracting 4 g dry matter (DM) in 70 % ethanol and made up to 100 ml. Sheep dung,
collected from the rectum, was pooled and mixed to constitute test samples for incubation. Five
(5 g) of dung was weighed into Petri dishes and cultured for 12 days at 27°C. On day 13,
treatments were dosed with combined extract at 2.5 ml x 2 (doubled concentration of each
constituting pair), and controls moistened. Surviving L3 larvae were isolated and counted using
McMaster slide. Expected combined efficacy computed as (a + b)/2, and simple synergy
(differences between combined and expected efficacies) were also computed. Webb’s synergy
was computed using Webb’s fractional product method. Alkaloids, condensed tannins and
flavonoids contents were quantified and, simple and multiple regression analyses were run to
determine their contribution to anthelmintic efficacy. High efficacies for combined plant
species of SEP 1 (93.8 + 0.67 %), SEP 2 (94.3 £ 5.88 %), and SEP 3 (97.9 + 0.30 %.) were
observed but within sub-experiments efficacies were not different (P>0.05). Simple synergies
were mostly positive, with means of 2.5 + 0.67 % (SEP 1), 1.8 + 1.19 % (SEP 2), and 2.8 +
0.30 % (SEP 3). However, Webb’s synergy were largely negative for SEP 1 (-5.4 £ 0.67 %),
SEP 2 (-5.2 £ 1.19 %), and SEP 3 (-1.9 + 0.30 %), each being lower than zero. Among plant
combinations, in SEP 1, condensed tannin and flavonoid contents were different (P< 0.0001)
but not in alkaloid contents (P= 0.3037). In SEP 2 condensed tannin (P< 0.009) and flavonoid
(p=0.0211) contents were different but not in alkaloid contents (P=0.07). In SEP 3, condensed
tannin contents were not different (P> 0.4312), while the alkaloid (P= 0.0135) and flavonoid
contents (P< 0.0001) were different. For all these macro-molecules, there was no discernible
association with anthelmintic efficacy. In conclusion, there was potent activity arising from
combinations as exemplified by high efficacy, which in the absence of any correlation could

be potentially attributed to activity of all macromolecules including alkaloids, condensed
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tannins and flavonoids, and bioactivity of other related phytochemicals. This is suggestive of a

more complex and intricate macromolecular and biochemical interaction in combinations.

4.1 Introduction

In the phase of waning chemo-anthelmintic efficacy (Terrill et al., 2001; Jackson et al., 2009;
Kaplan and Vidyashankar, 2012) and general selection by nematode parasites and other
pathogenic micro-organisms for single (Geerts and Gryseels, 2000) or multiple drug resistance
(Kaplan, 2004), it is imperative to explore how efficacy of plants possessing anthelmintic
activity among other biological activities can be optimized. High plant species anthelmintic
efficacy, though often lower than that of their orthodox counterparts, has advantage of retaining
nematode load below that which will affect production negatively; referred to as “economic

threshold” (Ketzis et al., 2006).

Non-chemical helminth control methods of this nature will serve as viable alternatives
(options), which will reduce recurrent use of relevant chemical anthelmintics or reliance on a
few. This, in effect, deters selection for resistant parasites, as has been strongly implicated in
the current crisis (Besier, 2007). Plants, by their very nature, contain a wide variety of bioactive
macromolecules belonging to the same and/or different classes of compounds (Klongsiriwet et
al., 2015) and can be likened to combined remedies (Sajid and McKerrow, 2002; Choi and
Chung, 2003; Makkar, 2006; Hoste et al., 2008a), setting a precedence to anthelmintic therapy.

Combination anthelmintic therapy or prophylaxis has currently been adopted to retain high
drug efficacy (Entrocasso et al., 2008; Bartram et al., 2012) and simultaneously recycled those
anthelmintics that have failed or currently exert relatively low efficacy (Bartram et al., 2012;
Lanusse et al, 2014; Lanusse et al., 2015). Additionally, combination therapy widens spectrum
of nematode parasite control within particular and different sites of infection in the
gastrointestinal tract hosting them (Athanasiadou et al., 2001; Marley et al., 2003).
Gastrointestinal nematode infection of livestock poses a huge economic challenge to health
and productivity of grazing-livestock globally (Vercruysse et al., 2006; Waller, 2006a; Besier,
2007; Athanasiadou et al., 2008; Sutherland and leathwick, 2011), relative to those in
confinement. This problem has attained unprecedented level in small ruminants (goats and

sheep), in addition to challenges of current control strategies (Jackson and Coop, 2000). Given
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the role of small ruminants as an important source of wealth and animal protein to low resource
households of Africa, Asia and most developing nations (Perry et al., 2002), any perturbation
to their productivity or mortality resulting from infection by these parasites will have a huge
setback on their income and livelihood. Consistent and progressive failure of chemical
anthelmintics (Waller, 1997c; Jackson and Miller, 2006; Kaminsky et al., 2008; Lopez-Aroche
et al., 2008), which has been the primary method of nematode parasite control from their
inception, demand a review of previous and current modes of application and possibly a
fundamental change to re-establish high efficacy. Additionally, potential methods of
improving ethnobotanical anthelmintic efficacy will prove to be a very useful and crucial tool

in the control process.

These changes are critical, because they will potentially arrest rapid development of resistant
parasites and improve the efficacy span of anthelmintics in use, including subsequent
candidates that will be developed. Additionally, research and development of new and more
effective chemical candidates had similar high efficacy with preceding ones (Coop and
Kyriazakis, 2001) turned ineffective, as resistant nematode strains still emerge sooner or later
(Vérady et al., 2011). Extensive research and development of new anthelmintic candidates
could well be out of favour with the economic interest of major pharmaceutical industries
(Besier, 2007), because of the sheer size of small ruminant industry that is mostly affected
relative to other domestic ruminant species (Varady et al., 2011). These challenges raise a lot
of concerns, reaffirming dire need to conserve the efficacy of current anthelmintics and
concurrently seek avenues of optimization. EXisting control strategies not precluded, other
viable and sustainable options should be explored, with the former ones serving as important
platform for future research, innovation and development. Two principal methods of
gastrointestinal parasite control of livestock have been implemented; external animal
environmental control strategy that is prophylactic in nature, and internal gastrointestinal
control using anthelmintic remedies that are either therapeutic or prophylactic. External
strategies of control, some of which include grazing management (Waller, 2006a), use of
treated or conserved forages (Fleming et al., 2006) among others, seek to deter build-up of
intermediate developing stages of parasites in the animal host environment. Internal
anthelmintic remedies are either chemical or bioactive principles that combat parasites within
the host animal.

The later phase of gastrointestinal parasite control is critical to improve animal health and

productivity. Wide-spread application of chemical anthelmintics (Lorimer et al., 1996; Stepek
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et al., 2004; Shaik et al., 2006; Kamaraj et al., 2011; Bidkar, 2012) has been fraught with wide
ranging challenges, some of which include emergence of resistant strains to all classes of
chemical anthelmintics (Terrill et al., 2001; Jackson et al., 2009; Kaplan and Vidyashankar,
2012), lodging of residues in animal products (Kaemmerer and Butenkotter, 1973;
Athanasiadou et al., 2008; Tariq et al., 2009), environmental pollution by excreted un-
metabolised chemical anthelmintics (Hammond et al., 1997; Yeap et al., 2010) and induced
resistance by rendering them unduly available to untargeted organisms. Innovation of this
method of control by adopting combination therapy has been another option of enhancing
anthelmintic efficacy. It involves combined administration of two or more chemical
anthelmintics, following waning efficacy of any one of them (Hennessy, 1997; Kabasa et al.,
2000; Savioli et al., 2004; Hotez et al., 2007), thus altering and improving pharmacokinetic
and pharmacodynamic activities of one or both (Entrocasso et al., 2008). These practices are
commendable though resistant strains of gastrointestinal nematodes still emerge with time,
when consistently used without alternating with other effective options. It is therefore critical
to further explore and diversify other options, in view of attaining this goal. Besides, emergence
of resistant gastrointestinal nematode parasites strain because of treatment with particular
anthelmintics or anthelmintic combination(s), is irreversible (Prichard et al., 1980). Naturally,
animals forage on various plants and may employ the activity of various bio-compounds in
self-cure prevention. Similar practice can be employed using plants possessing anthelmintic

activity.

Combination anthelmintic phytotherapy has been used for a long time, without any sound
scientific basis of the bioactive principles involved, and interactions leading to improved
efficacy. It is hypothesized that combination of plant species crude extract exerting
anthelmintic activity will produce no synergistic or antagonistic effects, and correspondingly
observed efficacy, synergy and antagonism will not relate to plant secondary metabolites
including alkaloids, condensed tannins and flavonoid content of plant species. The specific
objective was to evaluate and identify plant extracts with potential of being used in combination
to develop a more effective livestock nematode control remedy. This study also elucidated the
guantitative contribution of alkaloids, condensed tannins and flavonoids of component plant

species to anthelmintic efficacy of plant combinations.
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4.2 Materials and Methods

4.2.1 Collection of vegetative plant material and processing of crude extracts

Sixteen plants that are used traditionally to treat infectious helminths of livestock were selected
from available literature and allotted to three main groups (Table 3.1) following their putative
primary anthelmintic principles. It is worthy of note that there may be overlap of phytochemical
composition, but emphasis is laid on suggested primary bioactive principle(s) or

macromolecule(s). They consisted of:

(1) Alkaloids and condensed tannins containing plant species which included Crinum
macowanii (Refaat et al., 2012), Gunnera perpensa (Simelane et al., 2010), Nicotiana tabacum
(British Veterinary Codex, 1953; Stuart et al., 2012) Sarcostema viminale (Grime et al., 2008),
Vernonia amygdalina (Yeap et al., 2010), Zingiber officinale (Haman, 2007; Singh et al.,
2011), Zizyphus mucronata (Van Wyk and Wink, 2004; Olivier, 2012) and Aloe vanbalenii
(McGaw et al., 2000; Ahmed et al., 2013).

(2) Flavonoids containing plant species comprised of Trema orientalis (Watt and Breyer-
Brandwijk, 1962), Urtica dioica (Haman, 2007) and Zanthozylum capense (McGaw et al.,
2000; Maphosa and Masika, 2010); and

(3) Proteinases and nitrogenous compound containing plant species were made of, Allium cepa
(Vieira et al., 1999; Marwat et al., 2011; Bibkar et al., 2012), Ananas comosus (Stepek et al.,
2005), Bidens pilosa (Graham et al., 1980; Hoffman and Hoelzl, 1988), Carica papaya (Stepek
et al., 2005; Adongo, 2013) and Ricinus communis (Rampadarath et al., 2014; Wafa et al.,
2014).
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Table 4. 1: Plant species sharing similar primary anthelmintic bioactives principles of
(a) tannins and alkaloids, (b) flavonoids and (c) protease and nitrogen compounds

Tannins and Alkaloids Flavonoids Nitrogen compounds
(Experiment one) (Experiment two) (Experiment three)
Aloe vanbalenii Trema orientalis Allium cepa
Crinum macowanii Urtica dioica Ananas comosus
Gunnera perpensa Zanthozylum capense Bidens pilosa
Nicotiana tabacum - Carica papaya
Sarcostema viminale - Ricinus communis

Vernonia amygdalina - -

Zingiber officinales - -

Zizyphus mucronata - -

These plants species were categorized (Table 4.1) and their anthelmintic properties evaluated
in three experiments, dubbed sub experiments 1, 2 and 3. Samples of plant material were
collected from the University of KwaZulu-Natal Botanical garden, some from the National
Botanical garden, Pietermaritzburg, others from private gardens, while some were bought from
commercial food and vegetable stores in Pietermaritzburg central business district. Voucher

samples were deposited at the UKZN Herbarium, Pietermaritzburg.

For each plant, fresh vegetative material was collected, washed, chopped and processed as
described in the previous section. Those with large and long leaves, were first air dried to
reduce moisture content and subsequently oven dried (Oven mark; LABCON, Model 5SOEIB,
Maraisburg 1700) to constant weight at 60°C. Oven-dried material of each plant species was
milled using an electric centrifuge mill (RETSCH, GmbH and Co.KG, 5657 HAANI, West
Germany), fine enough to pass through a 1-mm sieve. Milled plant samples were then put into
air-tight labelled plastic containers and stored in boxes, away from light and moisture at room

temperature.

A milled sample (4 g) of each plant species was weighed into labelled thimbles, fitted into
distillation columns and extracted in 70% ethanol over a heating unit (Gerhardt Bonn, App. Nr
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450893). The extraction process was completed when the solvent in the thimble carrying unit
was apparently free of any coloration. At that point, plant crude extracts were obtained from
bottles into which they were drained and concentrated. Bottles, which fell below the 100 ml
mark, were made up to standardized volume by adding solvent (70% ethanol) and sealed with
parafilm® (Parafilm® American National Canrwm, Neenah, W154956). They were packaged into

boxes and stored in a fridge for in vitro dosing of mixed cultured isolated nematode L3 larvae.

4.2.2 Analysis of alkaloids, flavonoids and condensed tannins in plant samples

Alkaloids were determined following Harborne (1973). Five grams ground sample of each
plant species vegetative material was weighed into a 250 ml beaker, into which 200 ml of 10
% acetic acid in ethanol was added and covered to extract for 4 hours. The solution was filtered
using a fine sieve into a beaker of similar capacity to the first and the extract concentrated in a
water bath to % its original volume at 100°C. Concentrated ammonium hydroxide was added
drop wise to completely precipitate extract and solution allowed to settle. A precipitate was
collected and washed with dilute ammonium hydroxide 50:50 volume for volume. The residue
was filtered using Whatman™ 42 filter paper (GE Healthcare UK Limited, Amersham Place
Little Chalfont, Buckinghamshire HP7 9NA, UK, Made in China) oven dried under low heat

and weighed.

Flavonoids content of selected plant vegetative material was determined following Boham and
Kocipal-Abyazan (1974). Ten grams (10 g) of oven-dried plant material was milled to pass
through a 1-mm sieve, weighed into a 250 ml sterile beaker, and 100 ml of 80 % aqueous
methanol added to it. The content was allowed to stand for 10 hours at room temperature, while
being stirred intermittently with a magnetic stirring bar over a magnetic rotor without heat.
Each solution was filtered individually through Whatman™ No 42 filter paper. The filtrate of
each sample was transferred into pre-weighed 250 ml conical flask and evaporated to dryness
in a water bath at constant temperature (80°C). Flasks and their contents were allowed to cool
and subsequently placed in the desiccator for one hour to rid them of any moisture. Each of
them was weighed, and the weight of the sterilized conical flask deducted from that of flask
and flavonoid. The difference was computed as a percentage of flavonoid content of different

species.

Condensed tannins were analysed following HCI-Butanol proanthocyanidin assay (Porter et

al., 1986) as leucocyanidin equivalent (Makkar, 1995). By which, one and a half grams (1.5 g)
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of this material was weighed into pre-weighed filter paper (Whatman™ , number 1, diameter
110 mm, Cat number 1001 — 110, GE Healthcare UK limited, Amersham Place, Little Chalfont,
Buckinghamshire. HP7, 9NA, UK, and Made in China) and Sohxlet extracted in 1% glacial
in petroleum ether to rid them of pigments and fats that could interfere with quantitative
determination of condensed tannins. It should be noted that the addition of glacial to petroleum
ether serves as antioxidant, and prevents condensed tannins from being oxidized and bound to
vegetative material. Weights of maximum 0.2001 g samples of the different plant species were
measured into 100 ml plastic centrifuge tubes, and 10 ml of 70% aqueous acetone added to
extract condensed tannins. Centrifuge tubes and their contents were Vortex mixed and placed
in an ice bath. Samples were subjected to ultrasonic treatment for 3 minutes in ice cold water
and vortex mixed intermittently for 12 minutes, resulting to 4 ultrasonic treatments in all. The
content was centrifuged at 5000 rotations per minute (rpm) for 20 minutes at 4 °C, and
supernatant carefully collected in a glass test tube and stored on ice. Appropriate dilutions of
tannin extracts with 70% aqueous acetone were made. Butanol reagent of volume 6 ml (950 ml
of butanol and 50 ml of HCI 37% ) and 0.2 ml of ferric reagent (16.6 ml of concentrated HCI
37 % diluted to 100 ml with water to make 2 M HCI and 2 g of ammonium ferric sulphate
dissolved in it) was added to the tubes and vortex mixed. Tubes were covered and placed in a
heating bath adjusted to between 96 — 100 °C for 60 minutes. At the end of the incubation, they
were cooled and absorbances measured using Beckman DU®640 Spectrophotometer at
visible wavelength of light 550 nm. From each of these absorbances red, was deducted that of
an unheated mixture (blank). The method allows for appropriate absorbances between 0.30 and
less than or equal to 0.60 to be considered stable and most appropriate. Percentage condensed

tannins in each of the plant samples was computed following the formula below:
Percentage condensed tannins in dry matter= Assonm X 78.26 X D/% dry matter,

where: Assonm= Absorbance at 550 nm; 78.26= Accumulative factor taking into account:
extinction coefficient of leucocyanidin, mass of sample (200 g) and other factors except
dilution; D= Dilution factor

4.2.3 Extraction and in vitro dosing of sheep dung

Dung was collected from 18 sheep as per rectum, pooled together and thoroughly mixed. Five
grams of faecal material was weighed into a Petri dish and incubated at 27°C for 12 days. On

day 13, each cultured faecal sample was dosed with 5 ml of combined plant extract, or 2.5 ml
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each of the designated combined pair of crude plant species extracts (double concentration; 2
x 2.5 ml). Dosed samples were further incubated for one day (combined extract was 0.4x that
of the concentration in the previous trial; at 50: 50 for biochemical contribution of the
component species). The control was watered and left untreated. Larvae (L3) that survived
combined dosing were isolated on day 14, including controls following the Baermann method.
Fluid of volume 10 ml was drawn from the stem of each funnel into a labelled test tube of
capacity 15 ml and allowed to settle for 15 minutes. Fluid was further drawn from the
supernatant using a Pasteur pipette, filled into a McMaster slide and surviving L3 larvae
counted. Corrected mortality was computed using Abott’s formula (Abbott, 1963), and used as

indices of in vitro combined anthelmintic efficacy.

4.2.4 Experimental design, computation of additive and synergistic effects and statistical
analysis

Plant species were grouped according to the primary putative anthelmintic principle, and
combinations established by permutation. Following these groups, plant species combinations
possessing similar classes of bioactive macromolecules were retained as separate sub-
experiments to test their efficacies. Sub-experiment one comprised of combinations involving
alkaloids and tannins; sub-experiment two was based on combinations of plant species
possessing flavonoids; and sub-experiment three was based on plant species containing
proteinases and nitrogen compounds. In all three experiments, only sheep faeces was used.
Each combination of plant species was evaluated in three replications, each of which was run
on faeces collected on the same day. Sub-experiment one had 21 combinations, sub-experiment

two 3 and sub-experiment three 10 combinations.

Two approaches were used to compute additive and synergistic anthelmintic effects resulting
from in vitro combination therapy. In the first method, mean efficacies of component plant
species were computed (a + b)/2 and deducted from their observed combined efficacy. Positive
differences measured synergistic effects, whereas negative differences measured antagonistic
effects. In the second method, expected efficacy of plant species combination were estimated
following Webb’s fractional product method (Webb, 1963). Following this method, if the
efficacies of two plant species “A” and “B” represented by “a” and “b” proportion of worms

killed, then expected efficacy of combinations assuming additive effect is computed thus:
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Efficacy (A + B) =1 — ((1 — a) x (1 — b)). Synergistic effect is considered to have occurred

when the response of combined administration is greater than additive.

Data collected in each of these three experiments was analysed following general linear model
(GLM) of SAS (2000). Pearson correlation was used to seek possible relationship between
anthelmintic efficacy on the one hand and each of alkaloids, flavonoids and condensed tannins
as primary putative anthelmintic macromolecules. Additionally, multiple regression analysis
was run to seek explanations of the role of various variables including alkaloids, flavonoids
and condensed tannins to observed trends of anthelmintic efficacy. Means separation was done
using Student Neuman Keul’s statistic, aided by SAS (2000).
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Table 4. 2: Alkaloids, condensed tannins and flavonoid content (x standard error of
means) g/Kg DM of selected plant species possessing anthelmintic activity

Plant species  n Alkaloids n Cond. Tannins n Flavonoids
(9DM/Kg) (9DM/Kg) (9DM/Kg)
Alkaloids ad condensed tannins
Crinum m. 2 209+1.10° 6 55+128~ 2 117.9+1.758
Gunnera p. 2 444 %1520 5 7.6+1.308 2 26.0+2.60"
Nicotiana t. 2 37.1+3.204 5 6411428 2 202.6+0.75*
Sarcostema v. 2 46.7+£8.50~ 2 28%0.018 2 117.0+2.768
Vernonia a. 2 4248207 6 34x0638 2 125.0+13578
Zingiber o. 2 483+4507 6 3.4+0558 2 1721 +£17.607
Zizyphus m. 2 30.6+0.68~ 6 13.7+1.998 2 1243 +10.678
Flavonoids
Trema o. 2 72513807 3 115£214A 2 207.5+166"
Urtica d. 2 236%17.90~ 6 11.2+1.61~° 2 138.6 +6.638
Zanthozylum c. 2 163+1.22A 6 391478 2 129.1+16.018
Proteases and or nitrogen compounds
Allium c. 2 570307 6 47+0977 2 550.4 + 25.42A
Ananas c. 2 475%6.707 6 4.4+£075° 2 133.5+5.158
Bidens p. 2 395%6.10% 6 5.9%1.094 2 1635+1.928
Carica p. 2 405%6.107 4 26%0.767 2 167.7+12.388
Ricinus c. 2 43.0+4.807 6 4.4+156° 2 149.6 +10.278

gKg™= grams per kilogram; DM= dry matter; cond. Tannins= condensed tannins; crinum m.= Crinum macowanni; Gunnera p.= Gunnera
perpensa; Nicotiana t.= Nicotiana tabacum; Sarcostema v.= Sarcostema viminale; Vernonia a.= Vernonia amygdalina; Zingiber 0.= Zingiber
officinale; Zizyphus m.= Zizypus mucronata; Trema o= Trema orientalis; Urtica d.= Urtica dioica; Zanthozylum c.= Zanthozylum capense;

Allium c.= Allium cepa; Ananas c.= Ananas comosus; Bidens p.= Bidens pilosa; Carica p.= Carica papaya; Ricinus ¢.= Ricinus communis
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4.3 Results

Results are presented in Table 4.2 bearing phytochemical properties, and in Table 4.3 and 4.4
bearing the effects of various combination of members of each group on efficacy.

4.3.1 Sub-experiment one (combined efficacies of plant species containing alkaloids and
tannins)

Observed efficacies of plant species containing alkaloids and tannins (Figure 4.1) were high
but not different (P= 0.5595), with mean combined efficacy of 93.8 + 0.67 % for all plant
species combinations. Expected combined (A+B/2) efficacies were different (P< 0.0001), with
mean 91.3 + 0.67 %. Simple synergy (differences between observed and expected efficacies)
ranged from 11.6 to -12.0 % (Figure 4.1) but they were similar (P= 0.2477); with mean of 2.5
+0.67 %, which is greater than zero. Webb’s additive effects for combinations were high with
mean 99.3 + 0.67 %. Webb’s synergistic effect arising from combinations were not different

from each other (P=0.5114), and had a mean of -5.4 + 0.67 %, which is lower than zero.
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Plant species combination

Crin = Crinum macowanni, Gun = Gunnera perpensa, Nic = Nicotiana tabacum, Sarc = Sarcostema viminale, Vern = Vernonia
amygdalina, Zin = Zingiber officinales, Ziz = Zizyphus mucronata, Trem= Trema orientalis, Urt=Urtica dioica, Zan=
Zanthozylum capense; Combined efficacy; expected comb eff= expected combined efficacy; Difference= Difference between
combined efficacy and expected efficacy; Webb’s effect= Webb’s additive effect

Figure 4. 1: Combination of plant species possessing alkaloids and condensed tannins:
their efficacies (%), expected efficacies (%), Webb’s or additive effect (%), simple and
Webb’s synergistic effect (%)
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Alkaloids, condensed tannins and flavonoids were identified and their concentration evaluated
in these plant species. Alkaloid contents were similar (P= 0.304), with mean concentration of
38.6 + 0.68 g/KgDM (Table 4.2). Concentrations of condensed tannins of the different plant
species were different (P< 0.0001), with mean content of 6.0 + 0.13 g/KgDM. The trend of
tannin content was: Z. mucronata> G. perpensa> N. tabacum> C. macowanii> V. amygdalina>
Z. officinale> S. viminale (Table 4.2). Correspondingly, flavonoid contents were different (P=
0.0006), and had mean content 152.1 + 0.74 g/KgDM. The trend of flavonoid content was thus:
N. tabacum> Z. officinale> V. amygdalina> Z. mucronata> C. macowanii> S. viminale> G.
perpensa (Table 4.2). The order of macro biochemical content for all plant species in this group
was, flavonoids> alkaloids>condensed tannins. There was no correlation between combined
efficacy and any of alkaloids (r=0.1458; P=0.2543), condensed tannins (r=0.0059; P=0.9637)
or flavonoids (r=-0.0293; P=0.8199). Alkaloids, condensed tannins and flavonoids were all
poor predictors of combined efficacy for plant species possessing alkaloids and tannins in a

multi-regression analysis as no variables met the criterion of P=0.15 level of significance.

4.3.2 Sub-experiment two (combined efficacies of plant species containing flavonoids)

Combined or observed efficacy (Table 4.3) of these plant species were high but not different
(P= 0.3183), with a mean of 94.3 + 5.88 %. Contrary, expected efficacies for these plant
combinations were different P< 0.0001), and had mean 92.5 + 1.19 %. Simple synergies
(differences between combined and expected efficacies) of this group were not different (P=
0.2671), they ranged from — 8.3 £ 1.97 % to 6.9 + 1.97 % with mean of 1.8 £ 1.19 % (Figure
4.2). Webb’s additive effect for combinations of these plant species were high but different (P<
0.0001) and had mean 99.5 + 1.19 %. Webb’s synergistic effects were not different (P=
0.3099), and had a mean of -5.2 + 1.19 %, which differed from zero (Figure 4.2).

Quantitatively, content of condensed tannins, alkaloids and flavonoids (Table 4.2) of these
plant species had various relationships. Condensed tannin content were different (P= 0.0089),
with mean 8.3 + 0.91 g/KgDM, whereas alkaloid content were not different (P=0.07), and had
mean 37.5 £+ 1.93 g/KgDM. Additionally, flavonoid content of these plants were different (P=
0.0211), with mean 156.4 + 1.78 g/KgDM. There was no discernible association between
anthelmintic efficacy and any of alkaloids (r= -0.1411; P= 0.7173), condensed tannins (r=
0.3361; P= 0.3765) or flavonoid (r= -0.1457; P= 0.7084) content of these plant species.
Multiple regression analysis of alkaloids, condensed tannins and flavonoid content as

predictors of combined efficacy did not prove useful, as none entered the model at P= 0.15.
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Table 4. 3: Combined anthelmintic efficacy (%) of plant species possessing alkaloids
and/or tannins (sub-experiment 1), and of those containing flavonoids (sub experiment 2)

Putative anthelmintic  Plant species

Combined efficacy

Plant species

Combined efficacy

principle combination (%) combination (%)

Alkaloid and condensed tannins containing combinations
Crin-Gun 93.3+ 0.67 Nic-Sarc 83.1+0.67
Crin-Nic 93.2+0.67 Nic-Vern 96.7 £ 0.67
Crin-Sarc 90.0 £0.67 Nic-Zin 88.3+0.67
Crin-Vern 85.4 £0.67 Nic-Ziz 81.6 +0.67
Crin-Zin 93.8 £0.67 Sarc-Vern 97.6 £0.67
Crin-Ziz 95.7 £0.67 Sarc-Zin 100 + 0.67
Gun-Nic 100 + 0.67 Sarc-Ziz 97.6 £0.67
Gun-Sarc 90.1 £0.67 Vern-Zin 99.9 +£0.67
Gun-Vern 96.7 £ 0.67 Vern-Ziz 97.4 +£0.67
Gun-Zin 93.3+0.67 Zin-Ziz 99.9 £ 0.67
Gun-Ziz 96.3+0.67

Flavonoids containing species combinations
Trem-Urt 100.0 £1.97 Trem-Zan 85.2+1.97
Urt-Zan 97.6 £1.97 - -

Crin = Crinum macowanni, Gun = Gunnera perpensa, Nic = Nicotiana tabacum, Sarc = Sarcostema viminale, Vern = Vernonia
amygdalina, Zin = Zingiber officinales, Ziz = Zizyphus mucronata; Trem= Trema orientalis, Urt=Urtica dioica, Zan=
Zanthozylum capense SELSM = standard error of least square means expected efficacy; Webb’s effect= Webb’s additive effect
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Plant species combinations

Trem= Tremia orientalis; Urt= Urtica dioica; Zan= Zanthozylum capense; Combined efficacy; expected comb eff= expected
combined efficacy; Difference= Difference between combined efficacy and expected efficacy; Webb’s effect= Webs additive
effect

Figure 4. 2: Combination of plant species possessing flavonoids: their efficacies (%0),
expected efficacies (%), Webb’s or additive effect (%), difference (%) and synergistic
effect (%0)

4.3.3 Sub-experiment three (combined efficacies of plant species containing proteases
and nitrogen compounds)

Observed efficacies of these plant species were high, but similar (P= 0.785), with mean 97.9 =
0.30 % (table 4.4). Expected efficacies for combinations were different (P< 0.0001). Simple
synergies (differences between observed and expected efficacies) of theses plant species were
not different (P= 0.7162), with a mean of 2.8 = 0.30 %, which is higher than zero. Webb’s
additive effect for combinations of plant species were high and different from each other (P<
0.0001). Webb’s synergistic effects were similar (P= 0.7882); with a mean of -1.9 + 0.30 %,

which is lower than zero (Figure 4.3).

