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ABSTRACT 

Cutaneous Leishmaniasis (CL) is a neglected tropical disease caused by Leishmania 

parasites and transmitted by phlebotomine sand flies. Worldwide, CL remains a major 

health problem as treatment is still limited and a vaccine to either prevent or treat the 

disease has not yet been developed. In the Kingdom of Saudi Arabia (KSA), localised 

CL is mainly caused by either L. major or L. tropica species, and sodium 

stibogluconate (SbV) is commonly used as an anti-leishmanial drug. A recent study 

has highlighted the potential role that the human skin microbiota may have in 

modulating the outcome of CL and the response to anti-leishmanial drugs. However, 

not much is known about the impact that both the human and insect microbiota have 

in the pathogenicity and transmission of this disease.  

In this thesis, I carried out a field study in two regions of KSA, Al-Hasa and Asir, which 

are endemic for L. major and L. tropica CL, respectively. The main aim was to identify 

the microbiota composition of CL ulcers from infected individuals, before or after 

receiving anti-leishmanial treatment. In addition, in order to establish a possible 

correlation between sand fly microbiota and disease severity, I explored the midgut 

bacterial composition of Phlebotomus papatasi sand fly, which is the main vector of 

zoonotic CL in the Al-Hasa region.  

It was found that most of L. major-infected patients had a better treatment response 

(i.e. healing) after receiving either antifungal and/or antibiotic regimes (first line) or first 

line followed by a course of intralesional injections of SbV. However, the majority of L. 

tropica patients did not respond favorably to SbV, regardless of the presence (or not) 

of secondary infections. An in vitro drug susceptibility assay corroborated the natural 

SbV refractoriness in L. tropica strains isolated from CL patients, in agreement with 

the observed lack of efficacy that this drug had in most L. tropica patients. Interestingly, 

these isolates appeared to be more susceptible to other antileishmanial drugs in vitro, 

including Miltefosine, Paromomycin and Amphotericin B. These findings support the 

use of antifungals and antibiotics as part of the treatment regime against L. major 

infections, but not for L. tropica patients. Moreover, it raises the possibility for using 

alternative anti-leishmanial drugs against L. tropica infections, which should help to 

minimise development and spread of SbV-resistant parasites. 
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16S metagenetic analysis showed that the skin of most CL patients is composed by 

bacteria of the Firmicutes, Actinobacteria and Proteobacteria phyla. Furthermore, skin 

infected from L. major patients showed a significant increase in bacterial richness and 

diversity (Shannon index) with a high dissimilarity level (ANOSIM, R=0.35, p=0.001) 

compared to L. tropica patients. Interestingly, L. major patients who healed after 

receiving only first line of treatment showed a high Shannon index compared to those 

whose responses were delayed or required administration of SbV. On the other hand, 

patients with predominantly dysbiotic skin showed a significant association with a 

delayed treatment response, regardless of the infecting parasite species. Furthermore, 

patients' samples showing a high abundance of Streptococcus, Bacillus and 

Acinetobacter correlated with a faster healing response. Likewise, the presence of 

Staphylococcus, Pseudomonas and Erwinia in high abundancy was associated with a 

delayed healing response. In addition, the 18S metagenetic analysis showed a similar 

distribution of fungal genera between lesions and adjacent skin with Malassezia spp 

as the dominant genus. Interestingly, lesions in either type of CL infections contain a 

significant low abundance of fungi reads, which in the case of L. major lesions 

correlated with a higher parasite load (Pearson r= -0.72, p=<0.005). Overall, these 

findings suggest that the human skin microbiota status may play a role in modulating 

the pathogenicity of CL lesions and the response to anti-leishmanial drugs.  

 

Analysis of the 16S bacterial profile of sand flies collected from AL-Hasa region 

highlighted the distinct midgut microbial signatures of Ph. papatasi and the non-

medically important Sergentomyia species, especially in blood-fed flies. Interestingly, 

Bartonella was found in small abundance only in Ph. papatasi samples, suggesting a 

potential transmission of this medically important pathogen in this region. Furthermore, 

wild Ph. papatasi midgut also contained Staphylococcus, Pseudomonas and Erwinia 

reads, the presence of which were also detected within CL lesions from patients from 

the same endemic area. These findings emphasise the potential role of Ph. papatasi 

midgut bacteria in the pathogenicity of L. major CL.  