Alkaloid contents were different (P= 0.0135) and had mean 35.2 + 0.78 g/KgDM (Table 4.2),
whereas condensed tannin contents were similar (P= 0.4312), with mean 4.5 £ 0.46 g/KgDM.
Lastly, flavonoid contents were also different (P< 0.0001) with mean 232.9 £ 1.24 g/kgDM.
There was no correlation between any of alkaloids (r=-0.02774; P=0.8843), condensed tannins
(r=-0.3071; P=0.0987) or flavonoids (r= 0.0359; P= 0.8505) and observed efficacy. A multi-
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regressions of alkaloids, condensed tannins and flavonoids as predictors of combined

anthelmintic efficacy also gave no relationship. Overall trend of concentration for all three

biochemical compounds was flavonoids> alkaloids> condensed tannins (Table 4.2).
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All= Allium cepa, Ana= Ananas comossus; Bid= Bidens pilosa; Car= Carica papaya; Ric= Ricinus communis; Combined
efficacy; expected comb eff= expected combined efficacy; Difference= Difference between combined efficacy and expected

efficacy; Webs effect= Webs additive effect

Figure 4. 3: Combination of plant species possessing proteases/nitrogen compounds: their
efficacies (%0), expected efficacies (%), Webs or additive effects (%), differences (%) and

synergistic effects (%0)
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Table 4. 4: Combined anthelmintic efficacy (%) of plant species possessing proteases
and/or nitrogen compounds (sub-experiment 3)

Plant species

Combined efficacy

Plant species

Combined efficacy

combinations (%) combinations (%)
All-Ana 97.6 +0.30 Ana-Car 100.0 +0.30
All-Bid 97.6 £0.30 Ana-Ric 97.6 £0.30
All-Car 99.2+ 0.30 Bid-Car 100.0 +0.30
All-Ric 97.6 £0.30 Car-Ric 92.8+0.30
Ana-Bid 97.6 £0.30 Car-Ric 98.8 £0.30

All = Allium cepa, Ana = Ananas comosus, Bid = Bidens pilosa, Car = Carica papaya, Ric = Ricinus communis
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Figure 4. 4: Scattered plot of relationship between simple and Webb’s synergies for
combinations involving tannin/tannin, flavonoid/flavonoid and proteases/proteases
containing plant species
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4.4 Discussion

Combination of plant species in phytoanthelmintic therapy is expected to improve efficacy and
spectrum of cover to that which is higher than that of the component plant species constituting
a pair (Bartram et al., 2012; lanusse et al., 2014). Two approaches were adopted to evaluate
synergism and improved anthelmintic activity arising from combination of these plant species.
The first was that of differences between observed and expected efficacies (simple synergy),
and the second was computed using Webb’s fractional method (Webb, 1963). Contrary to our
expectation, there was synergistic activity from both simple synergy (Figure 4.4) and Webb’s
synergy. For the former, the differences were mostly positive, alluding to improved
anthelmintic activity in all three sub experiments as a result of constituted combinations. From
the later, synergistic activities of most combinations were overwhelmingly negative in all three
sub-experiments suggesting antagonistic activity. Remarkably, graphical trends of activities
were closely similar, suggesting some common pattern of activities, though in opposite
directions (Figures 4.4). While simple synergy was largely positive, the later was oppositely
negative, but both related linearly (Figure 4.4). Though combined concentration of crude
extract was reduced in the current trial to 40%, computed additive effect was virtually at 100
%. It is most likely in the current study that reduction in dose might not have accorded adequate
room to sufficiently evaluate synergistic effect, as shown in the general trend of additive
activities in all three sub experiments. There is, therefore, need to further reduce the dose in

order to target less additive effect than that obtained from the current study.

In all three sub experiments, alkaloids, condensed tannins and flavonoids were quantitatively
evaluated for all plant species. Given that empirical evidence closely links alkaloids (Ademola
et al., 2005; Hoste et al., 2006), condensed tannins (Athanasiadou et al., 2000; Molan et al.,
2000; Min and Hart, 2003; Hoste et al., 2006) and flavonoids (Perry and Metzger, 1980; Duke,
1992; Barrau et al., 2005; Haman, 2007; Kerboeuf et al., 2008; Eguale and Giday, 2009;
Azando et al., 2011; Refaat et al., 2012; Bibkar et al., 2012) to exerting anthelmintic activity,
a natural expectation would be some level of association of these macromolecules with
anthelmintic efficacy in plant species in which they occur. Contrary to this expectation, there
was no discernible correlation of all three macromolecular compounds with anthelmintic
efficacy. In combinations, the collective activity of these macromolecules and others that might
not have been identified, may be responsible for this activity. Additionally, anthelmintic

potency of these principles put together, may far exceed or shield that of individual

88



macromolecules including alkaloids, condensed tannins and flavonoids. In attempt to formulate
some predictive measure of combined anthelmintic efficacy or interchangeably observed
efficacy based on the contribution of alkaloids, condensed tannins and flavonoids in the current
study, a multi-regression analysis did not prove to be useful. This reaffirms collective rather

than strong individual contribution of various anthelmintic principles to efficacy.

Plant species containing alkaloids generally have a wide variety of these macromolecules
and/or other related biochemicals with different chemical structures, some of which are isomers
and others have different molecular weights (Nair et al., 2000; Jin, 2003; Madala et al., 2016).
A similar pool of various types of tannins occurred in plant species possessing condensed
tannins (Makkar et al., 2007; Rochfort et al., 2008; Alonso-Diaz et al., 2009). Flavonoid,
containing plant species likewise have a wide variety of different flavonoids and other
biochemicals (Kubola and Siriamornpun, 2008; Madala et al., 2016), and sometimes different
isomers of the same flavonoid occur in the same and also in different plant species (Madala et
al., 2016). Similarly, the biochemical content of proteases and nitrogen compounds in plant
species containing this macromolecular class would have been structurally diverse (Butts et

al., 2016), in addition to other related anthelmintics.

This structural biochemical diversity of alkaloids and tannins, flavonoids, and, proteases and
nitrogen compounds (Makkar et al., 2007; Kubola and Siriamornpun, 2008; Butts et al., 2016;
Madala et al., 2016) in different plant species confers on them different properties and
biochemical activities (Alonso-Diaz et al., 2009; Madala et al., 2016; Butts et al., 2016).
Therefore, a wider pool of biochemical compounds in combinations, different interactions
among them or pharmacodynamic activities, and by inference various pharmacokinetic
activities (kundu et al., 2014). This would occur first, within a similar class of anthelmintic
bioactive pool (Barry, 1985) such as alkaloids, condensed tannins and flavonoids in plant
species and cumulatively in different plant species (Quijada et al., 2015) constituting various
combinations (combined biochemical pool), yielding improved efficacy as targeted and
observed in the current study. This further suggest collective than individual anthelmintic

activity.

Based on the current study, a much more reduced combined dose is required to properly address
synergistic activity. While the other parameters show that there is potentially greater potency
in combined anthelmintic phytotherapy, synergy is more negative than positive. Improved

observed efficacy in the current study is generally in accord with its primary objective.
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Antagonistic and synergistic activities as observe from the both correlation matrix and
multiregression occur in plant species exerting anthelmintic activities and other relevant
antiparasitic activities. The biological activity identified in plant species suggest that various
modulating chemical activities occur within each plant species or combinations to enable them
exercise their activity without causing harm to livestock that is treated. Additionally, different
types of active compounds may occur in the same plant species (Table 4.2) or in different plant
species (Barry, 1985), conferring on them broad spectrum nematode parasite control capacity
(Adamu et al., 2006). This biochemical nature, inherently accords advantage to anthelmintic
activity. Combination therapy, therefore, yields multicomponent active principle, which exert
different modes of biochemical activity, leaving nematode parasites insufficient capacity to
develop resistance against all of them relative to single plant species treatment (Lanusse et al.,
2014).

Though combination brings together a variety of bioactive anthelmintic principles, in nature,
individual plant species harbour different primary biochemicals including alkaloids, condensed
tannins and flavonoids (Table 3.2) and other compounds not determined in this study in
different concentrations. Naturally, anthelmintic biochemical variety exist at the level of
individual plant species. Some of the bioactive anthelmintic principles including alkaloids,
tannins, flavonoids and terpenes among others, are plant secondary metabolites (Villalba and
Provenza, 2009; Dove, 2010), which when present in diets beyond certain thresholds negate
their beneficial effects (Dove, 2010). A variety of these macromolecules in diets have been
suggested to mitigate or modulate the negative effects of individual plant species, implicitly by
dilution or counteraction of deleterious effects of each other. These interactive and modulatory
effects enhance the nutritional and curative benefits to animal production and health (Villalba
and Provenza, 2009). In the same vein, combinations of plant species exerting anthelmintic
activity that result to enhanced activity greater than that of individual component species, is an
expression of the merits of a much broader positive interaction. Measurable and relatively
enhanced anthelmintic efficacy emanating from combination of different plant species has been

adopted from its application in chemical or orthodox anthelmintic combination (Webb, 1963).

Improved activity from combination anthelmintic phytotherapy will result to more potent
activity relative to that of individual component species, and similar to what obtains in
combination chemical anthelmintic therapy (Lanusse et al., 2014). This heightened activity has
the likelihood of complete parasite elimination at contact or parasite/biochemical interaction.

Remnants of surviving parasites that would not have had any contact or interaction with
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combined extract will retain their integral vulnerability to subsequent dosing. This is typical of
the concept of refugia (Sutherland and Leathwick, 2011) where in, the surviving portion of
parasites in a herd of animals is made to have absolutely no contact or interaction with
anthelmintic drug in use, while those with any contact are killed. Efficacious drug disposition
of this nature is critical in livestock nematode control programs because of prevention of

selection for resistant parasites and build-up of resistant alleles that usually lead to drug failure.

Among different plant species possessing similar biochemical class but with different structural
formulae, some of them may exert anthelmintic activity and others not (Werne et al., 2013),
suggesting that all plant species possessing these tagged bioactive principle classes may not be
necessarily anthelmintic in nature, or may not exert this activity to the same extent when it
exists. Additionally, plant species content of any of alkaloids, condensed tannins and
flavonoids does not conclusively translate to anthelmintic biological activity, because not all
macromolecules exert this activity (Werne et al., 2013). This raises the need for a much finer
biochemical profiling, leading to extensive identification of all potential contributors to this
anthelmintic trait. There is need to ascertain advantages of combination anthelmintic

phytotherapy or chemotherapy offered over either of them individually.

The genetic basis of combination anthelmintic phytotherapy or chemotherapy is crucial in
nematode parasite control programs. Chemical anthelmintic therapy presents peculiar cases of
anthelmintic resistance, wherein selection for resistance against an anthelmintic does not
necessarily affect others in the same or different groups (Mottier and Prichard, 2008) because
of different mechanisms of action. Independent selection for resistance tie with the genetic
control of this trait, which is in turn controlled by different alleles (Bartram et al., 2012).
Combination anthelmintic therapy renders genetic selection for resistance difficult, though not
impossible, as many alleles will have to be involved in the process. Combination therapy,
therefore, affords the opportunity to recycle anthelmintics, which otherwise would have been
ineffective or exerting low efficacy individually, the opportunity to exert acceptable levels of
efficacy because of the genetic disposition towards this trait. Additionally, component
anthelmintics in combination can influence and radically improve pharmacokinetic and
pharmacodynamic interactions of the duo (Lanusse et al., 2014) resulting to additive and
synergistic effects on efficacy. Similarly, plant bioactive anthelmintic principles constitute a
pool of various biochemical classes and types of macromolecules, rendering genetic control
much more intricate and complicated. Plants by their biological nature require huge genetic

alterations in parasites to take place in order for them to select for resistance; which is
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farfetched and inherently advantageous in livestock nematode parasite control programs. Ethno
veterinary phytochemical combination anthelmintic therapy therefore constitute an important
option in parasite control that should be accorded adequate attention in research, development

and treatment.

4.5 Conclusion

Combination anthelmintic phytotherapy generally increases the concentration of similar
principles in the component species and potential activity. Though, there was some antagonism
as shown by negative synergistic activity, additive anthelmintic effects occurred. Additionally,
combination anthelmintic therapy diversifies anthelmintic bioactive options, enhances efficacy
and potentially other activities that promote animal health and productivity. By extension, the
likelihood of selecting for resistance by nematode and related parasites is remote, because of
involvement of various anthelmintic/antibiotic principles at macro biochemical level in plant
combinations. This in turn demands a much more extensive work to further test many more
plant species in combination in order to validate and provide more benign consumer/ecological
friendly anthelmintic options. The next question is, “Will plant combinations possessing
different biochemical anthelmintic principles yield similar results like those of the current
study?”
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Chapter 5

In vitro anthelmintic combination phytotherapy of sheep with selected
plants possessing different bioactives
Abstract

Plant species in groups containing identical putative macromoleules including alkaloids/condensed
tannins, flavonoids and proteases/nitrogen compounds were reconstituted into combinations across
groups to evaluate efficacy and synergistic effects in vitro in sheep, in search of more efficacious
remedies. Intergroup combinations were thirty two (32) for condensed tannins/alkaloids and
proteases/nitrogen compounds in sub experiment one (SEP 1); 13 combinations for flavonoids and
alkaloids/tannin plant species (SEP 2); and 15 combinations for proteases/nitrogen compound and
flavonoid containing plant species (SEP 3). Each experiment was run thrice. Four grams of plant species
vegetative material was extracted in 70 % ethanol and made up to 100 ml. Sheep dung collected from
rectum and pooled to constitute test samples. Five grams (5 g) samples weighed into Petri dishes and
cultured for 12 days at 27° C. On day 13, treatments dosed with combined plant species crude extract
at 2.5 ml with double dose concentration of each constituting pair, while some controls were moistened
and others treated with 70 % ethanol to eliminate solvent killing effect. Surviving mixed Ls larvae were
counted on day fourteenth. Corrected mortalities were adopted as indices of observed combined
efficacies. Synergistic effects computed following Webb’s method and alternatively simple synergy
from differences between observed and expected efficacies (a + b)/2. Combined efficacies of SEP 1
related species were not different (P= 0.2760), but high, mean (95.5 + 0.12 %). Synergistic activities
were not different (P= 0.3217), with mean (-4.0 + 0.12 %). No association occurred between any of
alkaloids, condensed tannins or flavonoids with observed efficacy. Multiple regression analysis to
establish relationships among quantified macromolecules with efficacy was not useful. Efficacy of
combinations SEP 2 were not different (P= 0.4318), with mean (95.2 + 0.34 %). Synergistic means
were not different (P= 0.2685), with mean (-5.4 % 0.34 %). Multiple regression analysis of
macromolecules as predictors of observed efficacy was not useful. Observed efficacy of combinations
relating to SEP 3 were similar (P=0.5968) and high, mean (95.8 £ 0.04 %). Webb’s synergy for SEP 3
combinations were not different (P= 0.6264) and had mean (-3.8 £ 0.04 %). There was no correlation
between any of the macromolecules and observed efficacy. Multiple regression analysis of different
macromolecules as predictors of observed efficacy was not useful. All synergistic means were negative.
Crude extracts of all combinations exhibited anthelmintic activity, but could not be attributed to any
specific macromlecule(s). This is suggestive that there are wide ranging biochemical interactions that
retain anthelmintic and other relevant traits, but may be potentially different from those exerted by
individual plant species. Evidently, there is more to the active principles involved than has been

examined in the current study, warranting a more detailed study in the succeeding chapter.
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5.1 Introduction

Plant species exerting anthelmintic activity are widely reported to have a variety of active
phytochemicals (Sajid and McKerrow, 2002; Choi and Chung, 2003; Makkar, 2006; Hoste et
al., 2008a), which collectively give them their anthelmintic attribute (Efferth and Koch, 2011).
Moreover, very closely related plant species or cultivars from same geographic location share
some similar principles and others that belong to different classes of biochemicals; more often
occurring in various concentrations (Rees and Harborne, 1985; Foster et al., 2011). This
anthelmintic or antibiotic biochemical disposition among others is suggestive of different
efficacies for each of them, and the potential of some interaction if such plant cultivars were to
be used in combination to treat livestock helminths. Constituting plant species combinations
with similar or different anthelmintic principles, most likely increases the pool of
phytochemicals, concentration of those compounds shared by both plant species, and the
potential scope/efficacy of anthelmintic activity. These biochemical interactions in
combination therapy have plenty of possible outcomes, some of which may result to improved
activity (synergistic effect), parallel or independent activity, antagonistic or mutually inhibitory

interaction and bioactive domination of some principles by others.

The failure of most chemical anthelmintics in contemporary control programs has ignited
research, development and implementation of other options that will potentially broaden and
increase control strategies. Many more control strategies will provide the opportunity to
employ various options interchangeably in order to sustain efficacy at economically beneficial
levels (Shalaby, 2013). One of such novel practices is the combined use of narrow and broad
spectrum anthelmintics of different classes (Shalaby, 2013) at carefully targeted and specific
times to maximize efficacy (Dobson et al., 2001; Leathwick et al., 2001), with attendant
effectiveness of 99.9 % or more (Krecek and Waller, 2006). Adoption of such treatment regime
has to be judiciously implemented to ensure that animals with unselected sub populations of
parasites on the farm are retained untreated (van Wyk et al., 2006, Shalaby, 2013), in order to
avoid development and propagation of resistant alleles. This strategy has been projected to
conserve efficacy span of combinations for as long as 20 years, if adopted from inception of
anthelmintic discovery that makes up the combination (Leathwick, 2012). Similar
combinations have been inadvertently applied in ethnoveterinary and ethnobotanical
medicines, in the treatment of helminths and other microbial infections without profound

understanding of pharmacological and biochemical bases of their function. Relative to efficacy
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of component members of a wide combination of plant species exerting anthelmintic activity,
the combined anthelmintic efficacy was largely more potent (Dwivedi et al., 2009) at treatment
of livestock nematodes. Similarly, a combined ethnobotanical formulation for treatment of
round worms in native chicken proved to be very efficient and was comparable to existing
anthelmintics of choice (Ozaraga et al., 2015). Socio-economic implications of ethnobotanical
treatment of livestock helminth are important considerations (Ozaraga et al., 2015) in the
promotion and establishment of efficient and effective treatment regimes, beside

pharmacological, consumer health and environmental benefits.

Efficacious plant combinations as treatment against helminths, will tremendously reduce the
frequency of anthelmintic use (Shalaby, 2013), and in the process conserve efficacy span.
Economically, cost of production will be reduced and enormous production gains realized
(Ketzis et al., 2006; Ozaraga et al., 2015) as a result of better gut integrity, better feed
conversion efficiency and reduced host morbidity. Selection for anthelmintic resistance by
helminth parasites and correspondingly selection for antibiotic resistance by microbes, has
been intimately linked to frequency of treatment (Shalaby, 2013) among others. Evolution of
resistant alleles from recurrent use of anthelmintics will be briefly examined to explore some

of the advantages plant combinations potentially confer on nematode control.

Constituting anthelmintic combinations from diverse anthelmintic classes usually renders the
evolution of multi-alleles for resistance intricate and long drawn (Bartram et al., 2012;
Leathwick et al., 2012). Single plant species exerting anthelmintic activity on their part,
naturally harbour a variety of bioactive compounds (Makkar, 2006; Hoste et al., 2008a), at
which level, evolution of resistant anthelmintic alleles is complicated. With the constitution of
plant combinations, phytochemical anthelmintic principles increase tremendously, further
complicating and rendering evolution of phytochemical anthelmintic resistant alleles far more
remote or untenable, as huge and fundamental genetic changes will be required. This
pharmacological and genetic interaction strongly motivates the use of plant-plant combinations
in nematode control programs of livestock. Plants by their biological nature are supposedly
non-resistible and better suited for sustainable helminth and other parasite control programs
because of their inherent diverse biochemical disposition.

It is hypothesized that combinations of plant species possessing different anthelmintic
macromolecular principles will interact to produce no synergistic effect and correspondingly,

plant species content of any or all of alkaloids, condensed tannins and flavonoids will not have

95



any effect on observed efficacy and synergy. The objective of this study was to identify which
of plant combinations possessing different macromolecules can be developed as a more

effective remedy for livestock nematode control.

5.2 Materials and methods

5.2.1 Collection of vegetative plant material, establishment of groups and processing of
crude extracts

Sixteen plant species used in the preceding work were collected and processed as described in
section 3.2.1, chapter 3.

Plant species combinations were constituted by: (1) those containing alkaloids/condensed
tannins and others containing proteases/nitrogen compounds; (2) those containing flavonoids
and others containing alkaloids/condensed tannins; and (3) those containing proteases/nitrogen
compounds and their counterparts containing flavonoids, to evaluate their anthelmintic
efficacy on mixed nematode parasites of sheep in vitro.

Primarily in the current study, intermacromolecular class combinations were constituted to
explore how phytochemical interaction will affect anthelmintic efficacy and synergy.
Correspondingly, quantitative content of alkaloids, condensed tannins and flavonoids were also

examined for their implication on observed efficacy, simple and Webb’s synergies.

5.2.2 Extraction and dosing of sheep dung

Four grams of each milled plant sample was weighed and extracted in 70% ethanol. When
extraction was completed, the volume of crude extract was made up to 100 ml. Dung was
collected from 18 sheep as per rectum, pooled and thoroughly mixed. Five gram sample of
faecal material was weighed into Petri dishes and incubated at 27°C for 12 days. On day 13,
each of the cultured sample was dosed with 5 ml of combined plant extract, or 2.5 ml each of
the designated combined pair of crude extracts (double concentration; 2 x 2.5 ml). Negative or
untreated controls were processed thus: some control samples were watered at time of dosing
treated samples, while others were treated with 5 ml of 70 % ethanol. Mean parasite count from
ethanol treated controls was deducted from that of negative controls to eliminate any influence
on killing by the solvent. All samples were further incubated for one day. L3 larvae that
survived combined dosing were isolated on day 14, including those of controls following the

Baermann method. Fluid of volume 10 g was drawn from the stem of each funnel into a labelled
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test tube and allowed to settle for 15 minutes. Fluid was again drawn from the supernatant of
the test tube using a Pasteur pipette, filled into a McMaster slide and isolated L3 larvae counted.
Corrected mortality for different samples was computed using Abott’s formula (Abott, 1925)
and served as indices of in vitro combined anthelmintic efficacy. Synergistic activity from
combination therapy was evaluated following two different methods. One of them was simple
synergy, computed as difference between observed and expected efficacies, the other, Webb’s

synergy was computed following Webb’s fractional method.

5.2.3 Experimental design and statistical analysis

Designated macromolecular classes including alkaloids/condensed tannins, flavonoids and
proteases/nitrogen. These groups consisted of: (1) plant species containing alkaloids/tannins
and those containing proteases/nitrogen compounds (sub-experiment one (SEP 1)); (2) plant
species containing flavonoids and others containing alkaloids/condensed tannins (SEP 2); and
(3) plant species containing proteases/nitrogen compounds and others designated as containing
flavonoids (SEP 3). All combinations of plant species were run three times, each run being
replicated thrice. Sub experiment one had 32 combinations, experiment two 13 and sub-
experiment three, 15. Data was analysed using the general linear model (GLM), Pearson

correlation and multiple regression of SAS (2000).
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Table 5. 1: Anthelmintic efficacies (%) of combined plant species possessing
alkaloids/tannins and those containing proteases/nitrogen compounds

Plant species combinations Combined efficacy (%) Plant species combinations Combined efficacy (%)
All-Crin 95.2+4.72 Bid-Nic 97.2+2.78
All-Gun 975+2.33 Bid-Sarc 95.1+2.98
All-Nic 97.6 +2.38 Bid-Vern 97.1+£2.72
All-Sarc 99.9+0.12 Bid-Zin 83.6 £4.07
All-Vern 100.0 £ 0.00 Bid-Ziz 96.3 +3.18
All-Zin 97.6 +2.38 Car-Crin 87.7£8.51
All-Ziz 100.0 £ 0.00 Car-Gun 97.0 + 2.67
Ana-Crin 100.0 £ 0.00 Car-Nic 99.8 £0.22
Ana-Gun 99.8 £0.22 Car-Sarc 95.1 +£4.89
Ana-Nic 99.4 £0.52 Car-Vern 94.0£0.12
Ana-Sarc 95.2£4.76 Car-Zin 92.3+£7.67
Ana-Vern 96.0 £2.11 Car-Ziz 93.2+244
Ana-Zin 97.6 +2.38 Ric-Sarc 80.8 £10.88
Ana-Ziz 95.2+£4.72 Ric-Vern 96.6 £ 3.28
Bid-Crin 92.9+6.46 Ric-Zin 100.0 £ 0.00
Bid-Gun 93.6 +3.23 Ric-Ziz 95.2+4.76

All = Allium cepa, Ana = Ananas comosus, Bid = Bidens pilosa, Car = Carrica papaya, Crin = Crinum macowanii, Gun = Gunnera perpensa,
Nic = Nicotiana tabacum, Ric = Ricinus communis, Sarc = Sarcostema viminale, Vern = Vernonia amygdalina, Zin = Zingiber officinale, Ziz

= Zizyphus mucronata

5.3 Results

5.3.1 Sub experiment one (alkaloids/tannins and proteases/nitrogen compounds)

Observed efficacies of plant species containing alkaloids/tannins and of those containing
proteases/nitrogen compounds were not different (P= 0.276) but high, with mean 95.6 £ 0.12
%. Efficacies of combined plant species ranged from 80.8 = 0.12 % for Ricinus
communis/Sarcostema viminale, to 100 £ 0.12 % for Allium cepa/Vernonia amygdalina, Allium
cepa/Zizyphus  mucronata, Ananas comosus/Crinum  macowanii, and Ricinus
communis/Zingiber officinale (Table 5.1). The differences between observed and expected

efficacies (simple synergy) were not different (P= 0.47350) with a mean 2.4 + 0.12 % (Figure
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5.1). Webb’s synergy of these combinations were similar (P= 0.322), with mean -4.0 £ 0.12 %,
and ranged from -18 + 0.12 % for Ricinus communis/Sarcostema viminale to 0.9 £ 0.12 % for
Ricinus communis/Zingiber officinale (Figure 5.1). There was no correlation of either alkaloids
or condensed tannins to combined anthelmintic efficacy, but for that of flavonoids (r= 0.204;
P=0.0459). Multiple-regression analysis of alkaloids, condensed tannins and flavonoids as
predictors of combined anthelmintic efficacy yielded no positive results as none of them

entered the model at (P= 0.15) significant level.
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lant species combination

All = Allium cepa; Ana= Ananas comosus; Bid =Bidens pilosa; Car = Carica papaya; Crin= Crinum macowanii; Gun=
Gunnera perpensa; Nic= Nicotiana tabacum; Ric= Ricinus communis; Sarc= Sarcostema viminale; Vern= Vernonia
amygdalina; Zin= Zingiber officinale; Ziz= Zizyphus mucronata; Comb effic= Combined efficacy; expected comb eff=
expected combined efficacy; Difference= Difference between combined efficacy and expected efficacy; Webb’s effect=
Webb’s additive effect

Figure 5. 1: Combinations of plant species possessing alkaloids/condensed tannins and
those of proteases/nitrogen compounds, and their projected additive and synergistic
effects (%)

5.3.2 Sub experiment two (flavonoids and alkaloids/tannins)

Observed anthelmintic efficacies of these combined plant species were similar (P=0.432) and
but had high mean 95.2 + 0.34 %. Observed efficacies ranged from 81.3 = 0.34 % for Crinum

marcownii/Urtica dioica to 100.0 + 0.34 % for Gunnera perpensa/Urtica dioica, Nicotiana
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tabacum/Urtica  dioica, Sarcostema viminale/Trema orientalis and Sarcostema
viminale/Urtica dioica (Table 5.2). Simple synergies were not different (P= 0.3814) among
combined plant species and had a mean of 2.9 + 0.36 % (Figure 5.2). Webb’s synergy of
anthelmintic effects resulting from combinations were not different (P= 0.2685) among pairs,
with a mean -5.4 + 0.34 % and ranged from -17.7 £ 0.34 % for Crinum marcowanii/Urtica
dioica to 1.0 = 0.34 % for Gunnera perpensa/Urtica dioica (Figure 5.2). There was no
association of any of alkaloids, condensed tannins or flavonoids with combined anthelmintic
efficacy of these plant species. Additionally, multi-regression analysis of alkaloids, condensed
tannins and flavonoids as predictors or explanatory variables of combined anthelmintic efficacy

did not qualify any to enter at (P = 0.15) significance level.

Table 5. 2: Anthelmintic efficacies (%) of combined plant species possessing flavonoids
and those containing alkaloids/tannins

Plant species combination Combined efficacy (%) Plant species combination Combined efficacy (%)
Crin-Trem 96.7 £3.33 Trem-Vern 97.5+233
Crin-Urt 81.3+£5.62 Trem-Zin 994 +241
Crin-Zan 93.2+£6.61 Trem-Ziz 99.9 £0.07
Gun-Trem 99.6 +£0.44 Urt-Vern 96.5 +2.06
Gun-Urt 100.0 + 0.00 Urt-Zin 100.0 £ 0.00
Gun-Zan 83.3 +16.67 Urt-Ziz 99.9 £ 0.07
Nic-Trem 93.7+2.87 Vern-Zan 974229
Nic-Urt 100.0 + 0.00 Zan-Zin 100.0 £ 0.00
Nic-Zan 94.6 +2.72 Zan-Ziz 97.6 £2.35
Sarc-Trem 100.0 +0.00

Sarc-Urt 100.0 +0.00

Sarc-Zan 97.5+2.33

Crin = Crinum macowanii, Gun = Gunnera perpensa, Nic = Nicotiana tabacum, Sarc = Sarcostema viminale, Trem = Trema orientalis, Urt

= Urtica dioica, Vern = Vernonia amygdalina, Zan = Zanthozylum capense, Zin = Zingiber officinale, Ziz = Zizyphus mucronata
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Crin= Crinum macowanii; Gun= Gunnera perpensa; Nic = Nicotiana tabacum; Sarc = Sarcostema viminale; Trema orientalis;
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mucronata Comb effic= Combined efficacy; expected comb eff= expected combined efficacy; Difference= Difference
between combined efficacy and expected efficacy; Webs effect= Webs additive effect

Figure 5. 2: Combinations of plant species possessing flavonoids and those of
alkaloids/condensed tannins, and their projected additive and synergistic effects (%0)

5.3.3 Sub experiment three (proteases/nitrogen compounds and flavonoids)

Observed combined efficacies of plant species containing proteases/nitrogen compounds and
flavonoids were not different (P= 0.597) but relatively high, with a mean of 95.8 + 0.04 %.
Observed efficacies ranged from 86.8 £ 0.04 % for Carica papaya/Zanthozylum capense to
100.0 £ 0.04 % for Carica papaya/Trema orientalis (Table 5.3). Simple synergies were similar
(P=0.756), with mean of 2.0 + 0.27 %. Webb’s synergy resulting from these combinations
were not different (P= 0.626), with a mean -3.8 = 0.04 % and ranged from -12 + 0.04 % for
Carica papaya/Zanthozylum capense to 0.4 + 0.04 % for Biden pilosa/Urtica dioica (Figure
5.3). There was no correlation between any of alkaloids, condensed tannins or flavonoids
content of plant species and anthelmintic efficacy. Correspondingly, multiple regression
analysis of alkaloids, condensed tannins and flavonoid content as predictors of combined
anthelmintic efficacy was so poor that none entered the model at P=0.15 level of significance.
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Table 5. 3: Anthelmintic efficacies (%) of combined plant species possessing
proteases/nitrogen compounds and those containing flavonoids

Plant species combination Combined efficacy (%) Plant species combination Combined efficacy (%)
All-Trem 975+2.33 Bid-Zan 96.7 £2.33

All-Urt 95.2 £5.83 Car-Trem 100.0 £0.00

All-Zan 95.0 £ 4.66 Car-Urt 91.1+8.88

Ana-Trem 97.6 +2.38 Car-Zan 86.8 £6.61

Ana-Urt 89.8 + 6.86 Ric-Trem 96.6 £ 3.38

Ana-Zan 99.9+0.13 Ric-Urt 95.0+2.55

Bid-Trem 99.1+£0.89 Ric-Zan 96.8 +2.58

Bid-Urt 99.9+0.11 - -

All = Allium cepa, Ana = Ananas comosus, Bid = Bidens pilosas, Car = Carrica papya, Ric = Ricinus communis, Trem = Trema orientalis,

Urt = Urtica dioica, Zan = Zanthozylum capense
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Plant species combination

All = Allium cepa; Ana = Ananas comosus; Bid = Bidens pilosa; Car = Carica papaya; Urt= Urtica dioica; Ric = Ricinus
communis Zan= Zanthozylum capense, Comb effic= Combined efficacy; expected comb eff= expected combined efficacy;
Difference= Difference between combined efficacy and expected efficacy; Webs effect= Webs additive effect

Figure 5. 3: Combined efficacies of plant species possessing proteases/nitrogen
compounds and those of flavonoids, and their projected additive and synergistic effects

%
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Figure 5. 4: Scattered plot showing relationship of simple and Webb’s synergy in sub
experiments 1, 2 and 3

5.4 Discussion

Observed combined anthelmintic efficacies of plant combinations carrying different classes of
bioactive compounds in all three sub experiments were high, but had various trends. These
trends are suggestive of various interactions among different classes of anthelmintic principles
involved (Kubola and Siriamornpun, 2008; Rochfort et al., 2008; Madalaa et al., 2016), and
others that might have aided the process of combined anthelmintic efficacy. Nonetheless,
improved anthelmintic activity from plant combinations as exemplified by the trend of simple
synergies is a potential indication of some positive biochemical interaction, which was not
discernible at the level of putative macro-biochemical interaction including alkaloids,
condensed tannins and flavonoids. Fundamentally, plant species in their nature and true to their
species trait (Hammond et al., 1997; Aherne and O’Brien, 2002; Makkar et al., 2007; Cala et
al., 2012) are suggested to be responsible for primary differences in combined anthelmintic
activity (Hammond et al., 1997; Wenk, 2003; Shaik et al., 2006); these same differences are
pooled in combinations resulting to various interactions. These species differences may
therefore lead to many more interactions and further differences in anthelmintic activity exerted
by various combinations. Basically, the nature, chemical structure, molecular size and variety
of anthelmintic principle(s), and other related biochemical candidates (Harborne, 1986) in the
pool of each pair of combination, most likely would contribute to explain trends of observed

combined efficacies.
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Mean combined anthelmintic efficacy of combinations involving alkaloids/tannins and
proteases/nitrogenous compounds bearing plant species (95.6 + 0.12 %), and that of
proteases/nitrogenous compound and flavonoids bearing plant species (95.8 = 0.04 %) were
proportionally different as opposed to their statistical similarity, while that of combinations
involving plant species carrying flavonoids and alkaloids/tannin containing plant species was
relatively higher (98.9 + 0.34 %) in accordance with unique biochemical nature of component
plant species (Makkar et al., 2007; Cala et al., 2012) constituting combinations. These observed
differences most likely would have arisen from phytochemical interactions within various
combinations. Combinations of different plant species would have produced a rich pool of
different biochemical compounds, some of which potentially interacted and improved on
anthelmintic effect, while others produced some antagonistic effects (Efferth and Koch, 2011,
Che et al., 2013). The net effect from these interactions being the largely positive simple
synergies, though Webb’s synergies were largely negative.

Improved anthelmintic activity in combination phytotherapy was measured first, by simple
synergy and alternatively, by any further response above additive effect qualified as synergistic
following Webb’s fractional product method (Webb, 1963). However, both approaches
interacted linearly though simple synergy was largely positive, whereas Webb’s synergy was
oppositely negative (Figure 5.4). Combined dose adopted in the current study yielded high
observed efficacies and were mostly close to 100%, leaving very little room to adequately
evaluate synergistic effects for most combinations in the process. Lower combined doses,
relative to the current one, will potentially better address determination of synergistic effect
and any extensive improvement that will arise from combined phytoanthelmintic therapy. As
hypothesized, there is neither rejection nor acceptance following the dose adopted in the current

study.

In sub experiment one (SE 1) flavonoids associated with observed efficacy, whereas alkaloids
and condensed tannins did not. Additionally, in sub experiments two (SE 2) and three (SE 3)
there was no association of any of flavonoids, condensed tannins and alkaloids with observed
efficacy and other related parameters including simple and Webb’s synergies. Plant species
containing or carrying some of these bioactive molecular classes, usually have a mixture of
different molecular types, some of which may lack bioactive attributes for the relevant trait
(Klongsiriwet et al., 2015). In this context, if the molecular constitution of the biochemical

class were more of the inactive portion (Klongsiriwet et al., 2015), then, there is likelihood that
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the activity will be obscured and rendered insignificant. It is likely to occur when molecular
classes of alkaloids, condensed tannins and flavonoids are considered holistically. On the other
hand, if combinations containing different biochemical principles that exert anthelmintic and
other related activities are overwhelmingly of the active type, additive and/or synergistic effects
will occur. Improved observed efficacy of some combinations in the current study is in accord
with the objective of adopting combination therapy in helminth treatment and other therapeutic
processes. Anthelmintic efficacy of combinations involving alkaloids/tannins and
proteases/nitrogen, flavonoids and alkaloids/tannin), and proteases/nitrogen compounds and
flavonoids, all produced positive simple synergic effects. This is suggestive of a collective
anthelmintic activity in combinations that might have arisen from a variety of active principles
including alkaloids, condensed tannins and flavonoids, with no outstanding strong evidence of

individual contributions.

Following Webb’s formula for computing additive and synergistic effects from anthelmintic
drug combinations (Webb, 1963), additive effect of two acting independent drugs, is the
product of the surviving or unaffected fractions after treatment with either agents alone. The
basis of adoption of combined anthelmintic therapy has been because, generally, the resulting
combined efficacy is usually higher than that of any of the component anthelmintics
(Leathwick and Besier, 2014). An analogous expectation is that plant species combinations
possessing different anthelmintic principles will yield similar results to those of drug
combinations. Though some combinations yielded antagonistic effects, it is important to select
combinations with favourable responses to evade any negative effect. Phytochemical
interactions in phytotherapeutic remedies is usually complex with synergistic and antagonistic
processes taking place concurrently to enable healing (Efferth and Koch, 2011). Alternative
evaluation focussing on simple synergy yielded overall positive mean in contrast to largely
negative values following Webb’s fractional method. While results of simple synergy paint a
picture of positive synergism, Webb’s method yielded antagonistic interaction. Our general
observation showed that there was a tendency for some marginal increase in anthelmintic
potency as a result of plant species combinations possessing different principles. Anthelmintic
and other biological activities that are identified with these selected plant species most likely

resulted from net synergism as opposed to antagonism by relevant phytochemicals

This tool has been useful in regulating and mitigating selection for resistance, given that higher

anthelmintic efficacy from combination therapy and synergistic interaction will eliminate
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almost all nematode parasites at drug/parasite interphase (Bartram et al., 2012). Anthelmintic
efficacy that is close to 100% leaves virtually only parasites and their intermediate
developmental stages that have no contact or interaction with anthelmintic remedy (Geary et
al., 2012) and so, conserve their susceptibility for subsequent treatment or dosing. In this
scenario, non-interaction of sub parasite populations with potent combination can be likened
to selective treatment of affected animals (van Wyke et al., 2006; Shalaby, 2013) that leaves
untreated ones with parasites that are highly vulnerable to killing effect. Drug combination
apart, augmentation of protein content of livestock diets resulted to much more resilient
animals (Burke et al., 2007). Proteins of nutritional benefit administered as supplement
concurrently with copper wire particles to lambs and goats, reduced nematode egg count
significantly and was suggested to have acted synergistically (Burke et al., 2004; Burk et al.,
2007).

Better control of nematodes and other economically important parasites of grazing livestock is
therefore not limited to application of combination anthelmintic therapy and those of plants
possessing different bioactive principles. This opens ample space for multifaceted research on
combination therapy and a huge potential of diverse approaches to this novel method of control.
Protein supplementation and its interaction with plant secondary metabolites, especially
condensed tannins (Athanasiadou et al., 2008) is suggested to be another method of
combination therapy and can also serve a prophylactic role. It exerts an indirect role similar to
that of supplementation in diets of infected livestock by being temporally bound to tannins and
evading ruminal microbial degradation, thus enabling their supply to the abomasum and small
intestine for efficient enzymatic digestion, absorption and assimilation (Barry and McNabb,
1999). This reinforces protein availability for vital metabolic processes and immune defence
activities against nematode parasites and other pathogens. However, this among other methods,
may reduce nematode burden considerably. Anthelmintic combination therapy and prophylaxis
represent a more effective and efficient method, while anthelmintic bioactive plant species
combinations have budding potentials to be implemented and improved upon.
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5.5 Conclusion

Combinations of plant species exerting anthelmintic activity, and also possessing different
anthelmintic bioactive principle classes are an important method of livestock nematode parasite
control, in addition to other pathogens. Intergroup combinations apparently showed some
marginal positive synergistic effects, while others were antagonistic, because of the wide range
of bio-chemicals involved. Phytotherapy naturally involves both processes, but with a net
positive or synergistic effect that engenders healing. Antagonism may potentially modulate
some phytochemicals whose interaction may impact negatively on killing and healing if left
unchecked. While those combinations that have proven useful can be adopted for subsequent
studies, it is also important to identify those that produce negative effects. The dose used in the
current study has to be reduced to sufficiently address the element of synergy. There is need
for a more consistent method of evaluating synergism given the differences in outcome from
the current study. A much more critical or finer evaluation of these plant species is also required

to identify other principles that aid and facilitate anthelmintic activity.
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Chapter 6

Comprehensive biochemical analysis of selected plant species exerting

anthelmintic activity

Abstract

Sixteen selected plant species including Allium cepa, Aloe van balenii, Ananas comosus,
Bidens pilosa, Carica papaya, Crinum marcowanii, Gunnera perpensa, Nicotiana tabacum,
Ricinus communis, Sarcostema viminale, Urtica dioica, Vernonia amygdalina, Zanthozylum
capense, Zingiber officinale and Zizyphus mucronata were analysed for phytochemical
composition using GC/MS, in search of phytochemicals/ bioactive compounds related to
anthelmintic activity. Four grams (4 g) dry matter (DM) of each species vegetative material
was extracted in 70 % ethanol, from which 2 ul was injected into a chromatoprobe trap and
analysed for biochemical composition. Compound identification carried out using the NIST05
mass spectral library and comparisons with retention times of chemical standards, where
available, and also comparisons between calculated Kovats retention indices and those
published in the literature. Clean chromatoprobe traps run in GC/MS as controls to identify
background contamination. Compounds present at higher or similar percentages in controls
were contaminants and excluded from analysis. For quantification, each peak area in each
sample was quantified and converted to percentage of emission, and emitted mass in Nano
grams. Phytochemicals identified belonged to aldehydes, amines, sulphur compounds, nitrogen
compounds, Ketones, aliphatic acids, benzenoids, alcohols, lactones, amides, alkaloids, furans
and esters. Reference to previous screening and related bodies of work identified and profiled
phytochemicals with anthelmintic and other related biological activities. Fourty six
phytochemicals had antibacterial activity, 42 antioxidant activity, 38 antifungal activity, 24
antiviral activity, and 13 anthelmintic activity. Allotment of thirteen anthelmintic related
phytochemicals according to occurrence in selected plant species indicated that 2 plants had
one, 6 plants had two, four plants had three phytochemicals, and 4 plants four phytochemicals.
It is most plausible that anthelmintic and other related biological activities exerted by plant
species are closely linked to some phytochemical(s).
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6.1 Introduction

Anthelmintic activity of plant species possessing this natural trait has been closely associated
with several biochemical principles. Some of these exert very little or no metabolic function to
vital activities of relevant plant species, and are tagged plant secondary metabolites (PSM)
(Bennett and Wallsgrove, 1994; Zhao et al., 2005). Their primary role is in plant defense,
including protection from herbivory, pest and other pathogenic organisms (Bennett and
Wallsgrove, 1994; Athanasiadou et al., 2006; Solaiman and Owens, 2010). True to the nature
of plants, each plant may have several classes of plant secondary metabolites and related
principles (Ghisalberti, 2002; Olivier, 2012; Refaat et al., 2012; Rampadarath et al., 2014),
exercising the same function, but having different biochemical modes of action and in different
gastrointestinal sites (Terrill et al., 1994; Desrues et al., 2017) on livestock nematode parasite

and/or related developing stages.

Some relevant secondary metabolites include cyanogenic glucosides, glucosinolates, non-
protein amino acids, alkaloids, plant phenolics, plant terpenes, sesquiterpenes and sterols,
phytoalexins, salicylic acid and methyl jasmonate (Bennett and Wallsgrove, 1994). A vast body
of research work has identified some key plant secondary metabolites involved in livestock
helminth control. These include alkaloids (Refaat et al., 2012), condensed tannins (Min and
Hart, 2003; Ademola et al., 2005; Alonso-Diaz et al., 2011), flavonoids (Azando et al., 2011;
Igbal et al., 2011: Singh et al., 2011), proteases and nitrogen compounds (Luoga et al., 2012;
Domingues et al., 2013) among others. In addition to the wide variety of plant bioactive
anthelmintic principles, there are differences in their content and concentration even in the
same plant species from the same or different regions due to a number of factors (Sampaio et
al., 2016).

Generally, the biochemical content of most plant species has been found to vary with seasons
(Scogings et al., 2003), climatic regions (Waghorn, 2008), soil type and fertility (Jat and
Gajbhiye, 2017). Climatic stress and threat or outright herbivory are critical to their production
and accumulation in most plant species (Akula and Ravishankar, 2011). Arid accessions of the
same plant species are richer in plant secondary metabolites than their analogues from humid
and more benign climatic regions. If biochemical anthelmintic activity were dependent solely
on these principles, they will potentially influence the trend of activity when collected from

different sites or climatic regions and at different seasons.
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It is hypothesized that anthelmintic activity exerted by plant species is an attribute of whole plant
species, as exhibited by species crude extract. Therefore, it would be necessary to carry out a finer
biochemical analysis of these plant species to proof the contrary and provide a profile of
phytochemicals responsible for anthelmintic and other related activities. The objective of this
study was to analyze selected plant species for phytochemical content, relate them to known
primary anthelmintic and other biological activities including antibacterial, antifungal,

antioxidant and antiviral activities as plausible proof of their involvement.

6.2 Materials and methods

6.2.1 Selection of plant species and extraction of vegetative material

The following plant species were selected and identified based on previous knowledge of their
ethno veterinary use in control of parasitic helminth in various communities around the world.
Allium cepa (Vieira et al., 1999; Marwat et al., 2011; Bidkar et al., 2012), Aloe van balenii,
Trema orientalis (Watt and Breyer-Brandwijk, 1962), Ananas comosus (Stepek et al., 2005),
Bidens pilosa (Graham et al., 1980; Hoffman and Hoelzl, 1988), Carrica papaya (Stepek et
al., 2005; Adongo, 2013), Crinum macowanii (Refaat et al., 2012), Gunnera perpensa
(Semelane et al., 2010), Nicotiana tabacum (British Veterinary Codex, 1953; Stuart et al.,
2012), Ricinus communis (Rampadarath et al., 2014; Wafa et al., 2014), Sarcostema viminale
(Grime et al., 2008), Urtica dioica (Haman, 2007), Vernonia amygdalina (Yeap et al., 2010),
Zanthozylum capense (Negi et al., 2011) and Zingiber officinale (Haman, 2007; Singh et al.,
2011), and Zizyphus mucronata (Van Wyk and Wink, 2004; Olivier, 2012).

Four grams dry matter (4 g DM) of each plant species vegetative material was weighed into
labelled thimbles and closed with a ball of cotton wool wrapped in piece of cheese cloth.
Thimbles containing plant material were mounted into distillation units and extracted using 70
% ethanol as solvent. Crude extracts were refluxed into extraction bottles of volume 100 ml.
Extraction process was completed when solvent in thimble carrying section was free of any
coloration. Extraction bottles containing crude extracts were withdrawn, allowed to cool and
Volume of crude extract was made up to 100 ml. volumes of 4 ml each were poured into glass

vials for GC/MS analysis.
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6.2.2 Biochemical analysis of crude extracts of plant species using GC/MS

Volatile samples were analysed using a coupled Varian 3800 gas chromatography (Varian Palo
Alto, California, and USA) and Varian 1200 mass spectrometer (GC-MS). The gas
chromatography (GC) was equipped with an Alltech EC - WAX column of 30m x 0.25 pum
internal diameter x 0.25 um film thickness (Alltech Associates Inc., Deerfield, Illinois, USA).
Helium was used as the carrier gas at a flow rate of 1 mL min™. From each plant species extract,
2 pl was injected into a chromatoprobe trap prepared by cutting glass tubes of similar size to
that of chromatoprobe quartz microvials (length: 15 mm:; inner diameter: 2 mm) and filled with
2 mg of a 50:50 mixture of Tenax TA (Alltech Associates, USA) and graphitized carbon
(Carbotrap™, Supelco, USA). These tubes were closed on both ends with glass wool.
Chromatoprobe traps were placed in a Varian 1079 injector by means of a Chromatoprobe
fitting and thermally desorbed. The temperature of the injector was 40 °C, and was held for 2
minutes with a 20:1 split ratio and then increased to 200 °C. It was held at 200 °C mint in

splitless mode for thermal desorption.

Compound detection was delayed for 6 minutes. After a 3 minutes hold at 40 °C, the GC oven
was ramped up to 240 °C at 10 °C min and retained for 12 minutes. Compound identification
was carried out using the NISTO05 mass spectral library and comparisons with retention times
of chemical standards, as well as comparisons between calculated Kovats retention indices and
those published in the literature. Clean chromatoprobe traps were run in GC-MS as controls to
identify background contamination. Compounds present at higher or similar percentages in
controls were considered as contaminants and excluded from the analysis. For quantification
of compounds, known amounts of standards of dominant compounds were injected into
cartridges and thermally desorbed under identical conditions to samples. The peak area of
compounds in samples were compared with those of standards and used to calculate the total

amount of compound per gram of substrate.

6.2.3 Evaluation of biochemical composition and statistical analysis

Phytochemical content of selected plant species was determined in Nano grams (Ng) per gram
dry matter. Phytochemicals identified in these plants were subsequently browsed for their
anthelmintic and other biological activities including antibacterial, antifungal, antioxidant and
antiviral activities. Simple statistical evaluation for minimum and maximum content, including

sum, mean content and standard deviation was done using means procedure of SAS (2000).
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6.3 Results

Simple statistics of biochemicals of selected plant species are given in Table 6.1

An array of 51 biochemical compounds were identified and included candidates belonging to
aldehydes, alcohols, amines and amides, sulphur compounds, nitrogen compounds, ketones,

aliphatic acids, benzenoids, lactones, alkaloids, furans and esters.

Aldehyde: Furfural occurred in Allium cepa, Aloe van balenii, Gunnera perpensa, and Ricinus
communis, while 5-hydroxymethylfurfural was identified in Aloe van balenii, Crinum
macowanii, Gunnera perpensa and Sarcostema viminale. The other member molecules
occurred in only one species each and included, hexanal in Zingiber officinale and 2-

furancarboxaldehyde, 5- methyl in Ricinus communis.

Alcohols: Alcohols included, furanmethanol which occurred in all sixteen crude extracts, 2,3-
butanediol in Allium cepa, Nicotiana tabacum and Zizyphus mucronata, while phytol occurred
in Trema orientalis, Urtica dioica and Zizyphus mucronata. The other members of alcohols
which featured in two and one plant species included glycerin in Zanthoxylum capense and
Zingiber officinale; 2,7-Octadiene-1,6-diol in Aloe vanbalenii;1,2,3-propanetriol in Zizyphus

mucronata and 2,6-dimethyl in Allium cepa.

Amines, amide and nitrogenous compound: These compounds included acetamide in Ananas
comosus, Biden pilosa, Carica papaya, and crinum macowanii, whereas 2-propenamide
featured in Allium cepa and Ananas comosus. Methylamine, N,N- dimethyl- featured only in
Sarcostema viminale. Nitrogen compounds included 2,5-dimethylpyrazine, which was
identified in Ananas comosus, Trema orientalis and Urtica dioica. Pyridine, 3-(1-methyl-2-
pyrrolidinyl)-, (S)- (Nicotine) and 2,5-dihydro-1H-pyrrole in two plant species each; the former
in Nicotiana tabacum and Sarcostema viminale, and the later in Bidens pilosa and Carica
papaya. Other nitrogen compounds occurred in only one plant species each, including 2,6-
dimethylpyrazine  in  Zingiber  officinale,  2-ethyl-5-methylpyrazine and 8
azabicyclo[3.2.1]octane-3-carbonitrile,8 methyl- in Zizyphus mucronata, and Benzyl nitrile in

Carica papaya.

Sulphur compound: Sulphur compounds occurred in 10 plant species, except Aloe van balenii,
Ananas comosus, Sarcostema viminale, Zanthozylum capense, Zingiber officinale and Zizyphus

mucronata. Other sulphur compounds that occurred in much smaller concentrations in selected
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plant species included, 3,4-dimethylthiophene, 1-propenyl methyl disulphide and dimethyl

trisulphide in Allium cepa.

Ketones: Ketones featured strongly in most of the selected plant species and included 1-
hydroxy-2-propanone which occurred in crude extract of all sixteen plant species; 2,5-
dimethyl-4-hydroxy-3(2H)-furanone occurred in half of the selected plant species inclusive of
Allium cepa, Aloe vanbalenii, Ananas comosus, Bidens pilosa, Carica papaya, Ricinus
communis, Trema orientalis and Zanthozylum capense. 2,3-dihydro-3,5-dihydroxy--6-methyl-
4H-pyran-4-one was identified in Allium cepa, Aloe van balenii, Ananas comosus, Bidens
pilosa, Trema orientalis, Urtica dioica, Zanthozylum capense and Zingiber officinale. Other
ketones were: (1) 1-(1H-pyrrol-2-yl)-ethanone occurring in Allium cepa, Ananas comosus,
Bidens pilosa, Carica papaya, Crinum macowanii, Ricinus communis and Zingiber officinale;
and (2) dihydro-4-hydroxy-2-(3H)-furanone occurring in Allium cepa, Ananas comosus,
Crinum macowanii, Ricinus communis and Sarcostema viminale. Least occurring ketones
included 4-cyclopentene-1,3-dione in Zanthozylum capense and Zizyphus mucronata; 4-
methyl-5H-furan-2-one in Sarcostema viminale; 2(3H)-furanone in Allium cepa and 2(3H)-

furanone, dihydro-3-hydroxy-4,4-dimethyl- in Urtica dioica.

Aliphatic acids: Aliphatic acids were also identified among the most common biochemical
molecular class, with acetic acid featuring in all 16 plant species, propanoic acid in three
including Zanthozylum capense, Zingiber officinale and Zizyphhus mucronata. On the other
hand, 4-hydroxy-butanoic acid occurred only in Carica papaya and Zanthozylum capense,

whereas, sorbic acid featured principally in Sarcostema viminale.

Benzenoid: They featured in twelve plant species, inclusive of Allium cepa, Ananas comosus,
Bidens pilosa, Carica papaya, Crinum macowanii, Gunnera perpensa, Ricinus communis,
Sarcostema viminale, Vernonia amygdalina, Zanthozylum capense, Zingiber officinale and
Zizyphus mucronata. The order of distribution of different molecules included, 2-methoxy-4-
vinylphenol in ten plant species, excluding Aloe vanbalenii, Gunnera perpensa, Nicotiana
tabacum, Trema orientalis, Urtica dioica and Vernonia amygdalina. Benzene acetaldehyde
occurred in Allium cepa, Carica papaya, Bidens pilosa and Ricinus communis. Other molecules
of benzenoids occurred in smaller concentrations including benzaldehyde in Vernonia

amygdalina, vanillin and 2-butanone, 4-(4-hydroxy-3-methoxyphenyl)- in Zingiber officinale.

Lactones: Lactones included 2-pyrrolidone that occurred in 12 plant species, excluding Allium

cepa, Aloe van balenii, Sarcostema viminale and Urtica dioica. It was closely followed by
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butyrolactone in nine species excluding Allium cepa, Aloe vanbalenii, Crinum macowanii,
Ricinus communis, Sarcostema viminale, Zanthozylum capense, and Zizyphus mucronata. 2-
hydroxy-gamma-butyrolactone least featured and occurred in six species, including Allium
cepa, Ananas comosus, Ricinus communis, Sarcostema viminale, Zanthozylum capense and

Zizyphus mucronata.

Alkaloids, were also identified in some of the plant species, and included glutarimide which
occurred in Trema orientalis and Urtica dioica, while its other collateral, Z-1-(1-butenyl)
aziridine was identified in Trema orientalis. Ultimately, there was furan related biomolecule,
primarily benzofuran, 2,3-dihydro-, which occurred in Allium cepa, Ananas comosus, Bidens
pilosa, Carica papaya, Trema orientalis, Vernonia amygdalina, Zanthozylum capense,

Zingiber officinale and Zizyphus mucronata.
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Table 6. 1: Major biochemical molecules in selected plant species possessing anthelmintic
activity, their mean, standard deviation (st dev) minimum (min) and maximum (max)

concentrations

Biochemical n Mean (Ng/g) st dev Min (Ng/g) Max (Ng/g)
Hexanal 16 0.22 2.57 0 10.31
Methylamine,N,N- 16 0.02 0.20 0 0.27
dimethyl

3,4-Dimethylthiophene 16 0.05 0.73 0 1.18
1-propenyl methyl 16 0.06 0.86 0 1.40
disulphide

Dimethyl trisulphide 16 0.03 0.45 0 0.73
2,6-dimthylpyrazine 16 0.11 1.30 0 1.73
2,5-Dimethylpyrazine 16 0.10 0.66 0 4.64
1-hydroxy-2-propanone 16 1.98 5.25 0.41 8.32
Furfural 16 0.96 10.37 0 16.78
Acetic acid 16 32.21 92.39 5.77 124.70
Benzaldehyde 16 0.06 0.73 0 0.97
Propanoic acid 16 0.05 0.33 0 0.37
2-Furancarboxaldehyde, 5- 16 0.12 0.86 0 1.02
methyl-

2,3-butanediol 16 5.24 70.10 0 113.59
Sorbic acid 16 0.09 1.03 0 1.38
4-Cyclopentene-1,3-dione 16 0.06 0.50 0 0.62
Dimethyl Sulfoxide 16 0.38 1.51 0 1.75
Benzene acetaldehyde 16 0.46 2.58 0 2.34
Butyrolactone 16 0.62 2.41 0 2.35
4-hydroxy-butanoic acid 16 0.05 0.43 0 0.48
2-Furanmethanol 16 1.16 7.11 0.01 12.02
5-methyl-2- 16 0.13 1.23 0 1.94
Furanmethanol

4-Methyl-5H-furan-2-one 16 0.04 0.50 0 0.67
2(3H)-Furanone 16 0.05 0.67 0 1.08
Acetamide 16 0.21 1.05 0 1.22
2,5-dihydro-1H-Pyrrole 16 0.07 0.56 0 0.62
Pyridine, 3-(1-methyl-2- 16 3.38 35.87 0 48.09
pyrrolidinyl)-, (S)-

Phenylethyl Alcohol 16 0.09 0.55 0 0.49
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Biochemical n Mean (Ng/g) st dev Min (Ng/g) Max (Ng/g)
Benzyl nitrile 16 0.22 2.48 0 3.31
2-Propenamide 16 0.32 2.07 0 2.62
1-(1H-pyrrol-2-yl)- 16 0.28 0.39 0 2.18
ethanone

2,5-Dimethyl-4-hydroxy- 16 0.59 217 0 2.98
3(2H)-furanone

2(3H)-Furanone, dihydro- 16 0.05 0.53 0 0.71
3-hydroxy-4,4-dimethyl-

2-Pyrrolidinone 16 0.29 0.79 0 0.92
2-Ethyl-5-methylpyrazine 16 0.07 0.53 0 0.61
8-Azabicyclo[3.2.1]octane- 16 0.14 1.66 0 2.22
3-carbonitrile, 8-methyl

2-Hydroxy-gamma- 16 0.17 0.88 0 1.18
butyrolactone

2-Methoxy-4-vinylphenol 16 0.42 141 0 1.30
Z-1-(1-butenyl) aziridine 16 0.12 1.38 0 1.84
2,3-dihydro-3,5- 16 12.09 85.45 2.46 143.34
dihydroxy--6-methyl-4H-

pyran-4

2,7-Octadiene-1,6-diol, 16 0.03 0.47 0 0.75
2,6-dimethyl-

Glycerin 16 0.14 2.37 0 2.77
2(4H)-Benzofuranone, 16 0.15 0.99 0 1.34
5,6,7,7a-tetrahydro-4,4,7a

Glutarimide 16 0.13 1.38 0 1.85
Benzofuran, 2,3-dihydro- 16 0.87 411 0 5.11
5-Hydroxymethylfurfural 16 5.64 62.34 0 101.35
Vanillin 16 0.02 0.19 0 0.26
1-Butanol, 3-methyl-, 16 0.81 9.33 0 12.46
acetate

Phytol 16 0.15 11.28 0 1.64
Dihydro-4-hydroxy-2- 16 0.17 1.09 0 1.57
(3H)-furanone

2-Butanone, 4-(4- 16 0.13 1.44 0 1.92
hydroxy-3-

methoxyphenyl)-

Cumulative (All) 16 288.2 553.43 50.4 5878.0
Efficacy 495 95.6 7.72 394 100
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Aloe vanbalenii Ananas comosus Allium cepa
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Table 6. 2: Histograms of biological activities and phytochemical distribution in relation
to selected plant species
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6.3.1 Profiles of plant species

Allium cepa had nineteen major biomolecules, and also the highest number phytochemicals
identified. These included one aldehyde (furfural), three alcohols (2-furanmethanol, 2,3-
butanediol and 2,6-dimethyl), one amide/amine (2-propenamide), three sulphur compounds
(3,4-dimethylthiophene, 1-propenyl methyl disulphide and dimethyl trisulphide), six ketones
(1-hydroxy-2-propanone,  2,5-dimethyl-4-hydroxy-3(2H)-furanone,  1-(1H-pyrrol-2-yl)-
ethanone,  2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one,  2(3H)-furanone and
dihydro-4-hydroxy-2-(3H)-furanone), one aliphatic acid (acetic acid), two benzenoids
(benzene acetaldehyde and, 2-methoxy-4-vinylphenol), one lactone (2-hydroxy-gamma-
butyrolactone) and one furan (benzofuran, 2,3-dihydro-). Allium cepa is rich in different
biochemical molecules with an upper tier ranging from 430.40 to 229.69 Ng/g, consisting of
2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one; 2,3 butanediol,5-
Hydroxymethylfurfural and acetic acid, a second tier of 50.35 to 24.96 Ng/g, comprising of
furfural, 2-furanmethanol and 1-hydroxy-2-propanone, and third tier of range 8.93 Ng/g to 0.54
Ng/g that carried a bulk of other biochemicals.

Aloe vanbalenni had nine major biochemical molecules belonging to four biochemical classes
including two aldehydes (furfural —and 5-hydroxymethylfurfural), two alcohols (2-
furanmethanol and 2,7-Octadiene-1,6-diol, 2,6-dimethyl-), three ketones (1-hydroxy-2-
propanone, 2,5-dimethyl-4-hydroxy-3(2H)-furanone and 2,3-dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one), one aliphatic acid (acetic acid) and one lactone (2-Hydroxy-gamma-
butyrolactone). Aloe van balenii had two main tiers of biochemical concentration; the upper
one of range 24.95 Ng/g and 14.47 Ng/g, comprising of acetic acid, 5-Hydroxymethylfurfural
and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one. The bottom tier carried the bulk of
biochemicals and ranged from 4.73 Ng/g to 0.4 Ng/g.

Ananas comosus in turn had sixteen major biochemical molecules which belonged to eight
biochemical classes, including alcohols with one biochemical molecular type (2-
furanmethanol), amine/amides with two (acetamide and 2-propenamide), nitrogen compound
with one (2,5-dimethylpyrazine), ketones with five candidates (1-hydroxy-2-propanone, 2,5-
dimethyl-4-hydroxy-3(2H)-furanone, 1-(1H-pyrrol-2-yl)-ethanone, 2,3-dihydro-3,5-
dihydroxy--6-methyl-4H-pyran-4-one and dihydro-4-hydroxy-2-(3H)-furanone), aliphatic
acids with one (acetic acid), benzenoids with two (benzene acetaldehyde and 2-methoxy-4-

vinylphenol,), lactones with three (butyrolactone, 2-pyrrolidone and 2-hydroxy-gamma-
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butyrolactone) and furans with one candidate (benzofuran, 2,3-dihydro-). The biochemical
concentrations were 374.09 Ng/g for acetic acid, 36.71 Ng/g for 2,3-dihydro-3,5-dihydroxy--
6-methyl-4H-pyran-4-one, and 15.32 to 2.02 Ng/g for a bulk of other biochemical molecules.

Bidens pilosa had fifteen molecules belonging to nine biochemical classes, viz: alcohols with
one member (2-furanmethanol), amines/amides two (acetamide and 2-propenamide), sulphur
compounds had one (dimethyl sulfoxide), nitrogen compounds one (2,5-dihydro-1H-pyrrole)
and furans with one candidate (Benzofuran, 2,3-dihydro), aliphatic acids two (acetic acid and
4-hydroxy-butanoic acid), benzenoids two candidates (benzene acetaldehyde and 2-methoxy-
4-vinylphenol) and lactones with two members (butyrolactone and 2-pyrrolidone), and ketones
with four (1-hydroxy-2-propanone, 1-(1H-pyrrol-2-yl)-ethanone, 2,5-dimethyl-4-hydroxy-
3(2H)-furanone and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one). The
concentration of these biochemical molecules was such that, the highest was acetic acid with
63.88 Ng/g, followed by 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one at 19.53 Ng/g
and a bulk of other biomolecules lying within the range 6.74 to 0.39 Ng/g (table 5.2).

Carica papaya had thirteen prominent compounds including one each of alcohols (2-
furanmethanol), amines/amides (acetamide), sulphur compounds (dimethyl Sulfoxide),
aliphatic acids (acetic acid), benzenoids (2-methoxy-4-vinylphenol) and furans (benzofuran,
2,3-dihydro-); two each of nitrogen compounds (2,5-dihydro-1H-pyrrole and benzyl nitrile),
and lactones (butyrolactone and 2-pyrrolidone), and ketones with three compounds (1-
hydroxy-2-propanone, 1-(1H-pyrrol-2-yl)-ethanone and 2,5-dimethyl-4-hydroxy-3(2H)-
furanone). These biochemical molecules were partition into three different tiers; the upper most
ranging from 24.58 to 35.78 Ng/g, comprised of 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-
pyran-4-one and acetic acid, the middle tier of concentration ranged between 9.94 to 3.17 Ng/g
consisting of benzyl nitril, butyrolactone, Benzofuran , 2,3-dihydro-, 2-methoxy-4-
vinylphenol and Dimethyl Sulfoxide, and the third tier that carried the bulk of biochemicals
ranged from concentration 2.79 to 0.42 Ng/g.

Crinum macowanii was the next plant species in the queue and had fourteen major biochemical
candidates. The above biomolecules belonged to eight main biochemical classes, and included
two aldehydes (2-Furancarboxaldehyde, 5-methyl- and 5-Hydroxymethylfurfural), one alcohol
(2-furanmethanol), one amine/amide (acetamide), one sulphur compound (dimethyl sulfoxide),
one aliphatic acid (acetic acid), one lactone (2-pyrrolidone), five ketone (1-hydroxy-2-
propanone, 1-(1H-pyrrol-2-yl)-ethanone, 2,5-Dimethyl-4-hydroxy-3(2H)-furanone, 2,3-

119



dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one and dihydro-4-hydroxy-2-(3H)-furanone)
and two benzenoids (phenylethyl alcohol and 2-methoxy-4-vinylphenol). These molecules
ranged 32.71 to 17.34 that comprised of 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one
and acetic acid, and the lower level ranging from 3.26 to 0.40 Ng/g (table 5.2).

Gunnera perpensa had twelve biomolecules belonging to seven biochemical classes including
one alcohol (2-furanmethanol), one sulphur compound (dimethyl Sulfoxide), two ketones (1-
hydroxy-2-propanone and  2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one), one
aliphatic acid (acetic acid) and one benzenoid (phenyl alcohol), three aldehydes (furfurals, 2-
Furancarboxaldehyde, 5-methyl- and 5-hydroxymethylfurfural), two lactones (butyrolactone
and 2-pyrrolidone) and unclassified molecule one (2(4H)-Benzofuranone, 5,6,7,7a-tetranydro-
4,4,7a). The concentration of biomolecules in the high echelon ranged from 25.59 to 14.12
Ng/g and comprised of 5-Hydroxymethylfurfural, acetic acid and 2,3-dihydro-3,5-dihydroxy-
-6-methyl-4H-pyran-4-one. The second and lower echelon ranged from 4.76 to 0.45 Ng/g in

concentration.

Nicotiana tabacum in turn had eleven biochemical molecules belonging to seven classes: one
sulphur compound (dimethyl sulfoxide), one nitrogen compound (pyridine, 3-(1-methyl-2-
pyrrolidinyl)-, (S)-), two ketones (1-hydroxy-2-propanone and 2,3-dihydro-3,5-dihydroxy--6-
methyl-4H-pyran-4-one) and one aliphatic acid (acetic acid), four alcohols (2,3-butanediol, 2-
furanmethanol, 5-methyl-2-Furanmethanol and Glycerin) and two lactones (butyrolactone and
2-pyrrolidone). Relating to their different concentrations, there were those in very high
concentration between 159.24 to 144.27 Ng/g and comprised of acetic acid and Pyridine, 3-(1-
methyl-2-pyrrolidinyl)-, (S)- and the other bulk ranging in concentration from 6.42 to 0.42
Ng/g constituted the rest of biomolecules (table 5.1).

Ricinus communis was one the selected plant species, and comprised of eighteen major
biomolecules. The distribution of biomolecules relative to the different biomolecular classes
was, alcohols three members (2-furanmethanol, 5-methyl-2-Furanmethanol and glycerin),
sulphur compound, one (dimethyl sulphuroxide), nitrogen compound, one (Pyridine, 3-(1-
methyl-2-pyrrolidinyl)-,(s)-) and aliphatic acid, one (acetic acid), aldehydes, three (furfurals,
2-furancarboxaldehyde, 5-methyl and 5-Hydroxymethylfurfural), benzenoids, two (benzene
acetaldehyde and 2-methoxy-4-vinylphenol), lactones, two (2-pyrrolidone and 2-hydroxy-
gamma-butyrolactone), and ketones, five (1-hydroxy-2-propanone, 1-(1H-pyrrol-2-yl)-
ethanone, 2,5-dimethyl-4-hydroxy-3(2H)-furanone, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-
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pyran-4-one and dihydro-4-hydroxy-2-(3H)-furanone) (table 5.3). Identified biomolecules had
various concentrations. There was 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one and
acetic acid that occurred in relatively very high concentration at 35.14 and 30.89 Ng/g,
followed by 5-Hydroxymethylfurfural at 15.25 Ng/g, and the other bulk of biomolecules within
the range 7.01 to 0.44 Ng/g (table 5.2).

Sarcostema viminale had various compound classes: one aldehyde (5-hydroxymethylfurfural),
one alcohol (2-furanmethanol); one amine/amide (methylamine, N,N- dimethyl-), one nitrogen
compound (pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)-), one benzenoid (2-methoxy-4-
vinylphenol); one lactone (2-Hydroxy-gamma-butyrolactone), two aliphatic acids (acetic acid
and sorbic acid); and five ketones (1-hydroxy-2-propanone, 1-(1H-pyrrol-2-yl)-ethanone, 2,5-
Dimethyl-4-hydroxy-3(2H)-furanone, 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4 and
Dihydro-4-hydroxy-2-(3H)-furanone). Concentration of the various biomolecules was such
that acetic occurred in relatively very high concentration 67.25 Ng/g, followed by 2,3-dihydro-
3,5-dihydroxy--6-methyl-4H-pyran-4-one at 12.31 Ng/g and the rest of biomolecules within
6.43 to 0.40 Ng/g (table 5.1).
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Figure 6. 1: Histograms of biological activities and phytochemical distribution in relation
to selected plant species

Trema orientalis had fifteen biomolecules comprising of one sulphur compound (dimethyl
sulphuroxide); one nitrogen compound (2,5-dimethylpyrazine), one aliphatic acid (acetic acid),
one furan (benzofuran, 2,3-dihydro-), two alcohol (2-furanmethanol and phytol), two lactones
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(Butyrolactone and 2-pyrrolidone), two alkaloids (Z-1-(1-butenyl) aziridine and glutarimide)
and three ketones (1-hydroxy-2-propanone, 4-Methyl-5H-furan-2-one, 2,5-dimethyl-4-
hydroxy-3(2H)-furanone and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one). The
concentrations of these biomolecules ranged 99.78 Ng/g for acetic acid, through 13.03 to 7.86
Ng/g for both 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one and 2-propenamide, to
5.56 to 0.27 Ng/g for a bulk of biomolecules .

Urtica dioica had ten compounds including one of sulphur (Dimethylsulphuroxide), nitrogen
compound (2,5-dimethylpyrazine), aliphatic acid (acetic acid), lactone (butyrolactone) and
alkaloid (glutaimide), and three each of both alcohols (2-Furanmethanol, phytol and glycerin)
and ketones (1-hydroxy-2-propanone and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-
one). Biomolecular concentration was such that acetic acid was relatively very high at 38.03
Ng/g, followed by 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one (9.13 Ng/g) and 1-
hydroxy-2-propanone (5.62Ng/g), and the rest ranged from 1.35 to 0.01 Ng/g (5.2).

Vernonia amygdalina had thirteen compounds including: two alcohols (2-furanmethanol and
glycerin); one sulphur compounds (dimethyl sulphuroxide); three ketones (1-hydroxy-2-
propanone, 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4 and 2(3H)-Furanone, dihydro-
3-hydroxy-4,4-dimethyl-); one aliphatic acid (acetic acid); one furan (benzofuran, 2,3-
dihydro-); two benzenoids (benzaldehyde and phenylethyl alcohol); two lactones
(butyrolactone and 2-pyrrolidone), and unclassified compound (2(4H)-Benzofuranone,
5,6,7,7a-tetrahydro-4,4,7a). Biomolecular concentrations ranged from high (acetic acid of
30.56 Ng/qg), followed by 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one (14.90 Ng/g),
glycerin (8.32 Ng/g) and benzofuran, 2,3-dihydro- (7.99 Ng/g). The others occurred in very

low concentration ranging from 4.04 to 0.01 Ng/g.

Zanthozylum capense had sixteen biomolecules which included: one benzenoids (2-methoxy-
4-vinylphenol); one furans (benzofuran, 2,3-dihydro-); two alcohols (2,3-butanediol and
glycerin); two lactones (2-pyrrolidone and 2-hydroxy-gamma-butyrolactone); three aliphatic
acids (acetic acid, propanoic acid and 4-hydroxy-butanoic acid); four ketones (1-hydroxy-2-
propanone, 4-cyclopentene-1,3-dione, 2,5-dimethyl-4-hydroxy-3(2H)-furanone and 2,3-
dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one); and one unclassified molecule (2(4H)-
benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a). The concentrations ranged from acetic acid, 84.05
Ng/g, followed by 1-butanol, 3-methyl-, acetate (37.37 Ng/g), 2,3-dihydro-3,5-dihydroxy--6-
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methyl-4H-pyran-4-one (13.82 Ng/g), 1-hydroxy-2-propanone (15.49 Ng/g), and the rest in

low concentration ranging from 4.19 to 0.23 Ng/g .

Zingiber officinale had seventeen biomolecules in nine classes such as: one aldehyde
(Hexanal); two amines/amides (Acetamide and 2-Propenamide); one nitrogen compound (2,6-
dimethylpyrazine); one furan (benzofuran, 2,3-dihydro-); one alcohol (2-furanmethanol); two
aliphatic acids (acetic acid and propanoic acid); two lactones (butyrolactone and 2-
pyrrolidone); four ketones (1-hydroxy-2-propanone, 1-(1H-pyrrol-2-yl)-ethanone, 2,5-
Dimethyl-4-hydroxy-3(2H)-furanone and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-
one) and three benzenoids (2-methoxy-4-vinylphenol, 2-butanone, 4-(4-hydroxy-3-
methoxyphenyl)- and vanillin). Acetic acid was the highest (66.34 Ng/g), followed by hexanal
(10.37 Ng/g) and 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one (6.64 Ng/g). The bulk

of compounds was within concentration range 5.75 to 0.3 Ng/g (table 5.1).

Zizyphus mucronata had fourteen compound in eight classes including: one amine/amide (2-
Propenamide); one benzenoid (2-methoxy-4-vinylphenol); one lactone (2-pyrrolidone); one
furan (benzofuran, 2,3-dihydro-); two aliphatic acids (acetic acid and propanoic acid); two
nitrogen compounds (2-ethyl-5-methylpyrazine and 8 azabicyclo[3.2.1]octane-3-carbonitrile,8
methyl-); three alcohols (2,3-butanediol, 2-furanmethanol and phytol); and three ketones (1-
hydroxy-2-propanone,  2,5-Dimethyl-4-hydroxy-3(2H)-furanone and  2,3-dihydro-3,5-
dihydroxy--6-methyl-4H-pyran-4-one). These concentrations can be partitioned into four tiers;
133.46 Ng/g for acetic acid; 23.16 Ng/g for 2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-
4-one; and the third of range between 8.82 (7.70) and 6.65 Ng/g for 1-hydroy-2-propanone,
2,3-butanediol and 8 azabicyclo[3.2.1]octane-3-carbonitrile,8 methyl-. The fourth tier ranged

between 4.92 and 0.44 Ng/g, and constituted the greater bulk of biochemical molecules.
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Figure 6. 2: Prevailing bioactivities and number of related phytochemicals in selected
plant species

6.3.2 Bioactivity of phytochemicals

Table 5.2 shows phytochemicals in various plants, and their biological activities, and table 5.3
gives sources of literature demonstrating these activities. Bioactivities examined were
anthelmintic, anti-bacteria, anti-fungal, antioxidant and antiviral activities. Following these
biological activities, thirteen phytochemicals exerted anthelmintic activity, forty seven had
antibacterial activity, thirty eight had antifungal activity, forty two had antioxidant activity and

twenty four had antiviral activity (Figure 5.2).
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Table 6. 3: Selected plant species, major phytochemical classes, related phytochemicals and their biological activities

Plant speceies

Biological activity

Compound class & related phytochemicals
. a I i < § . e Q e — =
s|lglolals|Ele]| S|z é s |s |2 |% s |2 E 218 g I
| |2|a |8 |5 |3 |z|eg |8 | |38 8|/ |~ |T |2|&|2|<%
Aldehydes
Furfural + + - |- - - + - + - - - - - - - + + + + +
Hexanal - - - |- - - - - - - - - R R + B R + T - -
5-Hydroxymethylfurfural - + - |- - + + - - + - - - - - - + + - + -
Alcohol
2-Furanmethanol + + + |+ + + + + + + + + + + + + - + - + +
2,3-butanediol + - - |- - - - + - - - - - - - + - R N N N
2,7-Octadiene-1,6-diol - + - - - - - - R R - - R R N N R R R N N
Phytol - - - |- - - - - - + + - - - - + + + + + +
1,2,3-Propanetriol - - - |- - - - - - - - - - R + - R - - - -
2,6-dimethyl + - - |- - - - - - - - - - R - - R + T + +
Glycerin - - -] - - - - - - - - + R + - - R + + ¥ ¥
Amine/Amide
Acetamide - - + |+ + + - - - - - - - - - - + + + + +
2-Propenamide + - + | - - - - - - - - - - - - - + + + + +
Methylamine, N,N- dimethyl - - - |- - - - - - + - - - R - - + + + + +
Sulphur compounds
Dimethyl Sulfoxide - - - |+ + + + + + - + + + - - - - + + + +
3,4-Dimethylthiophene + - - |- - - - - - R - - R R - - R + T T -
1-propenyl methyl disulphide + - - |- - - - - - R - - R R - - R T T T _




Plant speceies

Biological activity

Compound class & related phytochemicals
. > | € . < -
. . : s | 5 3 g | 3 S £ £ = | = =

S|< |28 |8|5|3|z|=z|&|&|5|8 |8 |5|8|% |2|&|%|%
Dimethyl trisulphide + - - |- - - - - - - - - - R - - N + + ¥ _
N-compound
Nicotine - - - |- - - - + - + - - - - - - + + + + -
(Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)-)
2,6-dimethylpyrazine - - - |- - - - - - - - - - - + - R + + - _
2-Ethyl-5-methylpyrazine - - - |- - - - - - - - - R N B T ¥ + B - -
8 Azabicyclo[3.2.1]octane-3-carbonitrile,8 methyl- - - - |- - - - - - - - - - R - + N + T ¥ B
2,5-Dimethylpyrazine - - + | - - - - - - - + + - - - - - + + + +
2,5-dihydro-1H-Pyrrole - - - |+ + - - - - - - - - - - - R + + ¥ ¥
Benzyl nitrile - - - |- + - - - - - - - - - - - n + + ¥ ¥
Ketones
1-hydroxy-2-propanone + + + |+ + + + + + + + + + + + + - + - - -
2,5-Dimethyl-4-hydroxy-3(2H)-furanone + + + |+ + - - - + - + - - + - - - + - + -
1-(1H-pyrrol-2-yl)-ethanone + - + |+ + + - - + - - - - - + - - + + + +
2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran-4-one + + + |+ - - - - - - + + - + + - - + - + -
4-Cyclopentene-1,3-dione - - - |- - - - - - R - - R + - + N + + _ n
4-Methyl-5H-furan-2-one - - - |- - - - - - + - - - R - - R + + ¥ ¥
2(3H)-Furanone + - - |- - - - - - R - - R R B B ¥ T T n n
Dihydro-4-hydroxy-2-(3H)-furanone + - + | - - + - - + + - - - - - - - + + + +
2(3H)-Furanone, dihydro-3-hydroxy-4,4-dimethyl - - - - - - - - - - - + - - - - - + + + -
Aliphatic acids
Acetic acid + + + |+ + + + + + + + + + + + + - + + - +
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Plant speceies

Biological activity

Compound class & related phytochemicals
e | = 2 < g ;| | 8 gl | 8
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Propanoic acid - - - |- - - - - - - - - R + + + N + + + +
Sorbic acid - - - |- - - - - - + - - R R - - R + T T -
4-hydroxy-butanoic acid - - -+ - - - - - - - - - + - - - + + + +
Benzenoids
Benzaldehyde - - - |- - - - - - - - - + - - - R + + ¥ ¥
Benzene acetaldehyde + - + |+ - - - - + - - - - - - - B - - + -
Phenylethyl alcohol - - - |- - + + - - - - - + - - - - + - + +
2-methoxy-4-vinylphenol + - + |+ + + - - + + - - - + + + - + - + -
Vanillin - - - |- - - - - - - - - R R + B R + T T -
2-Butanone, 4-(4-hydroxy-3-methoxyphenyl)- - - - - - - - - - - - - - - + - - + T " -
Lactones
Butyrolactone - - + | + + - + + - - + + + - + - + + + + -
2-pyrrolidone - - + |+ + + + + + - + - + + + + - + + + -
2-Hydroxy-gamma-butyrolactone + - + | - - - - - + + - - - + - + - + + + -
Alkaloids
Z-1-(1-butenyl) aziridine - - - |- - - - - - - + - - R - - R + - + -
Glutarimide - - - |- - - - - - R + + R R - - + T T + T
Furan
Benzofuran, 2,3-dihydro- + - + |+ + - - - - - + - + + + + n + + ¥ ¥
Esther
1-Butanol, 3-methyl-, acetate - - - - - - - - - - - - - + - - B + + ¥ B

-=not available; += available or inherent trait
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Table 6. 4: References to various biological activities exerted by identified biomolecules reported in table 6.2; 1= anthelmintic
activity; 2= antibacterial activity; 3= antifungal activity; 4= antioxidant activity and 5= antiviral activity, NA= not available.

Biological activities and related references

Compound class & related biochemicals

Anthelmintic activity

Antibacterial activity

Antifungal activity

Antioxidant activity

Antiviral activity

Aldehydes
Fufural Tharachand et al., 2015; Tharachand et al., 2015. Jung et al., 2007 Vignoli et al., 2014 Kalt and Cock, 2014
Ortu, 2015

Hexanal NA Trombetta et al., 2000 Gardini et al., 1997. NA NA

5-Hydroxymethylfurfural Ntalli et al., 2010 Diris et al., 2017 NA Ghaidaa et al., 2016 NA

2-Furancarboxaldehyde, 5-methyl NA Ghaidaa et al., 2016 Ghaidaa et al., 2016. Kim et al., 2014. NA

Alcohol

2-Furanmethanol NA Kalt and Cock, 2014. NA Wei et al., 2001. Udaweediye and
Ginigandarage, 2016.

2,3-butanediol NA NA NA NA NA

2,7-Octadiene-1,6-diol NA NA NA NA NA

Phytol de Moraes et al., 2014. Ghaneian et al., 2015. Omoruyi et al., 2014. Pasricha et al., 2014. Santoyo et al., 2010.

1,2,3-Propanetriol NA NA NA NA NA

2,6-dimethyl NA Kanazawa et al., 1994. Hameed et al., 2016. Sanmartin-Suérez et al., Sendl et al., 1996.

2011.
Glycerin NA Nalawade et al., 2015. Lind et al., 2010. Lind et al., 2010. Zandi et al., 2009.

Amine & amides

Acetamide

Sawant and Kawade, 2011.

Kumar and Mishra, 2015.

Ugwu and Okoro, 2014.

Kadhum et al., 2011.

Stamatiou et al., 2003.

2-Propenamide

Meenakshisundaram et al.,
2017.

Kaur and Wakode, 2016.

Mares et al., 1994.

Devi et al., 2016.

Katen et al., 2010.

Methylamine, N, N-dimethyl

Patani and LaVoie, 1996.

Abd El-Wahab., 2012.

Rami et al., 2013.

Al-Hugqail et al., 2013.

lvashchenko et al., 2014.

Sulphur compounds

Dimethyl sulpuroxide NA Hassan, 2014. Hazen, 2013. Sanmartin-Suérez et al., Aguilar, 2002.
2011.
3,4-Dimethylthiophene NA Mohammad Asif Igbal et al., Fokialakis et al., 2006. Madhavi and Sree Ramya., | NA
2012. 2017.
1-propenyl methyl disulphide NA Mnayer et al., 2014. Kasaian et al., 2016. Liguori et al., 2017. NA
Dimethyl trisulphide NA Mnayer et al., 2014. Fernando et al., 2005. Morales-Lopez et al., 2017. | NA

N-compounds
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http://pubs.acs.org/author/Fokialakis%2C+Nikolas

Biological activities and related references

Compound class & related biochemicals

Anthelmintic activity

Antibacterial activity

Antifungal activity

Antioxidant activity

Antiviral activity

Nicotine (pyridine, 3-(1-methyl-2- Behnke et al., 2008. Pavia et al., 2000. Pavia et al., 2000. Newman et al., 2002. NA

pyrrolidinyl)-, (s)-)

2,6-dimethylpyrazine NA Miyazawa and Usami, 2014. Miyazawa and Usami, NA NA
2014.

2-Ethyl-5-methylpyrazine Shrestha et al., 2016. Saikachi and Matsuo, 1966. NA NA NA

8 Azabicyclo[3.2.1]octane-3-carbonitrile,8 NA Pala et al., 2016. Marson, 2011. Sishu et al., 2005. NA

methyl-

2,5-Dimethylpyrazine

NA

Abu-Youssef et al., 2006.

Wang and Tao, 2009.

Peng et al., 2015.

Alcaide et al., 2014.

2,5-dihydro-1H-pyrrole

NA

Mahboobi et al., 2008.

Dabur et al., 2005,

Volkovoy et al., 2017.

Bhanushali and Zhao, 2012

Benzyl nitrile Surikova et al., 2017. Aires et al., 2009. Fleming et al., 2010. Asif, 2014 Singh and Lakshman, 2009.
Ketones

1-hydroxy-2-propanone NA Yang et al., 2016. NA NA NA
2,5-Dimethyl-4-hydroxy-3(2H)-furanone NA Schwab, 2013. NA Koga et al., 1998. NA
1-(1H-pyrrol-2-yl)-ethanone NA Shehab et al., 2016. Shehab et al., 2016. Kim et al., 2014. Avan, 2011.
2,3-dihydro-3,5-dihydroxy--6-methyl-4H- NA Ahmed Subeh., 2011 NA echovska” et al., 2011. NA

pyran-4-one

4-Cyclopentene-1,3-dione NA Revathi et al., 2014. Babu et al., 2006. NA Lapshina et al., 2010.
4-Methyl-5H-furan-2-one NA Mrityunjay Banerjee et al., Pour et al., 2000. Montazeri et al., 2013. Mrityunjay Banerjee et al.,

2012.

2012.

2(3H)-Furanone

Asif Husain et al., 2015.

Alam et al., 2010.

Husain et al., 2009.

Yanagimoto et al., 2002.

Husain et al., 2009.

Dihydro-4-hydroxy-2-(3H)-furanone

NA

Ndagijimana et al., 2006.

Paulitz et al., 2000.

Yuetal., 2012.

Flefel et al., 2012

2(3H)-Furanone, dihydro-3-hydroxy-4,4- NA Gurnani et al., 2016. Just, 2007. Gurnani et al., 2016. NA
dimethyl-
Aliphatic acids
Acetic acid NA Ryssel et al., 2009. Cabo et al., 2002. NA Shirey et al., 2011
Propanoic acid NA Thompson and Hinton, 1997. | Fernandez et al., 2017. Drachevaa et al., 2009. Stahla-Beek et al., 2012.
Sorbic acid NA Eklund, 1983. Razavi-Rohani and Winkiler et al., 2006. NA

Griffiths, 1999.
4-hydroxy-butanoic acid NA Gotezbiowski et al., 2013. Hassan et al., 2015. Politeo et al., 2007. Rajendiran et al., 2017.
Benzenoids
Benzaldehyde NA Ullah et al., 2015. Kim et al., 2011. Ullah et al., 2015. Tolstorozhev et al., 2012.
Benzene acetaldehyde NA NA NA Yang et al., 2015. NA
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http://jmm.microbiologyresearch.org/search?value1=Charles+S.+Pavia&option1=author&noRedirect=true
http://jmm.microbiologyresearch.org/search?value1=Charles+S.+Pavia&option1=author&noRedirect=true
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peng%20LX%5BAuthor%5D&cauthor=true&cauthor_uid=26997692
http://www.sciencedirect.com/science/article/pii/S0223523407002310?via%3Dihub#!
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fleming%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=20804202
http://pubs.acs.org/author/Koga%2C+Takuro
http://pubs.acs.org/author/Yanagimoto%2C+Kenichi
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stahla-Beek%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=22674988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Winkler%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16904801
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=21627838

Biological activities and related references

Compound class & related biochemicals

Anthelmintic activity

Antibacterial activity

Antifungal activity

Antioxidant activity

Antiviral activity

Phenylethyl alcohol NA Corre et al., 1990. NA Wang et al., 2015. Kishimoto et al., 2005.
2-methoxy-4-vinylphenol NA Feng et al., 2010. NA Fukai et al., 2009. NA

Vanillin NA Ngarmsak et al., 2006. Boonchird and Flegel, Tai et al., 2011. NA

2-Butanone, 4-(4-hydroxy-3- NA Ahmad et al., 2017. é?/ggz etal., 2014. Ahmad et al., 2016. NA
methoxyphenyl)-

Lactones

Butyrolactone Maaz et al., 2015. Cazar et al., 2005. Wau et al., 2016. Salat et al., 2012. NA
2-pyrrolidone NA Phaechamud et al., 2012. Al-Amiery et al., 2012. Thangam et al., 2013. NA
2-Hydroxy-gamma-butyrolactone NA Verma and Bansal, 2015. Rana et al., 2016. Min et al., 2004. NA

Alkaloids

Z-1-(1-butenyl) aziridine NA Al-Majeed and Al-Ghizawi, NA Owokotomo et al., 2012. NA

Glutarimide Lee et al., 2003. é%leig et al., 2006. Kim et al., 1999. Dhivare, 2016. Saito et al., 1976.
Furan

Benzofuran, 2,3-dihydro-

Swargiary et al., 2016.

Mohamed et al., 2013.

Abu-Hashem et al., 2014.

Rangaswamy et al., 2017.

Yar et al., 2009.

Esther

1-Butanol, 3-methyl-, acetate

NA

Strobel et al., 2001.

Sanchez-Oritz et al., 2016.

Palani et al., 2011.

NA

NA= Not available; += existing biological activity; -= absence of biological activity
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https://www.ncbi.nlm.nih.gov/pubmed/?term=Boonchird%20C%5BAuthor%5D&cauthor=true&cauthor_uid=6758923
https://www.ncbi.nlm.nih.gov/pubmed/?term=Flegel%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=6758923
https://www.ncbi.nlm.nih.gov/pubmed/?term=Flegel%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=6758923
http://ascidatabase.com/author.php?author=Bilal&last=Ahmad
https://www.hindawi.com/14097259/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20JY%5BAuthor%5D&cauthor=true&cauthor_uid=12676678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cheng%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=16753783
http://pubs.acs.org/author/Kim%2C+Beom+Seok
https://www.ncbi.nlm.nih.gov/pubmed/?term=Swargiary%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27756954
http://www.sciencedirect.com/science/article/pii/S1878535213003523#!

Nine biomolecules including furfural, phytol, acetamide, 2-propenamide, methylamine, N, N-
dimethyl, benzyle nitrile, 2(3H)-furanone, glutarimide and benzofuran, 2,3-dihydro were found
from previous works to exert all highlighted bioactivities. In all, thirty nine biomolecules, were
identified to exert three or more of the highlighted bioactivities. Most of the these and others in
the list, have been identified as intermediate molecules in the syntheses of more active and potent
compounds of anthelmintic, antibacterial, antifungal, antioxidant and antiviral importance. In all,
fifty one major biomolecules were identified, one of which has no name. Every plant species had
biochemical compounds that exerted all five biological activities.

Thirteen phytochemicals with anthelmintic activity are given in Figure 6.3, indicating that two
plants had one phytochemical (Ricinus communis and Zanthozylum capense), five plant had two
phytochemicals each (Aloe vanbalenii, Crinum macowanii, Nicotiana tabacum, Vernonia
amygdalina and Zingiber officinale ), four plants had three phytochemicals each (Biden pilosa,
Gunnera perpensa Sarcostema viminale, Urtica dioica and Zizyphus mucronata ) and four plants
had four phytochemicals each (Allium cepa, Ananas comosus, Carica papaya and Trema
orientalis). Mean concentration of phytochemicals can be allotted to four tiers, the first of which
ranged from 0.02 £ 0.20 Ng to 0.13 + 1.38 Ng. These included methylamine, N, N-dimethyl (0.02
+ 0.20 Ng), 2(3H) furanone (0.05 + 0.67 Ng), 2-ethyl-5-methylpyrazine (0.07 + 0.53 Ng) and
glutarimide (0.13 £ 1.38 Ng). The second tier comprised of phytol (0.15 £ 11.28 Ng), acetamide
(0.21 + 1.05 Ng), benzyl nitrile (0.22 £ 2.48 Ng), and 2-propenamide (0.32 + 2.07 Ng). Tier
number three included butyrolactone (0.62 + 2.41 Ng), benzofuran, 2,3-dihydro (0.87 + 4.11 Ng)
and furfural (0.96 + 10.37 Ng). The fourth and last tier with the highest concentration comprised
of pyridine, 3-(1-methyl-2-pyrrolidinyl)- (3.38 £ 35.87 Ng) and 5-Hydroxymethylfurfural (5.64 +
63.34 Ng).
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Benzofuran, 2,3-dihydro-

P

Glutarimide

Butyrolactone
2(3H)-Furanone
Benzyl nitrile

PR

2-Ethyl-5-methylpyrazine

Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)-
Methylamine, N,N-dimethyl-
2-Propenamide

Acetamide [
Phyto|

5-Hydroxymethylfurfural

Phytochemicals exerting anthelmintic activity

Fufural

0 1 2 3 4 5 6 7 8 9 10

Number of plant species containing identified phytochemical

Figure 6. 3: Number of selected plant species in which particular anthelmintic
phytochemicals were observed.
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Bendihy: Benzofuran, 2,3-dihydro-; Glutarim= Glutarimide; Butyrol= Butyrolactone; 2(3H) Fur= 2(3H) Furanone; Benzylnit= Benzyl
nitril; 2-Ethmepyra= 2-Ethyl-5-methylpyrazine; Pyridine= pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (s)-); MethyINNd= Methylamine, N, N-
dimethyl; Hydmethfur= 5-Hydroxymethylfurfural; Ng= nanogram

Figure 6. 4: Mean content of phytochemicals exerting anthelmintic activity in selected plant
species

6.4 Discussion

Aldehydes, amides, sulphur compounds, most nitrogen compounds, ketones, lactones, alkaloids

and furans are biomolecular classes found to carry a number of anthelmintic candidates and others
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exerting various important activities that promote health. Allium cepa and Trema orientalis were
the richest plant species in relation to anthelmintic phytochemicals with five each. This was closely
followed by Ananas comosus, Biden pilosa, Carica papaya and Gunnera perpensa. Three plant
species including Vernonia amygdalina, Zingiber officinale and Zizyphus mucronata carried three
phytochemicals. The greater bulk comprised of Aloe van balenii, Crinum macowanii, Ricinus
communis, Sarcostema viminale, Urtica dioica and Zanthozylum capense contained two.
Nicotiana tabacum was the lone plant species with one anthelmintic phytochemical (plate 5.1).
These bioactive molecular dispositions of the different plant species auger well for both single and
combination phytoanthelmintic therapy (Che et al., 2013), as it broadens the scope and spectre of
anthelmintic and other related therapeutic activities (Zhou et al., 2016). Therapeutic efficacy of
phytotherapy is generally dependent on combined action/interaction of mixtures of bioactive
phytochemicals, as most relevant plant species contain two or more candidates (Efferth and Koch,
2011). Modern veterinary practice has adopted combination anthelmintic therapy (Bartram et al.,
2012) from bioactive disposition that prevails in plant species (plate 5.1). Additionally, numerous
anthelmintic bioactive candidates make it very difficult for nematodes to genetically select for
resistance  and other related parasites to act correspondingly . Single or multi-herb
anthelmintic phytotherapy therefore present a sterling example of multicomponent treatment,
given a number of bioactive phytochemicals in single plant species and more so in two or more in

combinations.

Apart from anthelmintic activity, most of the compounds identified have been found to exert other
activities that are also critical to animal health, welfare and productivity. Cognizant of the nature
of plants in relation to their rich biochemical content, these activities cannot be separated from that
in focus. They included antibacterial, antifungal, antioxidant and antiviral activities.
Fundamentally, the cause of most diseases in nature is multifactorial than single (Efferth and Koch,
2011), rendering plant bioactive disposition our first line of choice. A breakdown of various
compound classes identified, the plant species in which they occured and their relevant biological

activities will be examined below.

Aldehyde containing compounds, most of which were identified in Allium cepa., Crinum
macowanii, Gunnera perpensa, Ricinus communis, Sarcostema viminale and Zingiber officinale

in the current study have been found to exercise anthelmintic activity (Davyt et al., 2001; Ntalli et
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al., 2010). This is in accordance with the initial selection of these species as adopted and used by
various communities in ethnoveterinary medicine as phyto-anthelmintic therapeutics.
Additionally, plants containing this class of compounds were found to exert antibacterial activity
(Dorman and Deans, 2000), antifungal activity (kurita et al., 1981; Kim et al., 1999; Dorman and
Deans, 2000) and antiviral activity (Ji, Xing-yue et al., 2010). Suggestive of the diverse role of
their constituent bioactive molecules or some particular ones exercising these crucial role of
improving and sustaining animal health among other functions. Importantly, a good number have
been screened and found to exercise antioxidant or free radical scavenging activity (Gulcin et al.,
2004; Wang et al., 2008), by either serving as reducing agents in donating hydrogen or oxygen
donors which oxidize. Both processes stabilize marauding debilitating free radicals that risk
disrupting essential biochemical processes that promote efficient metabolic function by initiating
counter reactions. This role is critical to maintaining sound integral animal function by ensuring
that its essential biochemicals are directed to drive those metabolic processes which ensure

effective organ system function.

Amides are an important biochemical class of compounds identified in some of the selected plant
species possessing anthelmintic activity. These included Ananas comosus, Bidens pilosa, Carica
papaya, and Crinum macowanii, all of which contained sufficiently high concentrations of amide
related compound, acetamide. Ananas comosus and Carica papaya, are some of the plant species
noted for their proteolytic anthelmintic activity (Stepek et al., 2005), which were not measured.
Acetamide has been closely linked to a number of essential therapeutic processes, some of which
included antibiotic (Goker et al., 1998; Ozden et al.,2005; Capleton et al., 2006), antifungal (Goker
et al., 1998) and anthelmintic (Ozden et al.,2005) activities. Acetamides are therefore very
important to the current study and contribute to protection of livestock against helminths.

Additionally, they promote other biological processes that enhance health and productivity.

Sulphur containing compounds were also identified as key role players in livestock helminth
control activity (Watt and Breyer-Brandwijk, 1962; Lyantagaye, 2011) of some of the selected
plant species. Allium cepa, Carica papaya, Crinum macowanii, Gunnera perpensa, Nicotiana
tabacum, Ricinus communis, Trema orientalis, Urtica dioica and Vernonia amygdalina were those
that contained sulphur compounds. Among them, Allium cepa was the most endowed, with three

different bioactive molecules (3,4-dimethylthiophene and 1-propenyl methyl disulphide
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exclusively in A. cepa) and dimethyl sulfoxide. Other important biological roles exerted by sulphur
containing compounds include antibacterial (Ross, 2003; EI-Wakil et al., 2015), antifungal (Ross,
2003; Pyun and Shin, 2006) and antioxidant (Lyantagaye, 2011; EI-Wakil et al., 2015) activities.

Nitrogen containing compounds were additionally important biochemical constituents of some of
the selected plant species. Ananas comosus, Carica papaya, Bidens pilosa, Nicotiana tabacum,
Sarcostema viminale, Trema orientalis, Ricinus communis, Urtica dioica, Zingiber officinale and
Zizyphus mucronata all fell in this group. Different nitrogen compounds occurred in various plant
species: 2,6-diemthylpyrazine occurred in Z. officinale; 2,5-dimethylpyrazine in A. comosus, T.
orientalis and U. dioica; 2,5-dihydro-1H-Pyrrole in B. pilosa and C. papaya; pyridine, 3-(1-
methyl-2-pyrrolidinyl)-, (S)- (nicotine) in N. tabacum, R. communis and S. viminale, and
ultimately 8-azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl- in Z. mucronata. Besides being
closely associated with anthelmintic activity (Bondock et al., 2013), they also have antibacterial
(Silici and Kutluca, 2005; Abdalla et al., 2009; Singh and Tabane, 2015), antifungal (Dabur et al.,
2005, Singh and Tabane, 2015) and antioxidant properties (Singh and Tabane, 2015). Among some
of these nitrogen compounds that exerted anthelmintic activity, was nicotine (Pyridine, 3-(1-
methyl-2-pyrrolidinyl)-, (S)-), which is commonly attributed to Nicotiana tabacum (Hammond et
al., 1997), and was also identified in Sarcostema viminale.

Ketones were another common group of organic compounds that occurred in all selected species,
though represented by a wide array of different compounds including 1- hydroxy-2-propanone; 4-
cyclopentene-1,3-dione;  4-Methyl-5H-furan-2-one; and  2,5-Dimethyl-4-hydroxy-3(2H)-
furanone. These ketones have been closely linked to anthelmintic properties exerted by some of
the selected plant species (Kumar and Joshi, 2008; Ahmad et al., 2011; Ortu et al., 2016), in
addition to antibacterial (Inayama et al., 1976), antifungal (Inayama et al., 1976) and antioxidant
activities (G. Su et al., 2011). A wide variety of organic compounds in different plant species in
which ketones occur, potentially creates a huge possibility of different interactions in combination

therapy (Quijada et al., 2015), and much more leverage of enhanced activities.

Benzenoids were among a wide range of biochemicals identified to exert anthelmintic activity
(Patel et al., 2010; Olounladé et al., 2012). Though bezenoids do not have sufficient evidence of

anthelmintic activity, they were more or less intermediate molecules in the synthetic process of
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more potent compounds (Salahuddin et al., 2012). Additionally, they exhibited antibacterial (Al-
Snafi, 2016; Ahmadi et al., 2015), antifungal (Ahmadi et al., 2015) and antioxidant properties (Al-
Snafi, 2016). In accord with multifactorial cause of most diseases (Efferth and Koch, 2011), these
bioactive phytochemicals play an important role in healing. Lactones also exerted anthelmintic
activity (Foster et al., 2011; Kumar and Tyagi, 2013).

Lactone related bioactive molecules including butyrolactone and 2-pyrrolidone were identified in
most selected species and the former exerted anthelmintic activity in accordance with our primary
focus (Wang et al., 2010). This bioactivity adds to the pool of others in the same plant species
exerting anthelmintic activity, in addition to their antibacterial (Barbour et al., 2004; Du et al.,
2017), antioxidant (Gllgin, 2011) and antifungal (Xinhua et al., 2014) properties.

Alkaloids are another biochemical class of great importance in nematode parasite control. Various
studies have closely associated alkaloids to anthelmintic traits and their use in livestock nematode
control (Negi et al., 2011; Refaat et al., 2012). Two molecules, Z-1-(1-butenyl) aziridine and
glutarimide were identified. The first occurred in Trema orientalis, and the later in both Trema
orientalis and Urtica dioica. The occurrence of Z-1-(1-butenyl) aziridine and glutarimide in Trema
orientalis is in accord with the observation that different types of molecules from the same
biochemical class occur in the same plant species (Makkar et al., 2007). Alkaloids also possess
antibacterial (Grosvenor et al., 1995; Daciana and Bara, 2007), antifungal (Singh et al., 1990;
Singh et al., 2000), antioxidant (Harborne, 1973; Velioglu et al., 1998; Suresh Kumar et al., 2008),
and antifungal traits, according livestock better protection from a wide range of pathogens and
oxidation of essential biomolecules that disequilibrate various metabolic processes. Additionally,
it is worthy to highlight the initial misconception of tagging or ascribing single bioactive molecular
class to certain plant species. Biomolecular profiling renders attribution of a single biochemical
class to any or most plant species conflationary and untrue in nature (figure 5.2). This is
exemplified in two plant species identified to have significant alkaloids: Trema orientalis and
Urtica dioica. Trema orientalis has three different bioactive molecular classes, and Urtica dioica
three; all of them coincidentally of a similar molecular class. It can be a tenable and accepted
tribute, if reference were made based on assayed profile of biochemicals that exert the activity in
perspective and its concentration status, such that the bioactive molecular class in highest

concentration is taken for the species biochemical class.
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Alcohols, phytols and aliphatic acids were not directly linked to bioactive anthelmintic activity,
but the outcome from combination can be diametrically different as a result of their different
interactions with other chemical analogues and bioactive molecules. Combinations of bioactive
molecules, just like that of nutrients in diets, has the potential of bringing about effects which are
not related to those of the component constituents (Diplock et al., 1998); some of which may be
anthelmintic. Acetic acid for example induces writhing by earthworms (Nirmale et al., 2007), and
will potentially aid the activity of a more potent bioactive anthelmintic phytochemical in livestock
nematode control. Additionally, structural biochemical differences of bioactive molecules of the
same chemical class have brought about differences in their activity and efficacy (Quijada et al.,
2015). All of these molecular classes have been closely linked to antibacterial (Thorp et al., 1998;
Togashi et al., 2007), antifungal (kurita et al., 1981; Makovitzki et al., 2006), antioxidant (Rice-
Evans et al., 1997; Budak and Guzel-Seydim, 2010) and antiviral (De Clercq and Holy, 1979)
activities (figure 5.2). Therefore, interactions of these biomolecules resulting to anthelmintic
activity is not remote. There is thus a likelihood that these molecules could well be part of a larger
and more elaborate set of biochemicals exerting anthelmintic activity. Contrary to our hypothesis,
some biochemical compounds exerted anthelmintic activity individually, but there was much more

potent consortia activity arising from combined activity.

Furans were uniquely represented by benzofuran, 2,3-dihydro-, that was identified in Allium cepa,
Ananas comosus, Bidens pilosa, Carica papaya, Vernonia amygdalina, Zanthozylum capense,
Zingiber officinale and Zizyphus mucronata. This bioactive molecule has been linked to
anthelmintic (Kumaraswamy et al., 2008), antibacterial (Kamal et al., 2011), antifungal (Kamal et
al., 2011) antioxidant (Hosseiny Davarani et al., 2006) and antiviral (Ugarkar et al., 1984)
activities. This wide spectrum of activities makes furans important bioactive candidates to control

and treat livestock of parasites and related diseases.

6.5 Conclusion

Phytochemical analyses and bioactivity profiling in the current study have shown that, plant
species more often have multiple candidates exerting anthelmintic and other related activities.

Bioactivity therefore emanates from individual phytochemicals and builds up to more potent
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activity from their interaction. How these multiple bioactive phytochemicals relate and interact

with others will be examined in the next chapter.

140



Chapter 7

Using correlations and multiple regression relationships of phytochemicals
with anthelmintic efficacy to confirm activity of biochemicals

Abstract

This study analyzed and identified phytochemical composition of plant species including Allium
cepa, Aloe van balenii, Ananas comosus, Bidens pilosa, Carica papaya, Crinum marcowanii,
Gunnera perpensa, Nicotiana tabacum, Ricinus communis, Sarcostema viminale, Urtica dioica,
Vernonia amygdalina, Zanthozylum capense, Zingiber officinale and Zizyphus mucronata, in
search of their relationship with observed anthelmintic efficacy, simple and Webb’s synergies.
Phyto-active compounds were analyzed using GC/MS. Four grams (4 g) dry matter (DM) of each
plant species material was extracted in 70 % ethanol, from which 2 pl was injected into a
chromatoprobe trap and analysed for biochemical composition. Compound identification carried
out using the NIST05 mass spectral library and comparisons with retention times of chemical
standards, where available, and also comparisons between calculated Kovats retention indices and
those published in the literature. Pearson correlation coefficient was run to explore association of
phytochemical candidates with observed efficacy, simple and Webb’s synergies. Multiple
regressions were also run to explore influence of various phytochemicals on efficacy, simple and
Webb’s synergies, by conducting 10 searches to identify any of such influence(s). Some
phytochemicals had positive (benzofuran, 2,3-dihydro; pyridine, 3-(1-methyl-2-pyrrolidinyl)-,
(S)-; 2 propenamide; phytol; 5-hydroxymethylfurfural; furfural) and others negative influences.
Furfural and 5-hydroxymethylfural that were selected to exerted positive influence, did so on both
observed efficacy and simple synergy. Both correlation matrix and multiple regression
relationships pointed to more consortia of phytochemical action. It is most likely that many other
phytochemical molecules must have been involved in anthelmintic activities observed from plant-

plant combinations, but might not have been picked up within slated time of the analysis.
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7.1 Introduction

Plant species crude extract contain a wide range of phytochemicals, some of which may influence
particular biological activities. Combination phytotherapy will pool a greater variety of
phytochemicals relative to single plant species. Biological activities exerted by plant species
combinations are expected to result from their combined or collective biochemical interaction that
are relevant to that trait, given that in many of these plants more than one phytochemical exert
similar activity. Additionally, phytochemical interaction in combinations has the likelihood of
bringing about bioactivities that are not associated with some of these candidates individually
(Diplock et al., 1998). In combinations, there are various phytochemical interactions, some of
which may be positive, negative, neutral or antagonistic (kyaw et al., 2012) to each other. Crude
plant extract analyses using GC/MS have identified a wide range of phytochemicals in different
concentrations (Chapter 5), and a number of them influence particular biological activities. Some
of these phytocemicals were found to exert more than one biological activity as exemplified by
glycerin that exerted both antifungal and antioxidant activities (Lind et al., 2010), and 2-
furancarboxaldehyde, 5-methyl that exerted both antibacterial and antifungal activities (Ghaidaa
et al., 2016). Additionally, increased concentration of plant species extract resulted to greater
biological activity (Menghini et al., 2011). Combination of Trema orientalis and Urtica dioica,
both of which contain anthelmintic phytochemical glutarimide (Lee et al., 2003), will result to
increased concentration. Implicitly, plant-plant combination with similar active phytochemicals

will result to greater activity as its concentration will increase in the process.

Plant species exerting some healing or biological activity have been closely associated with several
biochemical principles, some of which make very little or no contribution to metabolic function
and are tagged plant secondary metabolites (PSM) (Bennett and Wallsgrove, 1994; Zhao et al.,
2005). They primarily serve in plant defense, including protection from herbivory, pest and other
disease causing organisms (Bennett and Wallsgrove, 1994; Athanasiadou et al., 2006; Solaiman
and Owens, 2010). Naturally, each plant may have several classes of plant secondary metabolites
and related principles (Ghisalberti, 2002; Olivier, 2012; Refaat et al., 2012; Rampadarath et al.,
2014), exercising the same function, but having different biochemical modes of action. Some sites

of gastrointestinal tract may favour bioactive activity of some PSM than others.
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Generally, some PSM including alkaloids (Refaat et al., 2012), condensed tannins (Min and Hart,
2003; Ademola et al., 2005; Alonso-Diaz et al., 2011), flavonoids (Azando et al., 2011; Igbal et
al., 2011; Singh et al., 2011), proteases and nitrogen compounds (Luoga et al., 2012; Domingues
et al., 2013) among others, have been closely associated with livestock nematode control, though
a finer resolution has not been done in Africa. It is hypothesized that phytochemicals and related
plant macromolecules exerting anthelmintic activity, will associate with observed efficacy, simple
and Webb’s synergies. Additionally, phytochemicals exerting anthelmintic activity will interact
with other phytochemicals to affect observed efficacy, simple and Webb’s synergies.

The main objective of this section is to explore how different biochemicals relate to affect plant
species anthelmintic efficacy, and potentially similar activities in combinations and new

candidates that may aid the process.

7.2 Materials and methods

7.2.1 Plant species and extraction of vegetative material

Allium cepa (Vieira et al., 1999; Marwat et al., 2011; Bidkar et al., 2012), Aloe van balenii, Trema
orientalis (Watt and Breyer-Brandwijk, 1962), Ananas comosus (Stepek et al., 2005), Bidens
pilosa (Graham et al., 1980; Hoffman and Hoelzl, 1988), Carrica papaya (Stepek et al., 2005;
Adongo, 2013), Crinum macowanii (Refaat et al., 2012), Gunnera perpensa (Semelane et al.,
2010), Nicotiana tabacum (British Veterinary Codex, 1953; Stuart et al., 2012), Ricinus communis
(Rampadarath et al., 2014; Wafa et al., 2014), Sarcostema viminale (Grime et al., 2008), Urtica
dioica (Haman, 2007), Vernonia amygdalina (Yeap et al., 2010), Zanthozylum capense (Negi et
al., 2011) and Zingiber officinale (Haman, 2007; Singh et al., 2011), and Zizyphus mucronata (Van
Wyk and Wink, 2004; Olivier, 2012) were identified based on previous knowledge of their ethno

veterinary use in livestock nematode control.

Four grams dry matter (4 g DM) of each plant species vegetative material was weighed into
labelled thimbles and closed with a ball of cotton wool wrapped in a piece of cheese cloth.
Thimbles containing plant material were mounted into distillation units and extracted using 70 %
ethanol as solvent. Crude extracts were refluxed into extraction bottles of volume 100 ml. The

extraction process was completed when the solvent in thimble bearing section was free of any
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coloration. Extraction bottles containing crude extracts were withdrawn, allowed to cool and
Volume of crude extract was made up to 100 ml. volumes of 4 ml each were poured into glass

vials for GC/MS analysis.

7.2.2 Biochemical analysis of crude extracts of plant species using GC/MS

Volatile samples were analysed using a coupled Varian 3800 gas chromatography (Varian Palo
Alto, California, and USA) and Varian 1200 mass spectrometer (GC-MS). The gas
chromatography (GC) was equipped with an Alltech EC - WAX column of 30m x 0.25 um internal
diameter x 0.25 um film thickness (Alltech Associates Inc., Deerfield, Illinois, USA). Helium was
used as the carrier gas at a flow rate of 1 mL min™. From each plant species extract, 2 pl was
injected into a chromatoprobe trap prepared by cutting glass tubes of similar size to that of
chromatoprobe quartz microvials (length: 15 mm; inner diameter: 2 mm) and filled with 2 mg of
a 50:50 mixture of Tenax TA (Alltech Associates, USA) and graphitized carbon (Carbotrap™,
Supelco, USA). These tubes were closed on both ends with glass wool. Chromatoprobe traps were
placed in a Varian 1079 injector by means of a Chromatoprobe fitting and thermally desorbed. The
temperature of the injector was 40 °C, and was held for 2 minutes with a 20:1 split ratio and then

increased to 200 °C. It was held at 200 °C min in splitless mode for thermal desorption.

Compound detection was delayed for 6 minutes. After a 3 minutes hold at 40 °C, the GC oven was
ramped up to 240 °C at 10 °C min™* and retained for 12 minutes. Compound identification was
carried out using the NISTO5 mass spectral library and comparisons with retention times of
chemical standards, as well as comparisons between calculated Kovats retention indices and those
published in the literature. Clean chromatoprobe traps were run in GC-MS as controls to identify
background contamination. Compounds present at higher or similar percentages in controls were
considered as contaminants and excluded from the analysis. For quantification of compounds,
known amounts of standards of dominant compounds were injected into cartridges and thermally
desorbed under identical conditions to samples. The peak area of compounds in samples were
compared with those of standards and used to calculate the total amount of compound per gram of
substrate. These constituent compounds helped in grouping plant species as either made of similar

or different classes of compounds.
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7.2.3 Evaluation of biochemical composition and statistical analysis

Phytochemical composition of individual plant species were determined. Pearson correlation was
run to explore association of different phytochemicals with observed efficacy, simple synergy
(differences between observed and expected efficacy), and Web’s synergy (Webb, 1963). Multiple
regression relationships between phytochemicals and anthelmintic related variables (observed
efficacy, simple synergy and Webb’s synergy) were run invoking a stepwise option. These
searches were made ten times to determine the contribution of phytochemicals. However, during
succeeding searches the first most influential phytochemical in the preceding step was eliminated
so that new ones could be identified. However, in some cases some phytochemicals were recycled.
The criterion for selection of a biochemical during every search was p < 0.15. All data were

analysed using SAS (2000).

7.3 Results

A number of phytochemicals exerted considerable influence on observed efficacy, simple and
Webb’s synergies as indicated on correlations (Table 6.1). Some phytochemicals associated with
observed efficacy and included 2,5-dimethylpyrazine (r= 0.11; P=0.038), acetic acid (r=0.11; P=
0.029), dimethylsulphuroxide (r= -0.10; P= 0.048), propenamide (r= 0.11; P= 0.037), 2,5-
dimethyl-4-hydroxy-3(2H)- (r= 0.12; P=0.028) and all compounds identified (r=0.11; P=0.035).
Those that tended to influence observed efficacy positively included 1-hydroxy-2-propanone (r=
0.10; P=0.052), 3,4-dimethylthiophene (r= 0.10; P= 0.065), 1-propenyl methyl disulsulphide (r=
0.10; P= 0.065), dimethyl trisulphide (r= 0.01; P= 0.065), furfural (r= 0.10; P= 0.060), 2,3-
butanediol (r= 0.10; P= 0.065), 2-furanmethanol (r= 0.09; P= 0.078), 5-methyl-2-furanmethanol
(r=0.09; P=0.104), 2(3H)-furanone (r=0.10; P=0.065), phenylethyl alcohol (r=-0.08; P=0.149),
2-hydroxy-gama-butyrolactone (r= 0.09; P= 0.106), 2,3-dihydro-3,5-dihydroxy-6-methyl- (r=
0.10; P= 0.069), benzofuran 2,3-dihydro (r= 0.08; P= 0.109), 5-hydroxymethylfurfural (r= 0.10;
P=0.064) and dihydro-4-hydroxy-2-(3H)-furanone (r= 0.10; P= 0.071).

Some biochemicals positively correlated with simple synergy including hexanal (r= 0.17; P=
0.001), 2,6-dimethylpyrazine (r= 0.17; P=0.001), vanillin (r= 0.17; P=0.001) and 2-butanone, 4-
(4-hydroxy-3- (r= 0.17; P=0.05); while others did so negatively including dimethylsulphuroxide

145



(r=-0.17; P= 0.001), butyrolactone (r= -0.12; P= 0.029), 2,5-dihydro-1H-pyrrole (r= -0.11; P=
0.038), and pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- (r= -0.13; P= 0.014). Biochemicals that
tended to associate with simple synergy included propanoic acid (r= 0.08; P= 0.134), 8-
azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl (r= 0.08; P= 0.139) and phytol (r= 0.09; P=
0.097).

Phytochemicals that tended to associate positively with Webb’s synergy included 3.,4-
dimethylthiophene (r= 0.08; P= 0.114), 1-propenyl methyl disulsulphide (r= 0.08; P= 0.114),
dimethyl trisulphide (r=0.08; P=0.114), 2,5-dimethylpyrazinel- (r= 0.10; P= 0.063), 1-hydroxy-
2-propanone (r= 0.09; P=0.083), furfural (r=0.09; P=0.104), acetic acid (r= 0.10; P=0.074), 2,3-
butanediol (r= 0.083; P=0.114), 2-furanmethanol (r= 0.08; P= 0.134), propenamide (r= 0.10; P=
0.064), 2,5-dimethyl-4-hydroxy-3(2H)- furanone (r=0.10; P= 0.061), 2,3-dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-one (r= 0.08; P= 0.124), 5-hydroxymethylfurfural (r= 0.08; P= 0.11),
dihydro-4-hydroxy-2-(3H)-furanone (r= 0.08; P= 0.139) and all phytochemicals (All; r=0.09; P=
0.081). Dimethylsulphuroxide associated negatively with Webb’s synergy (r= -0.11; P= 0.031),
just as it did with both observed efficacy and simple synergy.

Based on multiple regression relationship, phytochemicals that had positive influence on observed
efficacy included 2,5-dimethyl-4-hydroxy-3(2H)-furanone, propenamide, acetic acid, all
phytochemicals (All), furfural, 2,5-dimethylpyrazine, 2-butanone, 4-(4-hydroxy-3-, 2(3H)-
furanone, dihydro-3-hydroxy-4,4-dimethyl, 1-hydroxy-2-propanone, benzofuran, 2,3-dihydro, 2-
butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)-,  5-hydroxymethylfurfural, dihydro-4-
hydroxy-2-(3H)-furanone and 2,3-butanediol. Phytochemicals with a negative influences on
observed efficacy included methylamine,N,N-dimethyl, dimethylsulphuroxide, 4-hydroxy-
butanoic acid, 1-(1H-pyrrol-2-yl)-ethanone, Z-1-(-butenyl) aziridine, 1-(1H-pyrrol-2-yl)-

ethanone, phenylethyl alcohol and 1-butanol, 3-methyl- and acetate.

Multiple regression relationship with simple synergy found that some phytochemicals exerted
positive influences, and included 2-butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)-, 2,6-
dimethylpyrazine, hexanal, Vanillin, furfural, 5-hydroxymethylfurfural, phytol and propanoic
acid. Phytochemicals with negative influences on simple synergy included methylamine,N,N-
dimethyl, dimethylsulphuroxide, 4-hydroxy-butanoic acid, 2,5-dimethyl-4-hydroxy-3(2H)-
furanone,  2,5-dihydro-1H-Pyrrole,  pyridine,  3-(1-methyl-2-pyrrolidinyl)-,  (S)-, 2-

146



furancarboxaldehyde, 5-methyl,

butyrolactone,

5-methyl-2-Furanmethanol,

azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl and 1-butanol, 3-methyl-, acetate.

glutarimide,

Based on multiple regression relationships with Webb’s synergy, phytochemicals with positive

influence included 2,5-dimethyl-4-hydroxy-3(2H)-furanone, 2,5-dimethylpyrazine, furfural,

vanillin, propenamide, acetic acid, all phytochemicals (All), pyridine, 3-(1-methyl-2-pyrrolidinyl)-

, (S)-, dihydro-4-hydroxy-2-(3H)-furanone, 5-hydroxymethylfurfural and 1-propenyl methyl

disulsulphide. Phytochemicals with negative influences included 2,5-dihydro-1H-Pyrrole, 1-(1H-

pyrrol-2-yl)-ethanone, Z-1-(-butenyl) aziridine, acetamide, pyridine, 3-(1-methyl-2-pyrrolidinyl)-

, (S)-, 4-hydroxy-butanoic acid, phenylethyl alcohol and 5-methyl-2-furanmethanol.

Table 7 1: Correlation matrix of phytochemicals with observed efficacy, differences between
observed and expected efficacies (simple synergy), and Webb’s synergy

Biochemical compound Observed efficacy Simple synergy Webb’s synergy
r P r P r P
Hexanal 0.03 0.58 0.17 0.001* 0.05 0.359
Methylamine,N,N-dimethyl -.07 0.205 -.05 0.328 -.06 0.221
3,4-Dimethylthiophene 0.10 0.065+ -.00 0.971 0.08 0.114+
1-Propenyl methyl disulsulphide 0.10 0.065+ -.00 0.971 0.08 0.114+
Dimethyl trisulphide 0.10 0.065+ -.00 0.971 0.08 0.114+
2,6-dimethylpyrazine 0.03 0.584 0.17 0.001* 0.05 0.359
2,5-dimethylpyrazine 0.11 0.038* 0.03 0.550 0.10 0.063+
1-Hydroxy-2-propanone 0.10 0.052+ 0.02 0.662 0.09 0.083+
Furfural 0.10 0.060+ 0.00 0.933 0.09 0.104+
Acetic acid 0.11 0.029* -.03 0.642 0.10 0.074+
Benzaldehyde 0.03 0.556 0.00 0.949 0.03 0.606
Propanoic acid -.02 0.757 0.08 0.134+ -.00 0.963
2-Furancarboxaldehyde, 5-methyl -0.06 0.256 -0.03 0.526 -0.06 0.290
2,3-Butanediol 0.10 0.064+ -0.002 0.964 0.083 0.114+
Sorbic acid -0.07 0.205 -0.05 0.328 -0.06 0.221
4-Cyclopentene-1,3-dione 0.01 0.9062 0.07 0.185 0.01 0.766
Dimethylsulphuroxide -0.10 0.048* -0.17 0.001* -0.11 0.031*
Benzene acetaldehyde 0.06 0.289 -0.06 0.251 0.04 0.459
Butyrolactone -0.02 0.676 -0.12 0.029* -0.04 0.495
4-Hydroxy-butanoic acid -0.06 0.229 -0.07 0.190 -0.06 0.222
2-Furanmethanol 0.09 0.078+ -0.01 0.927 0.08 0.134+
Trisulphide, di-2-propenyl
5-methyl-2-Furanmethanol 0.09 0.104+ -0.03 0.517 0.07 0.194
4-Methyl-5H-furan-2-one 0.07 0.180 0.001 0.987 0.06 0.251
2(3H)-Furanone 0.10 0.065+ -0.002 0.971 0.08 0.114+
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Biochemical compound Observed efficacy Simple synergy Webb’s synergy

r P r P r P
Acetamide -0.01 0.892 -0.03 0.599 -0.01 0.841
2,5-dihydro-1H-Pyrrole 0.07 0.190 -0.11 0.038* -0.08 0.155
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- -0.05 0.354 -0.13 0.014* -0.06 0.246
Phenylethyl alcohol -0.08 0.149+ -0.03 0.672 -0.07 0.197
Benzyl nitrile -0.05 0.320 -0.01 0.170 -0.06 0.295
Propenamide 0.11 0.037* 0.03 0.580 0.10 0.064+
1-(1H-pyrrol-2-yl)-ethanone 0.05 0.322 -0.02 0.655 0.04 0.431
2,5-dimethyl-4-hydroxy-3(2H)-furanone 0.12 0.028* -0.004 0.939 0.10 0.061+
2(3H)-Furanone, dihydro-3-hydroxy-4,4-dimethyl 0.03 0.556 0.003 0.949 0.03 0.606
2-Pyrrolidinone -0.03 0.568 -0.04 0.427 -0.03 0.546
2-Ethyl-5-methylpyrazine -0.001 0.984 0.06 0.221 0.01 0.869
Azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl 0.03 0.579 0.08 0.139+ 0.04 0.488
2-Hydroxy-gama-butyrolactone 0.09 0.106+ 0.0001  0.999 0.07 0.164
2-Methoxy-4-vinylphenol 0.06 0.275 0.01 0.923 0.05 0.342
Z-1-(-butenyl) aziridine 0.07 0.180 0.001 0.987 0.06 0.251
2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 0.10 0.069+ -0.01 0.882 0.08 0.124+
2,7-Octadiene-1,6-dimethyl- 0.02 0.686 0.05 0.394 0.03 0.635
Glycerin -0.003 0.962 -0.04 0.447 -0.01 0.880
2(4)-Benzofuranone,5,6,7,7a-tetrahydro-4,4,7a 0.02 0.725 0.01 0.917 0.02 0.749
Glutarimide 0.07 0.166 0.01 0.910 0.06 0.231
Benzofuran, 2,3-dihydro 0.08 0.109+ -0.01 0.838 0.07 0.181
5-Hydroxymethylfurfural 0.10 0.064+ 0.004 0.938 0.08 0.110+
Vanillin 0.03 0.584 0.17 0.001* 0.05 0.359
1-Butanol, 3-methyl-, acetate -0.05 0.374 -0.01 0.921 -0.04 0.439
Phytol 0.06 0.271 0.09 0.097+ 0.06 0.236
Dihydro-4-hydroxy-2-(3H)-furanone 0.10 0.071+ -0.02 0.642 0.08 0.139+
2-Butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)- 0.03 0.584 0.17 0.001* 0.05 0.359
All 0.11 0.035* -0.02 0.669 0.09 0.081+

+= tending towards association; *= outright association
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Table 7 2: Multiple regression relationships of phytochemicals in plant species with
combined or observed efficacy

Search Selected Biochemical Direction r2 (%) Max P
round
2,5-dimethyl-4-hydroxy-3(2H)-furanone +ve 0.028
1 Propenamide +ve 2.13 0.092
2 methylamine,N,N-dimethyl -ve 0.134
acetic acid +ve 0.029
dimethylsulphuroxide -ve 0.101
4-hydroxy-butanoic acid -ve 3.52 0.081
3 All +ve 0.035
propenamide +ve 2.33 0.047
4 furfural +ve 0.039
Propenamide +ve 0.037
1-(1H-pyrrol-2-yl)-ethanone -ve 0.090
Z-1-(-butenyl) aziridine -ve 4.11 0.062
5 2,5-dimethylpyrazine +ve 0.038
furfural +ve 0.027
1-(1H-pyrrol-2-yl)-ethanone -ve 0.081
2-butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)- +ve 4.21 0.079
6 methylamine,N,N-dimethyl -ve 0.050
dimethylsulphuroxide -ve 0.048
4-Hydroxy-butanoic acid -ve 0.090
6 phenylethyl alcohol -ve 0.095
2(3H)-Furanone, dihydro-3-hydroxy-4,4-dimethyl +ve 4.35 0.123
7 1-hydroxy-2-propanone +ve 0.052
1-(1H-pyrrol-2-yl)-ethanone -ve 2.87 0.049
1-butanol, 3-methyl-, acetate -ve 0.100
8 furfural +ve 0.060
1-(1H-pyrrol-2-yl)-ethanone -ve 0.087
benzofuran, 2,3-dihydro +ve 0.062
2-butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)- +ve 3.54 0.091
9 5-hydroxymethylfurfural +ve 0.064
benzofuran, 2,3-dihydro +ve 0.090
1-(1H-pyrrol-2-yl)-ethanone -ve 0.075
2-Butanone, 4-(4-hydroxy-3-methoxymthoxyphenyl)- +ve 0.102
dihydro-4-hydroxy-2-(3H)-furanone +ve 4.05 0.109
10 2,3-Butanediol +ve 0.064
1-(1H-pyrrol-2-yl)-ethanone -ve 0.093
dihydro-4-hydroxy-2-(3H)-furanone +ve 0.082
2-butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)- +ve 3.97 0.023

+ve= positive; -ve= negative
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Table 7 3: Multiple regression relationships of phytochemicals in plant species with simple
synergy of combined anthelmintic phytotherapy

Search round  Biochemical selected Direction (%) p
Max.

1 Methylamine,N,N-dimethyl -ve 0.050
Dimethylsulphuroxide -ve 0.0003
4-hydroxy-butanoic acid -ve 0.025
2,5-dimethyl-4-hydroxy-3(2H)-furanone -ve 6.91 0.126
2-butanone, 4-(4-hydroxy-3-methoxymethoxyphenyl)- +ve 0.057

2 Methylamine,N,N-dimethyl -ve 6.29 0.050
2,6-dimethylpyrazine +ve 0.057
Dimethylsulphuroxide -ve 0.0003
4-hydroxy-butanoic acid -ve 0.025
2,5-dimethyl-4-hydroxy-3(2H)-furanone -ve 6.91 0.126

3 Hexanal +ve 0.057
Methylamine,N,N-dimethyl -ve 0.050
Dimethylsulphuroxide -ve 0.0003
4-hydroxy-butanoic acid -ve 0.025

4 Methylamine,N,N-dimethyl -ve 0.050
Dimethylsulphuroxide -ve 0.0003
4-hydroxy-butanoic acid -ve 0.025
2,5-dimethyl-4-hydrox-3(2H)-furanone -ve 6.91 0.126
Vanillin +ve 0.056

5 Methylamine,N,N-dimethyl -ve 0.022
Dimethylsulphuroxide -ve <0.0001
4-hydroxy-butanoic acid -ve 0.008
2,5-dimethyl-4-hydroxy-3(2H)-furanone -ve 5.95 0.065

6 2,5-dihydro-1H-Pyrrole -ve 3.22 0.018
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- -ve 0.007

7 Methylamine,N,N-dimethyl -ve 0.038
Furfural +ve 0.016
2-furancarboxaldehyde, 5-methyl -ve 0.002

Butyrolactone -ve 0.003
4-hydroxy-butanoic acid -ve 0.003
5-methyl-2-Furanmethanol -ve 0.039
Glutarimide -ve 6.72 0.144
5-hydroxymethylfurfural +ve 0.031
2,5-dihydro-1H-Pyrrole -ve 1.20 0.038
Phytol +ve 0.77 0.097

10 Propanoic acid +ve 0.001
Azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl -ve 3.66 0.011
1-butanol, 3-methyl-, acetate -ve 0.001

+ve= positive; -ve= negative
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Table 7 4: Multiple regression relationships of phytochemicals in plant species with Webb’s

synergy of combined anthelmintic phytotherapy

Search round Biochemical selected Direction r2 (%) p
Max
1 2,5-dihydro-1H-Pyrrole -ve 0.116
2,5-dimethyl-4-hydroxy-3(2H)-furanone +ve 1.66 0.047
2 2,5-dimethylpyrazine +ve 0.016
Furfural +ve 0.004
1-(1H-pyrrol-2-yl)-ethanone -ve 0.022
Vanillin +ve 3.92 0.038
3 Furfural +ve 0.006
Propenamide +ve 0.012
1-(1H-pyrrol-2-yl)-ethanone -ve 0.027
Z-1-(-butenyl) aziridine -ve 3.48 0.068
4 Acetic acid +ve 0.003
Acetamide -ve 0.025
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- -ve 0.040
Vanillin +ve 3.16 0.102
All +ve 0.85 0.081
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- +ve 0.044
4-Hydroxy-butanoic acid -ve 1.55 0.110
7 Furfural +ve 0.035
Phenylethyl alcohol -ve 0.0031
Vanillin +ve 0.016
Dihydro-4-hydroxy-2-(3H)-furanone +ve 3.47 0.041
8 Phenylethyl alcohol -ve 0.002
5-hydroxymethylfurfural +ve 0.028
Vanillin +ve 0.013
Dihydro-4-hydroxy-2-(3H)-furanone +ve 3.58 0.024
9 1-propenyl methyl disulsulphide +ve 0.013
5-methyl-2-furanmethanol -ve 431 0.145
1-(1H-pyrrol-2-yl)-ethanone -ve 0.001
Vanillin +ve 0.011
Dihydro-4-hydroxy-2-(3H)-furanone +ve 0.010
10 - - - -

+ve= positive; -ve= negative
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7.4 Discussion

Plant species in the current study had one to four phytochemicals that have been screened for
anthelmintic activity among others. Correlations of phytochemicals with efficacy, simple and
Webb’s synergies were explored. Secondly, how these phytochemicals, including those that do not
have any known relationship with relevant bioactivity interacted to effect anthelmintic and other
related highlighted biological activities, were also examined in multiple regression relationships
with the same variables. Different phytochemicals correlated either positively or negatively with
observed efficacy, simple and Webb’s synergies. In multiple regression relationships, some
phytochemicals related positively whereas others related negatively with observed efficacy, simple
and Webb’s synergies. Bioactive compounds exhibit their healing pharmacological effects by
either synergistic or antagonistic interaction, or both synergistic and antagonistic interactions
concurrently of their many phytochemicals (Efferth and Koch, 2011).

Table 7 5: Phytochemicals selected by multiple regression matrix to exert positive and

negative influences from among those exerting anthelmintic activity and those with non-
available anthelmintic activity

Expected Unexpected
Positive benzofuran, 2,3-dihydro; pyridine, 3-(1-methyl-2- | 2,5-dimethyl-4-hydroxy-3(2H)-furanone; acetic acid; all;
influence pyrrolidinyl)-, ~ (S)-; 2  propenamide;  phytol;  5- | 2,5-dimethylpyrazine;  2-butanone,  4-(4-hydroxy-3-
hydroxymethylfurfural; furfural methoxymethoxyphenyl)-; 2(3H)-furanone dihydro-3-

hydroxy-4,4-dimethyl; 1-hydroxy-2-propanone; dihydro-
4-hydroxy-2-(3H)-furanone; 2,3-butanediol; 2,6-
dimethylpyrazine; hexanal; Vanillin; 5-

hydroxymethylfurfural; and propanoic acid.

Negative Glutarimide;  butyrolactone;  pyridine,  3-(1-methyl-2- | Dimethylsulphuroxide; 4-Hydroxy-butanoic acid; 1-(1H-
influences pyrrolidinyl)-, (S)-; methylamine,N,N-dimethyl; acetamide pyrrol-2-yl)-ethanone; Z-1-(-butenyl) aziridine;
phenylethyl alcohol; 1-butanol, 3-methyl-, acetate; 2,5-
dihydro-1H-pyrrole; 2-furancarboxaldehyde 5-methyl; 5-
methyl-2-furanmethanol; 5-hydroxymethylfurfural;
azabicyclo[3.2.1]octane-3-carbonitrile, ~ 8-methyl;  1-
butanol, 3-methyl-, acetate

Phytochemicals that tended to associate positively (table 6.1) with observed efficacy included 3,4-
dimethylthiophene, 1-propenyl methyl disulsulphide, dimethyl trisulphide, furfural, 2,3-
butanediol, 2-furanmethanol, 5-methyl-2-furanmethanol, 2(3H)-furanone, 2-hydroxy-gama-

butyrolactone, 2,3-dihydro-3,5-dihydroxy-6-methyl-, benzofuran 2,3-dihydro, 5-
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hydroxymethylfurfural and dihydro-4-hydroxy-2-(3H)-furanone. Only phenylethyl alcohol
tended to associate negatively with observed efficacy (table 6.1). Other biomolecules associated
out rightly with anthelmintic efficacy and included 2,5-dimethylpyrazine, 1-hydroxy-2-propanone,
acetic acid, propenamide, 2,5-dimethyl-4-hydroxy-3(2H)-furanone and interaction of all pooled
phytochemicals (all). The overall positive correlation of all phytochemicals identified (table 6.1)
is suggestive of the characteristic anthelmintic activity exerted. Dimethylsulphuroxide associated

negatively with observed efficacy.

Synergistic activities arising from plant species inherently possessing multiple bioactives or plant
species combinations were optionally evaluated using two different methods. The first was the
difference between expected and observed efficacy (simple synergy), whereas the second was
Webb’s efficacy (Webb, 1963). Phytochemicals that tended to associate with simple synergy
included propanoic acid, 8-azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl and phytol. The other
set of phytochemicals associated with simple synergy. Those with positive association included
hexanal, 2,6-dimethylpyrazine, vanillin and 2-butanone, 4-(4-hydroxy-3-dimethylsulphuroxide.
Three phytochemicals including phytol (de Moraes et al., 2014), butyrolactone (Maaz et al., 2015)
and pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- (Behnke et al., 2008) are known to exert
anthelmintic activity. Butyrolactone and pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- correlated
negatively, whereas phytol correlated positively. Lastly, biomolecules which correlated with
Webb’s synergy included 3,4-dimethylthiophene, 1-propenyl methyl disulphide, dimethyl
trisulphide, 2,5-dimethylpyrazinel-, 1-hydroxy-2-propanone, furfural, acetic acid, 2,3-butanediol,
2-furanmethanol, 2(3H)-furanone, propenamide, 2,5-dimethyl-4-hydroxy-3(2H)-furanone, 2,3-
dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, 5-hydroxymethylfurfural, dihydro-4-hydroxy-
2-(3H)-furanone and ‘all’ biochemicals combined. In this set, dimethylsulphuroxide associated
negatively with Webb’s synergy, just as it did with both observed efficacy and simple synergy.
Among these phyto-compounds are eight candidates that exerted anthelmintic activity and
included benzofuran 2,3-dihydro (Swargiary et al., 2016), butyrolactone (Maaz et al., 2015),
furfural (Tharachand et al., 2015), phytol (de Moraes et al.,, 2014), propenamide
(Meenakshisundaram et al., 2017), pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- (Behnke et al.,
2008), 2(3H)-furanone (Asif Husain et al., 2015) and 5-hydroxymethylfurfural (Ntalli et al., 2010).
Correlation matrix has the potential of identifying phytochemicals with related anthelmintic
activity as corroborated by the current study. Other phytochemicals correlated to anthelmintic
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activity for which there is no available evidence, and have to be screened for this important trait.
It is also possible that a phytochemical may lack anthelmintic activity individually but exert this
in combination as a result of its interaction with other phytochemicals. That is probably why some
individual biochemichemicals were associated with anthelmintic efficacy, while others which had
no direct effect, associated with either simple or Webb’s synergy that played the role of enhancing
anthelmintic activity. Anthelmintic activity in combination phytotherapy is possibly the outcome
of various biochemical interaction, some of which may play indirect roles. Additionally, some
phytochemicals that individually lack anthelmintic activity could become anthelmintically active

in combination as exemplified by acetic acid and vanillin.

Multiple regression relationships were used to identify possible phytochemicals that had any
bearing on observed efficacy, simple and Webb’s synergies; whether positive or negative. Several
phytochemicals exerted different influences. Phytochemicals that had positive influence on
anthelmintic activity included benzofuran, 2,3-dihydro (Swargiary et al., 2016), 2-propenamide
(Meenakshisundaram et al., 2017), phytol (de Moraes et al., 2014), pyridine, 3-(1-methyl-2-
pyrrolidinyl)-, (S)- (Behnke et al., 2008), 5-hydroxymethylfurfural (Ntalli et al., 2010) and furfural
(Tharachand et al., 2015; Ortu, 2015). Phytochemicals identified to have exerted anthelmintic
activity with oppositely negative contributions included acetamide (Sawant and Kawade, 2011),
butyrolactones (Maaz et al., 2015), glutarimide (Lee et al., 2003), methylamine, N,N-dimethyl
(Patani and LaVoie, 1996) and pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- (Behnke et al., 2008).
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- was at one stage selected to have exerted a positive
role, while in another it exercised a negative role. Its role is therefore confounding and in context
possibly dependent on other phytochemicals with which it interacted. Phytochemicals with known
anthelmintic bioactivity that were selected to have contributed negatively, most likely would have
done so as a result of their interaction with other phytochemicals. Methylamine, N, N-dimethyl
among others (table 6.5) that exerted anthelmintic activity (Patani and LaVoie, 1996) had a
negative influence on observed anthelmintic efficacy, suggestive of a confounding factor. Known
anthelmintically active biomolecules including 2(3H)-furanone (Asif Husain et al., 2015), benzyl
nitrile (Surikova et al., 2017) and 2-ethyl-5-methylpyrazine (Shrestha et al., 2016) were not
selected in 10 searches; probably more searches are needed. It is also tenable that as some

anthelmintically active phytochemicals were selected to exert a positive role and others negative
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role, these three phytochemicals would have had their activity suppressed as a result of their

interaction with other molecules.

Other phytochemicals exerted influences on any of observed efficacy, simple and Webb’s
synergies, but can be regarded as outsiders because they have not been linked to anthelmintic
activity from available literature and were not expected (table 6.5). Phytochemicals that had
positive influences included 2,5-dimethyl-4-hydroxy-3(2H)-furanone, acetic acid, interaction of
all phytochemicals (all), 2,5-dimethylpyrazine, 2-butanone 4-(4-hydroxy-3-
methoxymethoxyphenyl)-,  2(3H)-furanone dihydro-3-hydroxy-4,4-dimethyl, 1-hydroxy-2-
propanone, dihydro-4-hydroxy-2-(3H)-furanone, 2,3-butanediol, 2,6-dimethylpyrazine, hexanal,
Vanillin, 5-hydroxymethylfurfural and propanoic acid (table 6.5). Acetic acid, which has not been
identified to have anthelmintic activity, was selected to positively influence efficacy and synergy.
Acetic acid induced writhing by earthworms (Nirmale et al., 2007), and can possibly enhance or
exert anthelmintic activity in its interaction with other phytochemicals. Additionally, structural
biochemical differences of bioactive molecules of the same chemical class have brought about
differences in their activity and efficacy (Quijada et al., 2015). Therapeutic efficacy of
phytotherapy is dependent on a mixture of constituents (Efferth and Koch, 2011) whose interaction
(especially in combination) may diametrically change bioactivities for which they have been
previously screened. In combination anthelmintic phytotherapy, it is plausible that the biological
outcome of individual phytochemicals emanating from their interaction may not necessarily tie
with their known contribution to certain biological activities. While some candidates will retain
their bioactivity profiles, others may produce astoundingly different outcomes. Vanillin and acetic
acid require close evaluation to ascertain their contribution to anthelmintic activity because they
were consistently selected owing to their positive contribution to observed efficacy and related

variables.

Phytochemicals without any available anthelmintic activity, but with a negative influence included
dimethylsulphuroxide, 4-hydroxy-butanoic acid, 1-(1H-pyrrol-2-yl)-ethanone, Z-1-(-butenyl)
aziridine, phenylethyl alcohol, 1-butanol, 3-methyl-, acetate, 2,5-dihydro-1H-pyrrole, 2-
furancarboxaldehyde 5-methyl, 5-methyl-2-furanmethanol, 5-hydroxymethylfurfural,
azabicyclo[3.2.1]octane-3-carbonitrile, 8-methyl and 1-butanol, 3-methyl-, acetate. Some

biomolecules notably acetic acid, furfural, 2,5-dimethylpyrazine, propenamide, 2,5-dimethyl-4-
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hydrox-3(2H)-furanone, 5-Hydroxymethylfurfural and a collection of all selected biochemicals
positively affected both observed efficacy and synergistic effects. Furfural and 5-
hydroxymethylfurfural that were identified by models to be supportive to observed efficacy also
contributed positively to simple and Webb’s synergies. Some biomolecules, with no available
anthelmintic activity were selected to be supportive of simple synergy (table 6.1). Combinations
of bioactive molecules, just like that of nutrients in diets, have the potential of bringing about
biological activities which are not related to those of the component constituents (Diplock et al.,
1998); some of which may be anthelmintic. In combination anthelmintic therapy and other
therapeutic activities involving plants, the wide variety of biochemical compounds appear to play
mixed roles to treatment or healing (Efferth and Koch, 2011). This collective modulating role of
both negative and positive effects culminates to healing as exemplified in the positive role of
holistic phytochemical interaction on both observed efficacy and Webb’s synergy. It is most likely
that both negative and positive influences of phytochemicals in plants exerting important healing
biological activity may help to alley any negative attributes of some of these candidates.
Additionally, the absence of strong positive individual correlations of identified phytochemicals,
seemingly reaffirms the collective rather than individual strength or contribution to healing. Beside
some phytochemicals being identified with anthelmintic activity and others doing so as a result of
their interaction in combination, they also exercise other biological activities. All of these
phytochemicals have been closely linked with antibacterial (Thorp et al., 1998; Togashi et al.,
2007), antifungal (kurita et al., 1981; Makovitzki et al., 2006), antioxidant (Rice-Evans et al.,
1997; Budak and Guzel-Seydim, 2010) and antiviral (De Clercq and Holy, 1979) activities. Multi-
causative effects of most diseases (Efferth and Koch, 2011), can be better managed by
phytotherapeutic application of related plant species. Therefore, interactions of these biomolecules
resulting to anthelmintic activity is not remote. There is thus a likelihood that these molecules
could well be part of a larger and more elaborate set of biochemicals exerting anthelmintic activity.
Contrary to our hypothesis, some biochemical compounds exerted anthelmintic activity
individually, but there could well be much more potent consortia action arising from combined

activity.
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7.5 Conclusion

Plant species possessing anthelmintic activity in isolation or combination have shown that this trait
is the combined activity of diverse phytochemicals. Combinations will potentially play a pivotal
role in nematode parasite control of livestock by providing numerous sites for anthelmintic
activity. This will militate against selection for resistance by parasites that is of common
occurrence in orthodox anthelmintics with relatively fewer principles and potentially less sites of
activity. Multiple phytochemical relationships have shown how some biochemical compounds
may exert mild biological activity and evade attention as a result of our search for stronger and
more potent activity. While individual phytochemicals lacked strong activity as corroborated by
correlation matrix, they collectively exerted strong activity as shown by their holistic interaction.
In vivo assay of some of these selected combinations that have exhibited potent in vitro

anthelmintic activity in the next section will presents an opportunity to test the same results.
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Chapter 8

In vivo combination anthelmintic phytotherapy and dose determination of
some selected plant species in sheep

Abstract
The study was designed to evaluate and identify the most effective combined dose of Allium cepa and

Vernonia amygdalina (COMBP1); and Ananas comosus and Carica papaya (COMBP2) at 50:50 weight
for weight relative to positive control, “Zolvix” on natural nematode infected sheep. Sheep were fed 1.2 kg
each of 4 % urea treated hay, dry matter (DM) 923 gKg™* NDF 746 gKg?, ADF 417 gKg* and CP 91 gKg
1 Lucerne of DM 911 gKg*?, NDF 697 gKg?, ADF 485 gKg™ and CP 71 gKg?; and yellow maize, DM
900 gKg?, NDF 155 gKg*, ADF 32 gKg* and CP 80 gKg™. Inclusion ratio was 1:1:1, adjusted at 10 more
of intake for heavy feeders. Treatment doses included 5 g, 10 g, 15 g, and 20 g dry matter equivalent extract
in 100 ml of 70 % ethanol. Two experiments; the first, evaluated egg per gram (epg) change post treatment
and the second, egg hatch and larval recovery post treatment. Fifty six Merino ewes averaging 45.0 + 0.09
kg were weighed and initial epg done. Both parameters served as covariates at allotting sheep to treatment
doses and control of experiment one. Effects of treatment, time, interaction between time and treatment on
epg were evaluated weekly for 4 weeks. In the second trial, faecal grabs from treatments in the former were
pooled, mixed and three sub-samples of 4 g incubated and cultured for egg hatch and larval recovery post
treatment on days 1, 14 and 28, relative to negative control from untreated sheep. Effects of treatment, time
and, interaction between treatment and time evaluated relative to egg hatch and larval recovery. In trial one,
for COMBPL, initial sheep weight was not different, whereas final weight was relatively high (P< 0.05).
Epg predosing and epg post treatment including those at the end of weeks’ 1, 2 and 3 were low, whereas
Epg at end of week 4 were high (P< 0.05). For COMBP2, initial sheep weight preceding treatment were
not different, whereas weight post treatment were mostly similar, except weight of treatment 1, (5 g DM
equivalent crude extract), (P< 0.05). Initial epg pre-treatment for combination A. comosus and C. papaya
(COMP2) were similar (P> 0.05). Mean epgs’ post treatment for end of weeks’ 1, 2 and 3 were low, while
those at end of week 4 were high (P< 0.05). In trial two, egg hatch and larval recovery for COMP1 were
low for all treatments on day 1 and 14, but oppositely high for day 28 (P< 0.05). Mean egg hatch and larval
recovery of COMBP?2 for days 1 and 14 were low, whereas that of day 28 post treatment were high (P<
0.05). Egg hatch and larval recovery increased with time (P< 0.0219). Similarly interaction of treatments
and time resulted to high egg hatch and larval recovery (P= 0.0496).

Treatment trends for both combinations COMBP1 and COMBP2 were seemingly consistent for the first

two weeks post treatment, suggesting that a follow-up second dose would have been appropriate.
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8.1 Introduction

Prior to the advent of commercial anthelmintics, livestock were treated against gastrointestinal
nematodes and other parasites primarily with plant based remedies and related products (Waller et
al., 2001). These plant species are widely distributed in the tropics (Hammond et al., 1997; Waller
etal., 2001), temperate and colder regions of the world (Waller et al., 2001; Hrckova and Velebny,
2013). Though, cocktail or mixtures of plant extracts have been used over the years to treat various
livestock and human diseases (Smidt, 1997), the dose that yields the best results is seldom known.
Evaluation of different combined doses in vivo of selected plant species is expected to identify
which of them will yield the most desired efficacy. This process is critical to improved phyto-

anthelmintic therapy and related healing processes, as potential results will be known.

This is projected to translate the results obtained in the previous sections into a nematode control
package, with a palpable effect in the industry, given the near total dependence on conventional
anthelmintics. Plants naturally contain a wide variety of phytochemical molecules and compounds
(Sajid and Mckerrow, 2002; Choi and Chung, 2003; Hoste et al., 2008a), and those associated with
anthelmintic activity are similarly many and variable (Makkar et al., 2007), even when they belong

to the same class of compounds (Hammond et al., 1997; Makkar et al., 2007).

Inherently, combination anthelmintic phytotherapy increases the pool of anthelmintic principles
and may broaden spectrum of activity, first by increasing the concentration of similar bioactives
that occur in component plant species. Worldwide availability of this vital resources has resolved
one of the most important challenges faced by livestock farmers, especially resource limited
farmers in remote areas with poor or no commuting facilities and infrastructure. On this merit, they
are invaluable resources to develop and improve their anthelmintic potential. The existence and
practice of both ethnoveterinary botanical and contemporary anthelmintic controls, presents
important health, environmental and economic advantages, when meticulously adopted in the
prevailing context of helminth or more specifically nematode parasite burden challenge of
livestock.
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While ethnobotanical nematode control can be adopted to retain parasite load significantly low
and harmless to health and productivity of livestock host (Ketzis et al., 2006), anthelmintic
interventions are carried out incidentally when infection levels are critically high and life
threatening (Shalaby, 2013). Integrated use of both methods is strongly encouraged to promote
those advantages inherent in use of the former and those of the later, while on the other hand
deterring loss of efficacy of the later from too frequent and unnecessary use (Wolstenholme et al.,
2004). In both circumstances and importantly, with application of ethnobotanical control,
appropriate in vivo dose should be determined to enable attainment of the desired outcome. Various
treatment effects have been obtained from the use of these plant remedies, most of which may be
attributed to differences in dose/concentration of bioactive principles responsible for anthelmintic
activity, modulated by climate, soil type, growth stage and period of collection among other factors
(Athanasiadou et al., 2005; Estell, 2010, Scogings et al., 2015).

Variations in treatment effects obtained from different regions using similar animal and plant
species, demand development of standards of treatment that are elastic and capable of
accommodating, even to different animal species. This necessitates determination of effective
concentration locally within seasons, leading to the establishment of a system that can enable
prediction and effective use of these plant remedies. Such will serve as an important milestone
towards validation of global application of these species in nematode and other parasite control
programs. Like is the role in anthelmintic and other chemotherapeutic practices with definitive and
standardized drug concentrations/doses (Geary et al., 1999, Lanusse et al., 2014) for effective
treatment in vivo, ethnobotanical veterinary therapy requires in vitro pre-screening a priori to
ascertain anthelmintic activity. This is followed by in vivo dose determination to attain the primary
objective of definitive treatment or healing effect.

It is expected that dosing of sheep with different treatment concentrations of combined plant
species extract will have no effect on egg count per gram and, egg hatch and larval recovery. This
study was aimed at determining in vivo, the most efficacious dose treatment of selected combined
plant species including Allium cepa and Vernonia amygdalina, and Ananas comosus and Carica
papaya extract on both egg count and, egg hatch and larval recovery of naturally infected sheep,

to effectively control these parasites. Two experiments were carried out in the current study; one
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involved monitoring the egg count per gram after intra-ruminal drenching with combined plant
species crude extract at four (4) different doses, and a positive control, and the second was based
on evaluation of egg hatch and larval development (egg hatch and larval development/recovery

assay) following treatments in the preceding experiment.

8.2 Materials and methods

8.2.1 Study site

The study was carried out in the livestock section of the Ukulinga Research Farm, University of
KwaZulu-Natal, Pietermaritzburg. It is situated at 700 m above sea level with subtropical climatic
conditions. Annual rainfall is 735 mm, most of which falls between October and April. The mean
maximum and minimum temperatures are 25.7° C and 8.9° C, respectively. There is occasional

light frost in winter.

8.2.2 Extraction and constitution of plant species combined crude extract

Four plant species, comprising of Allium cepa, Ananas comosus, Carica papaya and Vernonia
amygdalina were collected and processed as described in chapter 2. Milled vegetative material of
10g weighed into thimbles and extracted in 70 % ethanol using a Sohxlet system. Each plant
material was again weighed into thimbles after completion of the first and extracted similarly. The
process was repeatedly carried out to ensure that adequate stock of crude extract was obtained to
meet experimental requirements. Plant species crude extract from the first and second extractions
were concentrated by draining solvent from the distillation column to a final volume of 100ml.
The resulting crude extract for each plant species was equivalent to 20g dry matter (DM). VVolumes
equivalent to 5g, 10g and 15g DM were measured and made up to 100ml with 70 % ethanol.
Combinations of Allium cepa and Vernonia amygdalina (COMBP1), and Ananas comosus and
Carica papaya (COMBP2) were constituted at 50:50 volume for volume and weight for weight,
yielding 5g, 10g, 15g and 20g of crude extract as treatment doses.
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8.2.3 Diet

Ingredients were analysed for moisture content using procedures prescribed by Association of
Official Analytical Chemists (AOAC, 1999). Crude protein was evaluated from nitrogen content
using LECO Truspec nitrogen analyser (LECO FP2000, LECO Pretoria, South Africa), and
quantified by multiplying nitrogen content by a factor of 6.25 (crude protein = nitrogen content x
6.25). Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were analysed using ANKOM
A220 fibre analyser (ANKOM Technology, New York, USA). Hemicellulose determined as the
difference between neutral detergent fibre and acid detergent fibre (hemicellulose content = neutral
detergent fibre — acid detergent fibre). Crude fat (CF) content was evaluated using the Soxhlet
method on Soxhet Buchi 810 fat analyser (Soxhlet Buchi Switzerland). Urea treated hay had dry
matter (DM) 923 gKg™, NDF 746 gKg™, ADF 417 gKg, hemicellulose 329 gKgCP 91 gKg1,
and CF 12 gKg™. Lucerne on the other hand had DM 911 gKg™*, NDF 697 gKg*, ADF 485 gKg
! hemicellulose 212 gKg?, CP 71 gKg* and CF 12 gKg™. Correspondingly, yellow maize had
DM 900 gKg!, NDF 155 gKg?, ADF 32 gKg?, and hemicellulose 123 gKg*, CP 80 gKg?, and
CF 42 gKg™. Sheep were each served a mixture of 400 g of urea treated milled hay, 400g of
crushed maize and 400g of milled Lucerne hay, with the target of supplying 1.5 times their
maintenance nutrient requirements. Heavy feeders were served 10 % more feed (0.12 kg), to
prevent them from being underfed. Every morning, feeders were emptied of left over feed and
fresh feed served. Animals were served fresh water ad libitum from automated drinkers, but where
dysfunctional, clean buckets held in place by wire rings tied to the pens were used.

8.2.4 Experimental design, allotment of experimental sheep to treatments and data collection

There were 56 Merino sheep ranging from 3 to 5 years of age, with mean weight 45.0 + 0.09 kg.
Sheep were housed and confined in individual pens (1.5 x 0.69 m) for the duration of trial. Prior
to commencement of the trial, animals were first adapted for 10 days, after which they were
weighed and pre-treatment egg count taken. First, floatation fluid comprising of salt and sugar
solution was constituted. One litter of water was measured into a 2000 ml beaker and 400 g of
common salt added. The solution was stirred on a rotor using a stirring bar at very low heat until
completely dissolved. Sugar of 500 g was added and again stirred until completely dissolved. The

specific gravity of this salt and sugar solution was 1.280. Faecal mass of 4 g was weighed into a
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250 ml beaker and 56 ml of floatation fluid added. Faecal material in solution was blended using
a hand blender, and sieved into a clean beaker of capacity 100 ml. Few drops of amyl alcohol were
added to each sample to disperse gas bubbles and foams. A Pasteur pipette was used to draw fluid
potentially containing nematode eggs from a beaker, McMaster slide filled and mounted on a light
microscope. Both chambers of the slide were viewed at 100x magnification after 5 minutes and
eggs counted. Total number of eggs from both slide chambers were multiplied by 50 to obtain egg
count per gram (epg). Egg count per gram was log transformed for analyses and presented in tables.
Both initial weight and pre-trial egg count served as bases to sort, randomize and allot animals to

different treatments.

Within the facility, and in the adjoining open space to pens, sheep were restrained and all the pens
opened. Sheep were driven into the pens, and where more animals entered into one pen, the first
was retained and the others driven out to own pen(s). The entire process ensured good level of
randomization of sheep to pen spaces, with almost all neighbouring animals belonging to different

treatments.

There were two primary combinations to study. In Trial one, Allium cepa and Vernonia
amygdalina (COMP1) and Trial two, Ananas comosus and Carica papaya (COMBP2), each of
which had 5 g, 10 g, 15 g and 20 g equivalent combined crude extract in 100 ml of 70 % ethanol
as dose treatments. Each combination was allotted 24 sheep, and each treatment dose 6 sheep. All
sheep belonging to different treatments were drenched once intra-ruminally using stomach tube at
the beginning of trial. Positive control was allotted 8 sheep and treated with anthelmintic of choice
“Zolvix®”’. Rectal faecal samples were collected at the end of each of four weeks spanning first

trial to take egg count post-treatment.

Relating to the second experiment that was based on egg hatch and larval recovery, rectal faecal
samples were collected 24 hours after treatment. These samples were pooled together for each
treatment, mixed and three subsamples of 4g each constituted for incubation
(Memmert,Schwabach, Germany®) at 27°C. Incubation and culturing lasted for 12 days, during
which they were moistened and stirred daily. Isolation of larvae was done following the Baermann
funnel technique (Hansen and Perry, 1994) on day 13. Following this method, cultured faecal
material was loosely tied in a double piece of cheese cloth using a rubber. Funnels with flexible

silica rubber tubing of about 12 cm fitted to stems, folded and tied with rubber band to retain fluid
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containing isolated L3 larvae. Prepared labelled funnels were fitted onto a rack and platform
carrying holes to hold them in place. Ball of cultured faecal samples in cheese cloth were placed
in labelled funnels across the neck to allow free passage of isolated L3 larvae. Funnels were filled
with lurk warm water to completely immerse ball of cultured faecal sample. The whole device was
left in place for larvae to migrate into fluid and swim down the funnel stem by gravity for one day
(24 hours). Fitted tubing was untied and fluid containing larvae released into 10 ml glass tube.
Glass tubes containing fluid and larvae were allowed to stand for 15 minutes and supernatant
drawn using a Pasteur pipette. McMaster slides were filled and L3 larvae counted following
McMaster technique (Hansen and Perry, 1924) on day 14 using light microscope at 100x
magnification. Larvae count from both slide chambers were multiplied by 50 to obtain larval
recovery per gram of faecal matter. Adjusted count was log transformed and presented in tables.
Control adopted, was dung/rectal faecal grabs from ten randomly untreated sheep served urea
treated hay supplemented with lucern. Faecal material was rectally collected, pooled, mixed and
six sub samples of 4g each constituted for incubation, isolation and counting similarly done as
were treatment samples. Samples were subsequently collected on days 14 and 28, and processed
similarly for data collection. Log transformed larval count was back-transformed and presented in

histogram for interpretation.

8.2.5 Statistical analysis

Mixed nematode egg counts were analysed using model below:
Yikn =l + Ti+ Gj+ Lx + ti + (Ti * ti) + €ijkan;

Where: Yijk = individual observation, p = overall mean; T; = effect of treatment; G; = co-variate
effect of initial egg count per gram; Lk = co-variate effect of initial live weight; t| = effect of time
in days; Ti * t| = interaction between treatment and time; eij = the error term, time was introduced

asa repeated measure.

Egg count per gram (epg) were transformed using natural log and presented in the tables, while
larval counts of faecal cultures were analysed similarly using General Linear Model of SAS (2000)

in accordance with statistical model below:
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Yijk = M+ Ti+ Cj +tx + (Cj * tk) + euji:

Where: Yijk = individual observation; i = overall mean; T; = effect of treatment; C = effect of
larval count; tk= effect of time in days; C;* tx = interaction between larval count and time; eijx=
error term; time was introduced as a repeated measure. In both statistical analyses, mean separation

was done following student Newman-Keuls Test.

8.3 Results
8.3.1 Trial one

Initial weight of sheep for treatments relating to combination Allium c. and Vernonia a. (COMBP1,
Table 8.1) were not different (P>0.05) while the final weight were different (P< 0.05) among
treatments. Sheep that were dosed with 5 and 10 g DM equivalent crude extract of the combination
A. cepa. and V. amyddalina had higher final weight than sheep on the other treatment doses.
However, weight changes for these sheep were not different among the treatments (Table 8.1).
Mean egg count per gram (epg) prior to commencement of the trial were not different among all
the treatments. Similarly egg count per gram for all treatment doses after the 1%, 24 and 3™ week
post-treatment didn’t differ (p>.005). Egg count per gram of sheep allotted to all treatment doses
for week four post treatment were high (P< 0.05). There were no high increases in epg with time,
and also interaction between treatment and time did not result to high epg. The other combined
remedy was Ananas comosus and Carica papaya, tagged COMBP2. Initial weight of all sheep
allotted to all treatment doses were not different (P> 0.05). Final weight of sheep allotted to dose
treatments 2, 3 and 4 didn’t differ (P>0.05), but were higher than for dose one (Table 8.2). Weight
changes for different treatment doses were not different (P>0.05). Sheep place on control treatment
lost weight (Table 8.1), while those on dosages 1 and 4 gained weight. Egg count per gram (epg)
for sheep allotted to all treatment doses prior to drenching were not different (Table 8.2). Those of
weeks’ one and two post-drench for all treatment doses were similarly not different. Oppositely,

epg for sheep of all treatment doses were different for weeks’ 3 and 4 post drench (P< 0.05).
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Table 8. 1: Mean weight of sheep (x SEM) Kg, pre and post treatment, natural log of egg
count per gram (£ SEM) pre and post treatment, and natural log of egg hatch and larval
recovery per gram of dung for combinations of Allium cepa and Vernonia amygdalina
(COMBP1) for four weeks

Allium cepa and Vernonia amygdalina

Changes in weight (Kg)

Dose treatments Control 1(59) 2 (109) 3 (159) 4 (209) RMSE
n 8 6 6 6 6

Initial weight (Kg) 455+1.02°  481+136°A 487+136°A  435+136A 458+ 1.36A 33.23
Final weight 445+0438  483+043°A 488+043°A  444+043%  458+0.438 3.30
Change in weight -1.0+0.10A  02+0.30A  0.2+0.307 0.9 +0.30A -0.1+0.30A 3.30

Egg count per gram (log epg)
Epg for week 0 6.4 £ 0.567 54+078* 50zx0.74A 5.5 +0.74A 5.4 +0.74A 9.96
Epg for week 1 1.8 +0.39A 3.1+052°A  49+052A 4.7 0527 3.9+052A 4.92
Epg for week 2 2.2+0.46 33+0.61* 6.1+0.61° 3.9+0.617 4.0 £0.614 6.76
Epg for week 3 1.3+0437 25+058*  4.6+0.58~ 3.7+0.584 4.3 +£0.584 6.00
Epg for week 4 2.5+0.378 2.4 +0.508 4.5 +0.508A 5.9 +0.50* 6.0 +0.50° 4.48
Egg hatch & larval recovery (log larvae per gram)

n 6 3 3 6 3

Day 1 3.7+£0.8447 9.0+1.68% 8.8+1.68~ 4.4 +£0.844 9.8 +1.684 12.66
Day 14 7.3 £0.66° 2.6+1.32° 47 +1.327° 4.9 +0.66° 7.7+£1.32° 7.82
Day 28 9.6 +0.15~ 7.1+0.30¢ 7.9 +£0.3085¢ 9.1+0.154 8.8 +0.3084 0.40

8.3.2 Trial two

Egg hatch and larval recovery for treatment doses of combination Vernonia amygdalina and
Allium cepa (COMBP1,; Figures 8.1, 8.3 ) for all treatment doses on days’ 1 and 14 after drenching
were not different (P> 0.05). Egg hatch and larval recovery on day 28 post-treatment (Figure 8.3)
for all treatment doses were high (P< 0.05). Egg hatch and larval recovery did not increase highly
over time. Interaction between treatment doses and time did not result to high egg hatch and larval
recovery. Egg hatch and larval recovery for combination A. comosus and C. papaya (COMBP2)
on days’ 1 and 14 post drench for sheep belonging to all treatment doses were not different (Figure
8.2). Ultimately, egg hatch and larval recovery for day 28 post drench (Figure 8.4) for treatment
doses were high (P< 0.05). Egg hatch and larval recovery increased with time (P= 0.0219).
Interaction between treatments and time resulted to increased egg hatch and larval recovery for
COMP2 (p=0.0166).
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Table 8. 2: Mean weight of sheep (x SEM) Kg, pre and post treatment, natural log of egg
count per gram (+ SEM) pre and post treatment, and natural log of egg hatch and larval
recovery per gram of dung for combinations of Ananas comosus and Carica papaya
(COMBP2) for four weeks

Ananas comosus and Carica papaya

Weight change (kg)

Treatments Control 1 (59) 2 (109) 3 (159) 4 (209) RMSE
n 8 6 6 6 6
Initial weight ~ 45.5+0.934 39.8+1.24A 442 +1.24A 46.3 +1.247 42.4 1247 27.78
(Kg)
Final weight 445 +0.38A 40.8+0.508  43.9 +0.50~ 45.8 + 0.50~ 43.7 £ 0.50~ 453
Change in -1.0+£0.38~ 1.0 £0.50* -0.3 +0.504 -0.5 +0.504 1.3 £0.50* 453
weight

Egg count per gram for various treatments (log epg)
Epg week 0 6.4 +0.567 5.5+0.74~ 5.3+0.74~ 5.2 +0.74~ 6.1 +£0.74~ 9.90
Epg week 1 1.8+041~ 5.2 +0.54A 4.6 +0.54A 4.7 +0.547 5.2 +0.54A 5.26
Epg week 2 2.2 £0.447 4.9 £0.60~ 2.0 £0.60° 5.7 £0.60° 5.2 £0.60° 6.41
Epg week 3 1.3+0.438 6.4 £0.58~ 2.6 £0.58B4A 2.9 £ 05884 5.8 £0.58~ 6.02
Epg week 4 2.5+0.34A 6.2 +0.454 4.4 +0.458A 5.2 +0.454 6.7 +0.454 3.60

Egg hatch and larval recovery (log larvae per gram)
n 6 3 3 3 3
Day 1 3.7+0.83* 9.8+1.63~ 9.0+1.634 7.8+1.634 6.2+1.634 12.00
Day 14 7.3+£057A 9.0 £1.14~ 49 +1.14~ 6.2 £1.14~ 8.8 £1.14A 5.89
Day 28 9.6 £0.14A 9.6 £0.27A 7.8+0.278 8.7 £0.728A 9.4 £0.27A 0.34

RMSE-= root mean square
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Figure 8. 1: Egg count per gram (Epg) post treatment with plant species combination Allium
cepa/Vernonia amygdalina (COMBPL1) for the different treatment doses
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Ctrl = Positive control; trmt 1 = treatment at 5 g equivalent combined crude extract, trmt 2 = treatment at 10 g equivalent crude extract; trmt 3 =
treatment at 15 g equivalent combined crude extract; trmt = treatment at 20 g equivalent combined crude extract; Epg Wk = weekly nematode egg
count per gram post treatment

Figure 8. 2: Egg count per gram (Epg) post treatment with plant species combination Ananas
comosus/Carica papaya (COMBP2) for the different treatment doses
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Figure 8. 3: Larval count recovery post treatment of sheep for days 1, 14 and 28 for plant
species combination Allium cepa and Vernonia amygdalina relative to negative control.
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equivalent combined crude extract, trmt 2 = treatment at 10 g equivalent crude extract; trmt 3 = treatment at 15 g equivalent combined crude extract;
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Figure 8. 4: Larval count recovery post treatment of sheep for days 1, 14 and 28 for plant
species combination Ananas comosus and Carica papaya (COMBP2) relative to negative
control

169



8.4 Discussion and conclusion

Results from preceding in vitro and in vivo studies showed that A. cepa (Fajimi et al., 2001), A.
comosus, C. papaya (Fajimi et al., 2001; Stepek et al., 2005) and V. amygdalina. (Alawa et al.,
2000; Chiezey et al., 2000) individually exerted anthelmintic activity on nematode parasites of
small ruminants. In another in vivo study with lambs, A. comosus exerted excellent anthelmintc
activity against Haemonchus c. (Ahmed et al., 2013). Additionally, V. amydalina showed
antiparasitic traits (Hussain et al., 2008). From the trend of mean egg count per gram (epg) for
combinations of A. cepa and V. amygdalina (COMBP1); and A. comosus. and C. papaya.
(COMBP2), it is suggestive of similar activity in combination in accordance with expectations of
the current project. Though the desired efficacy might not have been achieved, potential changes
in mode of dosing may yield desired results. It is plausible that individually and in designated
combinations, these plants could exert anthelmintic activity to various extents. The short span in

combined anthelmintic activity of plant species may well be attributed to multifaceted factors.

The span of exposure of parasites to combined bioactives is influenced by interaction of these
active candidates from component plant species (Lanusse et al., 2015). Some of them may increase
or decrease concentration of other molecules or again influence activity negatively or positively
(chapter 7). Biochemical analyses showed that A. cepa and V. amygdalina both have alcohol,
aliphatic acids, benzenoid, ketones, lactones and sulphur related compounds. Combining crude
extracts of these two plant species is bound to alter bilateral concentration(s) of other molecules
and potentially increase their biochemical activities, if they do not counteract or destroy each other
in the process. Similarly, combination of A. comosus and C. papaya has contributions of various
alcohols, amides, ketones, lactones and nitrogen compounds (chapters 6 and 7) from both plant
species. Additionally, based on previous studies (Stepek et al., 2005; Adongo, 2013), these two
plant species have been closely linked to harbouring proteases. Proteases exert their biochemical
activities by breaking down cuticular and structural proteins, and could well interfere with
enzymatic, hormonal and other metabolic activities of nematode parasites, to the extent of

destroying their inherent enzymatic activity.

Trends in epg count for both combinations, Allium cepa and Vernonia amygdalina; and Ananas

comosus and Carica papaya and that of egg hatch and larval recovery point to a decrease followed
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by a recovery two-to-three weeks after treatment. This suggests a need for prolonged period of
interacting with parasites, which could be achieved following repeated dosing; otherwise using a
dosage with capacity to sustained activity and prolong anthelmintic effect. Observations showed
egg hatch and larval recovery for treatments of Ananas comosus and Carica papaya decreased
initially and increased over time post-dosing to a high. Similarly, interaction between treatment
and time resulted to increased egg hatch and larval recovery. Both observations reaffirm loss of
activity as time post-treatment elapsed, and the need to add a second dose. Further dosing,
following the preceding one, will potentially revive waning anthelmintic activity and promote
further decrease of epg. Adjusting the dosing of nematode infected sheep from 8% of their feed
intake (Athanasiadou et al., 2000) to 16 % (Athanasiadou et al., 2001) with Quebracho condensed
tannins yielded a reduced and harmless parasite load for a longer period. Though further reduction
of epg occurred, caution has to be exercised to avoid adverse effects of excessive condensed
tannins binding proteins and other nutrients irreversibly (Solaiman 2010; Muir, 2011). Binding of
these nutrients denies host animal access and metabolic use. Similar results of low sub-therapeutic
nematode burden for forty days was obtained by weekly drenching of sheep allotted to different
treatments with various plant species crude extract (Ahmed et al., 2014). Both of these research

groups reaffirm the need to test varied dosing strategies.

Another possible reason for the short drop in egg count and subsequent rise, might be from break
down (metabolism) of bioactive compounds by GIT and microbial enzymes (Lanusse et al., 2014).
Breakdown results to fast waning activity necessitating another dosage to sustain activity for
adequate killing of nematode parasite. Wide differences in efficacy observed between in vitro and
in vivo dosing (Githiori et al., 2006) are potentially linked to biochemical interaction of microbial
enzymes and phytochemical bioactives in the rumen, and other relevant sections of the GIT.
Reduced epg shedding is likely to result from biochemical activity on adult nematode parasites
and/or a killing effect, while reduced egg hatch and larval recovery assay points to possible and/or
residual effects on the viability of eggs. Coincidentally, epg drops to very low on day seven for
most treatments of combinations Allium cepa-Vernonia amygdalina and day fourteen for Ananas
comosus-Carica papaya. A similar trend was observed for egg hatch and larval recovery (Figures’
8.3 and 8.4). There was a relatively more prolonged activity on egg hatch and larval recovery for
combination, Ananas comosus-Carica papaya, relative to combination Allium cepa-Vernonia

amygdalina. This is in accord with observed increase in egg hatch and larval recovery for the
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former relative to the later with time. The biochemical mode of action might have been a killing-
effect on the more prolific and dominant egg-producing Haemonchus conturtus. species in the
herd. It could also be as a result of impaired egg production, or again, destruction of egg viability.
Individual plant species may have many active anthelmintic phytochemicals, and implicitly more
in combinations. Multiple interactions may potentially result to greater activity vis a vis vital
metabolic activities of parasite/eggs. There was a drop in epg for most treatments doses relating
to both combinations post treatment (figures 8.1 and 8.2), possibly linking to the killing-effect of
combined extracts (Stepek et al., 2005) on adult parasites.

Growth or gain by sheep was marginal (tables 8.1 and 8.2), and may be attributed to differences
in feed conversion efficiency among sheep on various treatments (Arthur et al., 2004). Age of
Merino sheep used in the current trial ranged from 3 to 5 years, most of which must have exceeded
the phase of accelerated growth and featured within phase of decelerated growth (Owens et al.,
1993). Age (Malhado et al., 2009) is a possible factor affecting gain in sheep on various treatments;

as growth rate reduces with aging (Halloran et al., 2002).

Empirically, anthelmintic chemotherapy currently remains the most efficacious strategy to
livestock gastrointestinal nematode and other pathogenic parasite control (Fatima et al., 2014), but
has shortfalls that must be addressed. Regular and too frequent use has resulted to drug toxicity
and depressed immune system (Chang, 2011), rendering infected and treated animal host more
vulnerable to other infectious diseases. Additionally, environmental pollution by non-metabolised,
non-degradable drug residues and those that rest in animal product are other present-day concerns
that are compelling to search for options that will mitigate these effects. One of such options is
enhanced anthelmintic phytotherapy using plant species combinations. This option has shown
some potential in the current study, but requires repeated dosing to retain sufficient bioactive
concentration at parasite/combined crude extract interphase to enable sustained and increased

efficacy.

It is recommended that repeated in vivo dosing be done, as follow up to the current study, among
other pharmacokinetic studies that can increase combined crude extract availability and activity.
For both combinations in the current study, there was apparently no negative effect on sheep

productivity and health, giving leeway for further research and validation.
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Chapter 9

General discussion and conclusions

9.1 Summary of aims and results

Generally, none of intensive or extensive grazing livestock husbandry systems is free from the
debilitating effects of nematode on their host. Infection, treatment, reinfection and repeated
treatment becomes a perennial cyclical process to retain these parasites at below sub clinical level,
in order to promote/sustain animal health and productivity. The frequency of dosing in poorly
managed grazing set-ups in the tropics and subtropics is pre-occupying, especially because
favourable climatic conditions for nematode survival and propagation occur during a greater
portion of the year. This approach is generally adopted because infection of livestock is recurrent,
with parasite load surging each time environmental conditions favour hatching, molting, and
reinfection. That is why selection for resistant nematode parasites as a result of frequent use of
major anthelmintic classes has attained global proportion (Waller, 1999; Van Wyk, 2001), and is
currently a major crises. The scale of this problem has attained unprecedented magnitude in the

small ruminant industry (Waller, 1999).

Remarkably, this industry makes up a huge portion of the rural economy to which it contributes to
nutrition as protein source, wealth/savings and social status (Devendra, 2001). It is strongly
recommended that other control methods be embraced in order to reduce frequent dosing, mitigate
selection for resistance by nematodes and avoid other harmful effects resulting from this practice.
Nematode species of livestock cause different effects to their host.

Recapitulation of some of the most poignant effects will be pertinent to substantiate control,
control processes and ultimate need for diverse options. Different nematode parasite species of
livestock derive nourishment from their host in different ways and so exert various deleterious
effects on their health and productivity. Haemonchus species is the most potent nematode species
(Roeber et al., 2013) and females are very prolific (Sutherland and Scott, 2010). It feeds on host
blood by attaching to abomasal mucosa with its mouth parts, thereby provoking anaemia,
submandibular oedema (Eysker and Ploeger, 2000) and mortality at high burden. Incidentally, it

is a common parasite of goats and sheep (small ruminants) that thrives in tropical and subtropical
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regions (Sutherland and Scott, 2010). The other lot of nematode species provoke gastroenteritis,
interfering with gastric enzyme production/secretion, nutrient digestion and integral function of
GIT where they lodge (Sutherland and Scott, 2010) and derive nourishment. It is, therefore,
compelling to control incidences and prevalence, in order to avoid harmful effects on health of

relevant host livestock and productivity.

Chemical anthelmintic remedies are widely used to control livestock nematode parasites (Jackson
and Miller, 2006; Kaminsky et al., 2008). They are credited with very high efficacy (Waller et al.,
2001), ease of administration at treatment (Mirdeilami et al., 2011), broad spectrum protection
(Waller, 2006b) and can both prevent infection and provide treatment. Irregular and too frequent
treatment with these classes of anthelmintics (Kaplan, 2004) has led to general selection for
resistant parasites resulting to progressive treatment failure (Stepek et al., 2004). Selection for
resistant nematodes and anthelmintic failure occur when the prescribed/recommended dose ceases
to yield desired efficacy as was from inception, and increasing proportion of parasites survive
treatment (Jabbar et al., 2006; Coffey et al., 2007). Additionally, growing consumer awareness of
possible residual synthetic drug material in animal products (Kaemmerer and Butenkotter, 1973,;
Athanasiadou et al., 2008; Tariq et al., 2009) and environmental pollution from unmetabolised
products (Hammond et al., 1997; Yeap et al., 2008) are also major comtemporal concerns.
Economic consequences on low resource livestock farmers who dominate the small ruminant

industry is huge.

Scarce resources of relevant livestock farmers are directed to procurement of efficacious
anthelmintic for treatment of livestock. This and other challenges posed by expensive efficacious
anthelmintics further complicate and exacerbate nematode control processes, reducing economic
gains. Development of combination anthelmintic therapy, with abundant relevant plant species
globally, will be of enormous benefit to livestock farmers. Other options including biological
control using nematophagous fungi, selection and breeding for nematode resistant animal species
and management strategies to minimize host/parasite contact. Enhanced application of plant and

plant related products in combination anthelmintic therapy was our choice for innovation.

The importance of adopting the use of plant species exerting anthelmintic activity in livestock
nematode parasite control has been highlighted in literature (Waller, 1999; Githiori et al., 2006)

and further use of plant species combinations has the potential of enhancing efficacy and widening
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spectrum of parasites under control (Dobson et al., 2001; Leathwick et al., 2001). Plant species in
their nature have a wide range of biochemical molecules (Sajid and Mckerrow, 2002; Choi and
Chung, 2003; Makkar, 2006), many of which exert anthelmintic (Davyt et al., 2001; Ntalli et al.,
2010), antibacterial (Grosvenor et al., 1995; Dorman and Deans, 2000), antifungal (Singh et al.,
2000; Pyun and Shin, 2006), antiviral (Kishimoto et al., 2003; Alcaide et al., 2014) and antioxidant
activities. Combination anthelmintic phytotherapy accords several advantages, one of which is a
large pool of anthelmintic biochemicals. Interaction among some of these biochemicals may
mitigate deleterious effects by either reduced concentration in combination of plant species or
interactions among biochemical compounds, some of which may potentially neutralise harmful

effects of others.

The project was executed primarily to explore potential enhancement of livestock nematode
parasite control by adopting combination phytoanthelmintic therapy. Additionally, plant
combinations found to exert potent anthelmintic activity will be further developed, patented and
placed at the disposal of livestock farmers to treat their animals. Sixteen plant species were
identified from preceding works as possessing and exerting anthelmintic activity. They included
Allium cepa, Ananas comosus, Bidens pilosa, Carica papaya, Crinum macowanii, Gunnera
perpensa, Nicotiana tabacum, Sarcostema viminale, Trema orientalis, Urtica dioica, Vernonia
amygdalina, Zanthozylum capense, Zingiber officinale, Zizyphus mucronata and Aloe van balenii.
These plant species were subsequently allotted to three groups based on their primary putative
anthelmintic principles and treated as sub experiments (SEP). Sub experiment one comprised of
alkaloid and tannin containing species, and included Crinum macowanii, Gunnera perpensa,
Nicotiana tabacum, Sarcostema viminale, Vernonia amygdalina, Zingiber officinale and Zizyphus
mucronata. Sub experiment 2 was based on flavonoid containing plant species and consisted of
Trema orientalis, Urtica dioica and Zanthozylum capense; and Sub-study 3 was of proteases and
nitrogen compounds, and consisted of Allium cepa, Ananas comosus, Bidens pilosa, Carica
papaya, and Ricinus communis. Two animal species goats and sheep were used in this initial study

and the others that followed were based on sheep

In all three sub experiment for both animal species, mean efficacies were lower for goats relative
to sheep at 1x and 2x concentrations. At 4x concentration, mean efficacies of alkaloid and tannin

containing plant species were virtually at parity, whereas those of flavonoids and
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proteases/nitrogen containing compounds were very close for goats and sheep. Differences
observed were suggested to be attributable to type and biochemical composition of plant species
foraged upon by goats and sheep, and their various interactions. This served as a basis for in vitro

combination phytoanthelmintic therapy with sheep as a model experimental animal.

Combinations were constituted first within groups consisting of plant species sharing similar
primary anthelmintic principle(s), retaining SEP 1, SEP 2 and SEP 3 in former experiment.
Combinations in groups constituted were evaluated for their expected efficacy, observed efficacy,
simple and Webb’s synergies. Alkaloids, condensed tannins and flavonoids as putative
anthelmintic chemical contents were quantified, simple and multiple regression analyses were run
to determine their contribution to anthelmintic efficacy. Observed efficacies for combined plant
species of SEP 1, SEP 2, and SEP 3 were high but within sub-experiments were not different
(P>0.05). Simple synergies were mostly positive. However, Webb’s synergy were largely negative
for SEP 1 and SEP 3, each being lower than zero. Among plant combinations, in SEP 1, condensed
tannin and flavonoid contents were different (P< 0.0001), while alkaloid contents was not different
(P=0.3037); in SEP 2 condensed tannin (P< 0.009) and flavonoid (P= 0.0211) contents were
different but alkaloid contents were similar (P= 0.07); and in SEP 3, condensed tannin contents
were similar (P=0.4312), while the alkaloid (P= 0.0135) and flavonoid contents (P< 0.0001) were
different. For all these macro-molecules, there was no discernible association with anthelmintic
efficacy. Potent anthelmintic activity arising from combinations as exemplified by high efficacy
credits combination anthelmintic phytotherapy. Absence of any correlation of macromolecular
compounds including alkaloids, condensed tannins and flavonoids, and bioactivity of other related
phytochemicals, is suggestive of more complex and intricate macromolecular and biochemical

interaction in combinations.

In chapter 5, plant species in groups containing identical putative macromolecules including
alkaloids/condensed tannins, flavonoids and proteases/nitrogen compounds were reconstituted
into combinations across groups to evaluate efficacy, simple and Webb’s synergies in vitro in
sheep, in search of more efficacious remedies. Intergroup combinations included condensed
tannins/alkaloids and proteases/nitrogen compounds containing plant species in sub experiment

one (SEP 1); flavonoids and alkaloids/tannin plant species (SEP 2); and proteases/nitrogen
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compound and flavonoid containing plant species (SEP 3). Combined efficacies of SEP 1 related
species were not different (p= 0.2760), but high. Synergistic activities were similar (P= 0.3217)
and negative. No association occurred between any of alkaloids, condensed tannins or flavonoids
with observed efficacy. Multiple regression analysis to seek any relationship among quantified
macromolecules with efficacy was not useful. Efficacy of combinations SEP 2 were not different
(P= 0.4318). Synergistic means were not different (P= 0.2685). Multiple regression analysis of
macromolecules as predictors of observed efficacy was not useful. Observed efficacy of
combinations relating to SEP 3 were not different (P= 0.5968) and high, mean (95.8 = 0.04 %).
Webb’s synergy for SEP 3 combinations were not different (P= 0.6264) and largely negative.
There was no correlation between any of the macromolecules with observed efficacy. Multiple
regression analysis of different macromolecules as predictors of observed efficacy was not
significant. All synergistic means were negative. Crude extracts of all combinations exhibited
potent anthelmintic activity, but could not be attributed to any specific macromolecule(s). This is
suggestive that, there are wide ranging biochemical interactions that retain anthelmintic activity
and other relevant traits, but may be different from those in combinations in preceding section
carrying similar macromolecules. Evidently, there is more to the active principles involved than

has been examined in the current study, warranting a more detailed study in the succeeding chapter.

All sixteen selected plant species were analysed for phytochemical composition using GC/MS, in
search of anthelmintic traits and other related phytochemicals. Phytochemicals identified belonged
to aldehydes, amines, sulphur compounds, nitrogen compounds, ketones, aliphatic acids,
benzenoids, alcohols, lactones, amides, alkaloids, furans and esters. A mean procedure was used
to determine mean, standard deviation, sum, minimum and maximum biochemical content in Nano
grams. Reference to previous screening and related bodies of work identified and profiled
phytochemicals with anthelmintic and other related biological activities. Fourty six
phytochemicals had antibacterial activity, 42 antioxidant activity, 38 antifungal activity, 24
antiviral activity, and 13 anthelmintic activity. Allotment of thirteen anthelmintic related
phytochemicals according to occurrence in selected plant species indicated that 2 plants had one,
6 plants had two, four plants had three phytochemicals, and 4 plants four phytochemicals. It is
most plausible that anthelmintic and other related biological activities exerted by plant species are
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closely linked to some phytochemical(s). How identified biochemicals influence observed

combined efficacy, simple and Webb’s synergy was the subject of of the following chapter.

This study evaluated identified phytochemical molecules of all sixteen plant species, for their
different relationships or influences on observed anthelmintic efficacy, simple and Webb’s
synergies. Pearson correlation coefficient was run to explore association of phytochemical
candidates with observed efficacy, simple synergy and Webb’s synergy. Multiple regressions were
also run to explore influence of various phytochemicals on efficacy, simple synergy and Webb’s
synergy, by conducting 10 searches to identify any of such influences. Some phytochemicals
exerted positive influence and included benzofuran, 2,3-dihydro; pyridine, 3-(1-methyl-2-
pyrrolidinyl)-, (S)-; 2 propenamide; phytol; 5-hydroxymethylfurfural; furfural) and others negative
influences. Some phytochemicals selected to exerted positive influence, did so on both observed
efficacy and simple synergy. Both the correlation matrix and multiple regression relationships
pointed to more consortia of phytochemical action. It is most likely that many other phytochemical
molecules must have been involved in anthelmintic activities observed from plant-plant

combinations, but might not have been picked up in the analysis within slated time.

Demonstrating in vivo, two pairs of plant species combination Allium cepa and Vernonia
amygdalina (COMBPL1) and, Ananas comosus and Carica papaya (COMBP2) crude extract in 70
% ethanol were used to drench sheep in vivo at 5 g, 10 g, 15 g and 20 g dry matter vegetative
material equivalent at 50 : 50 weight for weight. Two measurements were adopted to evaluate dose
efficacy; nematode egg shed decline in the first and egg hatch and larval recovery in the second.
Egg count were done pre-dosing and at the end of weeks 1, 2, 3 and 4 post treatment. Egg hatch
and larval recovery were done pretreatment, and on days 1, 14 and 28 post treatment. A positive
control was used for both experiments. Sheep treated with COMBP1 had similar weight prior to
dosing, and different weights at end of trial (P< 0.05). Egg count per gram pre-treatment were
similar, while post treatment counts for weeks 1, 2 and 3 were similar, and those of week 4 post
treatment for all treatments were high (P< 0.05). Initial sheep weight for COMBP2 for all
treatments were not different. Final weight of sheep allotted to treatments 2, 3 and 4 were not
different (P> 0.05), but higher than that of dose 1. Weight changes for all treatments were not
different. Control, dosages 2 and 3 had negative changes, while dosages 1 and 4 experienced

positive weigh changes. Egg count per gram for all sheep allotted to treatments before drenching
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were not different. Epgs’ for weeks’ 1 and 2 post drench for all treatment doses were not different
Meanwhile, epgs’ for weeks’ 3 and 4 for all treatment doses were different (P< 0.05). Egg hatch
and larval recovery for all treatment doses for COMBP1 plant species combinations one day post
treatment and day 14, for all treatment doses were not different. Oppositely, egg hatch and larval
recovery for all treatment doses on day 28 were high (P< 0.0.5). Egg hatch and larval recovery
only increased slightly over time. Similarly, interaction between treatment doses and time did not
result to any remarkable changes in egg hatch and larval recovery for COMBP1. Egg hatch and
larval recovery for combination Ananas comosus and Carica papaya (COMBP2), for all treatment
doses 24 hours post drench were not different. Egg hatch and larval recovery for all treatment
doses on day 14 were also similar. Egg hatch and larval recovery for all treatment doses on day 28
were high (P< 0.05). Egg hatch and larval recovery increased for all treatment doses of COMBP2
with time (P< 0.0219). Interaction between treatments and time resulted to increased egg hatch

and larval recovery (P= 0.0166) for all treatment doses.

9.2 Conclusion

In vitro evaluation of anthelmintic activity of all selected plant species in the current study
reaffirmed their anthelmintic traits. Following in vitro combination anthelmintic phytotherapy, it

was established that:

e There was enhanced efficacy relative to individual species. Combinations involving plant
species designated as sharing similar primary classes of anthelmintic principles, had
minimum observed efficacy 94.3 £ 5.88 %. On the other hand, intergroup combinations
among plant species possessing dissimilar primary putative anthelmintic principles,
yielded a minimum efficacy of 95.5 + 0.25 %. Ultimately, observed efficacy of both
combinations was almost similar, suggesting apparent absence of major biochemical
anthelmintic antagonism. Plant combinations in phytoanthelmintic therapy are strongly
recommended irrespective of the biochemical anthelmintic candidates.

e Combinations yielded high efficacies.

e Simple synergies resulting from combinations were mostly positive, while Webb’s

synergy were largely negative.
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e Alkaloids, condensed tannins and flavonoid content of individual plant species
constituting combinations were largely different.

e Alkaloids, condensed tannins and flavonoid content of selected plant species did not
associate with observed efficacy.

e Thirteen phytochemicals from the current study were profiled to exert anthelmintic
activity, and included benzofuran, 2,3 dihydro; glutarimide; butyrolactone; 2(3H)-
furanone; benzyl nitrile; 2-ethyl-5-methlpyrazine; pyridine, 3-(1-methyl-2-pyrrolidinyl)-
,(S)-;  methylamine, N,N-dimethyl-;  2-propenamide; acetamide; phytol; 5-
hydroxymethylfurfural; and furfural.

e Multiregression analysis highlighted some phytochemicals outside of those highlighted
above to exert positive influence on observed combined efficacy, and included 2,5-
dimethyl-4-hydroxy-3(2H)-furanone; acetic acid; all; 2,5-dimethylpyrazine; 2-butanone,
4-(4-hydroxy-3-methoxymethoxyphenyl)-;  2(3H)-furanone  dihydro-3-hydroxy-4,4-
dimethyl; 1-hydroxy-2-propanone; dihydro-4-hydroxy-2-(3H)-furanone; 2,3-butanediol;
2,6-dimethylpyrazine; hexanal; Vanillin; 5-hydroxymethylfurfural; and propanoic acid.
Oppositely, other identified phytochemicals outside of those known to exert anthelmintic
activity were found from multiregression analysis to exert negative influence on
anthelmintic activity, and included Dimethylsulphuroxide; 4-Hydroxy-butanoic acid; 1-
(1H-pyrrol-2-yl)-ethanone; Z-1-(-butenyl) aziridine; phenylethyl alcohol; 1-butanol, 3-
methyl-, acetate; 2,5-dihydro-1H-pyrrole; 2-furancarboxaldehyde 5-methyl; 5-methyl-2-
furanmethanol;  5-hydroxymethylfurfural; azabicyclo[3.2.1]octane-3-carbonitrile, 8-
methyl; and 1-butanol, 3-methyl-, acetate. Active biochemicals identified to exert either
positive or negative influence on anthelmintic activity, are said to be an inherent trait of
healing plant species that enable them to play this crucial role.

¢ Invivo dosing with two selected plant species combinations showed strong signs of good
efficacy, but would likely have worked better if initial dosing were closely followed by a
second for all the treatment doses to improve crude extract/parasite interaction. Interaction
of treatment doses with time, showed waning anthelmintic activity as either of epg or egg
hatch and larval recovery increased with time.

9.3 Recommendations

The challenge of chemical anthelmintic failure is evident, and a complete switch to any particular
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treatment method will be likened to transfer of most problems encountered. Chemical anthelmintic
therapy is known to exert high efficacy, but requires viable options to drastically reduce their
frequency of application and the negative effects produced. These negative effects include pressure
of selection for resistance by nematode parasites from too frequent dosing, residual drugs in animal
products and environmental pollution. Phytoanthelmintic therapy offers these advantages from
the point of view of its biological nature, and therefore is an important option. Enhanced
phytoanthelmintic therapy via plant-plant combinations could be hugely beneficial, granted that
combinations in the current study, yielded high observed efficacy. Most combinations should be
tested, refined, adopted, licensed and placed at disposal of livestock farmers. Chemical
anthelmintic therapy will therefore be applied when parasite load is critically high. Though the
current study has not had any cases of outright biochemical antagonism, attention should be

accorded to it in subsequent research.
9.4 Further research

¢ ldentification, sourcing, constitution of more plant species combinations and further test
for in vivo efficacy should be ear marked for research because current work has shown
enormous prospects.

e Phytochemicals identified from selected plant species as novel bioactive anthelmintic
molecules should be screened for it.

e Initial dosing of animals with plant-plant combinations should be monitored and closely
followed by a second dose to explore parasite-crude extract interaction relative to
anthelmintic healing activity.

e The mechanism involved in killing for most plant species combinations, especially
because more biochemical principles are pooled together in combinations is an important
area for research.

o Other livestock species like monogastrics with natural nematode parasite infection should
also be tested for combined anthelmintic phototherapy.

e Biochemicals exerting negative influence on anthelmintic activity, should be screened for

their mode of action.
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Appendix

Appendix 1. 1: Biochemical composition of alkaloid/tannin and flavonoid containing plant species as determined using GC/MS from crude ethonolic
extracts of vegetative material in Nano grams/gram (Ng/g)

Compound class & different molecules Aloe vb. Crinum Gunnera Nicotiana Sarcostema Vernonia Zingiber  Zizyphus

(Ng/g) m. p. (Ng/g) t. (Ng/g) v. (Ng/g) a. (Ng/g 0. (Ng/g) m.
(Ng/g) (Ng/g)

Aldehyde

Hexanal 0 0 0 0 0 0 10.37 0

furfurals 1.10 0 4.76 0 0 0 0 0

2-Furancarboxaldehyde, 5-methyl- 0 1.74 0.87 0 0 0 0 0

5-Hydroxymethylfurfural 14.91 2.35 25.59 0 3.74 0 0 0

Amine/amide

Methylamine,N,N-dimethyl 0 0 0 0 0.80 0 0 0

Acetamide 0 1.57 0 0 0 0 1.57 0

2-Propenamide 0 0 0 0 0 0 1.70 0.52

Nitrogen Compound

2,6-diemthylpyrazine 0 0 0 0 0 0 5.19 0

Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- 0 0 0 144.27 6.43 0 0 0

2-Ethyl-5-methylpyrazine 0 0 0 0 0 0 0 1.84

8-Azabicyclo[3.2.1]otane-3-carbonitrile, 8- 0 0 0 0 0 0 0 6.65

methyl-

Ketone

1-hydroxy-2-propanone 4.73 3.26 1.24 3.46 1.52 1.48 5.19 8.82

1-(1H-pyrrol-2-yl)-ethanone 0 2.85 0 0 1.18 0 1.37 0

2,5-Dimethyl-4-hydroxy-3(2H)-furanone 0.40 0.76 0 0 1.08 0 1.53 2.87

2(3H)-Furanone, dihydro-3-hydroxy-4,4- 0 0 0 0 0 212 0 0

dimethyl-

2,3-dihydro-3,5-dihydroxy--6-methyl-4H-pyran- 14.47 32.71 14.12 2.46 13.31 14.90 6.64 23.16

4

Dihydro-4-hydroxy-2-(3H)-furanone 0 0.80 0 0 0.40 0 0 0

Aliphatic acid

Acetic acid 24.95 17.34 19.30 159.24 67.25 30.56 66.34 133.46
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Compound class & different molecules Aloe vb. Crinum Gunnera Nicotiana Sarcostema Vernonia  Zingiber  Zizyphus
(Ng/g) m. p. (Ng/g) t. (Ng/g) v. (Ng/g) a. (Ng/g 0. (Ng/g) m.
(Ng/g) (Ng/g)
Propionic acid 0 0 0 0 0 0 0.30 0.76
Sorbic acid 0 0 0 0 4.14 0 0 0
Benzenoid
Benzaldehyde 0 0 0 0 0 2.92 0 0
Phenylethyl alcohol 0 1.49 111 0 0 1.45 0 0
2-Methoxy-4-vinylphenol 0 0.43 0 0 0.89 0 1.49 3.73
Vanillin 0 0 0 0 0 0 0.77 0
2-Butanone, 4-(4-hydroxy-3-methoxyphenyl)- 0 0 0 0 0 0 5.75 0
Alcohols
2,3-butanediol 0 0 0 6.06 0 0 0 7.70
2-Furanmethanol 3.60 1.80 1.67 3.28 2.13 0.01 1.19 3.10
5-methyl-2-Furanmethanol 0 0 0 1.47 0 0 0 0
2,7-Octadiene-1,6-diol, 2,6-dimethyl- 2.26 0 0 0 0 0 0 0
Glycerin 0 0 0 2.84 0 8.32 0 0
Phytol 0 0 0 0 0 0 0 4.92
Sulphur compounds
Dimethyl Sulfoxide 0 2.56 0.86 5.24 0 1.16 0 0
Lactone
Butyrolactone 0 0 3.74 6.42 0 2.76 0.59 0
2-Pyrrolidinone 0 1.40 1.24 0.48 0 2.76 0.74 0.44
2-Hydroxy-gamma-butyrolactone 1.52 0 0 0 0.73 0 0 0
Furan
Benzofuran, 2,3-dihydro 0 0 0 0 0 7.99 0.89 2.98
No name
2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a 0.45 0 0 4,01 0 0
Total biochemical concentration 67.94 71.06 74.95 335.22 102.33 80.44 105.87 202.28

Aloe vb. = Aloe van balenii; Crinum m.= Crinum macowanii; Gunnera p.= Gunnera perpensa; Nicotiana t.= Nicotiana tabacum; Sarcostema v.=
Sarcostema viminale; Vernonia a.= Vernonia amygdalina; Zingiber 0.= Zingiber officinale; Zizyphus m.= Zizyphus mucronata; Ng= Nano gram;

g= gram
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Appendix 1. 2: Biochemical composition of proteases and nitrogen compound containing plant species as determined using GC/MS from crude ethonolic
extracts of vegetative material in Nano grams/gram

Compound class & different molecules Alliumc. Ananasc. Bidens Carica Ricinusc. Tremao. Urticad. Zanthozylum
(Ng/g) (Ng/g) p. (Ng/g) p.(Ng/g)  (Ng/g) (Ng/g)  (Ng/g)  c.(Ng/g)
Aldehyde
furfurals 50.35 0 0 0 5.17 0 0 0
2-Furancarboxaldehyde, 5-methyl- 0 0 0 0 3.05 0 0 0
5-Hydroxymethylfurfural 304.04 0 0 0 15.25 0 0 0
Amides
Acetamide 0 3.67 1.61 1.33 0 0 0 0
2-propenamide 0.54 3.61 0.82 0 0 7.86 0 0
Nitrogen compound
2,5-Dimethylpyrazine 0 2.23 0 0 0 1.15 1.26 0
2,5-dihydro-1H-pyrrole 0 0 141 1.87 0 0 0 0
Pyridine, 3-(1-methyl-2-pyrrolidinyl)-,(s)- 0 0 0 0 4.59 0 0 0
Benzyl nitrile 0 0 0 9.94 0 0 0 0
2-Ethyl-5-methylpyrazine 0 0 0 0 0 0 0 1.20
Ketone
1-hydroxy-2-propanone 24.96 9.08 5.97 3.75 2.67 5.32 5.62 13.82
4-Cyclopentene-1,3-dione 0 0 0 0 0 0 0 0.89
4-Methyl-5H-furan-2-one 0 0 0 0 0 2.01 0 0
2(3H)-furanone 3.24 0 0 0 0 0 0 0
1-(1H-pyrrol-2-yl)-ethanone 6.55 1.04 0.85 0.77 1.30 0 0 0
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Compound class & different molecules Alliumc.  Ananasc. Bidens Carica Ricinusc. Tremao. Urticad. Zanthozylum
(Ng/g) (Ng/9) p. (Ng/g) p.(Ng/g)  (Ng/g) (Ng/g) ~ (Ng/g)  c.(Ng/g)
2,5-Dimethyl-4-hydroxy-3(2H)-furanone 8.93 6.09 1.77 2.79 1.36 1.42 0 1.30
2,3-dihydro-3,5-dihydroxy-6-methyl-4H- 430.01 36.71 19.51 24.58 35.14 13.03 9.13 15.49
pyran-4-one
Dihydro-4-hydroxy-2-(3H)-furanone 4.70 1.76 0 0 1.75 0 0 0
Alipphatic acids
Acetic acid 229.69 374.09 63.88 35.78 30.89 99.74 38.03 84.05
Propanoic acid 0 0 0 0 0 0 0 1.12
4-hydroxy-butanoic acid 0 0 1.43 0 0 0 0 1.09
Benzenoids
Benzeneacetaldehyde 4.35 4.72 6.74 0 7.01 0 0 0
2-Methoxy-4-vinylphenol 3.64 2.96 1.30 3.89 1.63 0 0 0.77
Alcohols
2,3-butanediol 340.76 0 0 0 0 0 0 0
2-furanmethanol 36.07 2.02 1.20 1.07 3.84 0.79 1.35 3.52
5-methyl-2-Furanmethanol 581 0 0 0 0.44 0 0 0
Glycerin 0 0 0 0 3.58 0 0.01 4.19
Phytol 0 0 0 0 0 1.80 0.82 0
Sulphur compounds
3,4-Dimethylthiophene 3.53 0 0 0 0 0 0 0
1-propenyl methyl disulfide 4.19 0 0 0 0 0 0 0
Dimethyl trisulphide 2.19 0 0 0 0 0 0 0
Dimethylsulphuroxide 0 0 0.39 3.17 2.25 0.60 1.08 0
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Compound class & different molecules Alliumc. Ananasc. Bidens Carica Ricinusc. Tremao. Urticad. Zanthozylum
(Ng/g) (Ng/g) p. (Ng/g) p.(Ng/g)  (Ng/g) (Ng/g)  (Ng/g)  c.(Ng/g)

Lactones

Butyrolactone 0 4.83 1.87 7.06 0 1.04 0.39 0
2-Pyrrolidinone 0 1.11 1.04 1.33 2.07 0.27 0 0.23
2-Hydroxy-gamma-butyrolactone 3.54 1.08 0 0 0.90 0 0 1.76
Alkaloids

Z-1-(1-butenyl) aziridine 0 0 0 0 0 5.53 0 0
Glutarimide 0 0 0 0 0 5.56 0.37 0
Furans

Benzofuran, 2,3-dihydro 2.33 15.32 0.72 5.68 0 1.67 0 2.99
Ester

1-Butanol, 3-methyl-, acetate 0 0 0 0 0 0 0 37.37
No name

(4H)-Benzofuranone, 5,6,7,7a-tetrahydro- 0 0 0.68 0.42 0 0 0 0.48

4,4, 7a-trimethyl-, (R)-

Total mass of biochemical 1469.42 469.62 111.19 103.43 122.89 147.76 58.06 170.27

Allium c.= Allium cepa; Ananas c.= Ananas comosus; Bidens p.= Bidens pilosa; Carica p.= Carica papaya; Ricinus ¢.= Ricinus communis; Trema
0.= Trema orientalis; Urtica d.= Urtica dioica; Zanthozylum c.= Zanthozylum capense; Ng= nano gram; g= gram
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