 

The outcomes of this thesis may help to improve the current CL treatment protocols 

and vector control strategies in KSA and other regions affected with Old World CL.  
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 Introduction  

 

1.1 Leishmaniasis   

Leishmaniasis is a group of neglected parasitic diseases that are caused by different 

species of the Leishmania parasite. Leishmaniasis can be only be transmitted through 

the bite of a female sand fly vector, mainly of the genus Phlebotomus or Lutzomyia. 

More than 60 species of sand flies have been incriminated as responsible for 

transmitting leishmaniasis in either the Old (Southern Europe, the Middle East, Asia, 

and Africa) and New World (Latin American countries) (Alvar et al., 2012a, WHO, 2018, 

Ponte-Sucre et al., 2017, Maroli et al., 2013). Leishmania parasites are obligate 

haemoflagellated organisms. More than twenty Leishmania species are known to be 

pathogenic to humans causing dermotropic and viscerotropic effects. It is estimated 

that about 350 million people worldwide are at risk of leishmaniasis. The estimated 

annual occurrence is around 1.5-2 million cases of cutaneous leishmaniasis (CL) and  

three-hundred thousand cases of visceral leishmaniasis (VL) with twenty thousand 

deaths each year (WHO, 2016, Díaz and Ponte-Sucre, 2018). Among all human-

parasitic diseases, the global mortality rate from leishmaniasis comes in the second 

place after malaria. In addition, leishmaniasis counts as the third most common cause 

of morbidity in terms of DALYs (disability-adjusted life year) after malaria and 

schistosomiasis (Díaz and Ponte-Sucre, 2018). The majority of VL cases are reported 

in Brazil, Nepal, Sudan, India, Bangladesh, Ethiopia and South Sudan (Figure 1.1) 

whilst over ninety percent of CL cases appear in Algeria, Colombia, Pakistan, Saudi 

Arabia, Tunisia, Afghanistan, Brazil, Iran, Peru and Syria (Figure 1.2).  
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Figure 1.1 Geographical distribution of visceral leishmaniasis (VL) cases in 2017. Taken from World Health 
Organization, 2018 (http://apps.who.int/neglected_diseases/ntddata/leishmaniasis/leishmaniasis.html). 

 

 

Figure 1.2 Geographical distribution of cutaneous leishmaniasis (CL) cases in 2017. Taken from World 
Health Organization, 2018 (http://apps.who.int/neglected_diseases/ntddata/leishmaniasis/leishmaniasis.html). 

 

However, with the increase in migration and tourism rate, and military activities in 

conflict areas, the threat of leishmaniasis has increased in previously in non-endemic 

areas of the world. For instance, there has been an alarming increased in the number 
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of CL cases in Lebanon as a consequence of the Syrian war: from only six cases 

reported between 2000 and 2012, 1033 new CL cases were reported just in 2013. The 

majority of them being Syrian refugees with evidence of possible local CL transmission 

in non-endemic areas in Lebanon (Alawieh et al., 2014, El Safadi et al., 2019). 

 

1.2 The life cycle of the Leishmania parasite 

Although there is a phylogenetic diversity among parasitic helminths and protozoans, 

they are still share a distinct biological trait. Most parasites try to produce a maximum 

chronic infection with different forms of life stages so that they ensure their 

transmission to another host or vector and continue their life cycle (Peters and Sacks, 

2006).  

 

The transmission cycle of Old World CL, the subject of this thesis, can be either i) 

anthroponotic, such as for L. tropica (although some papers support the existence of 

a reservoir host (Talmi-Frank et al., 2010)); or ii) zoonotic like L. major and L. 

aethiopica (Lemma et al., 2009), which require a mammalian animal reservoir. The 

female phlebotomine sand fly is the main vector for Leishmania transmission (Figure 

1.3).  
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Figure 1.3 Life cycle of Leishmania parasite. When an infected sand fly feeds on a vertebrate host, 
several vector’s components are introduced from the vector so as to facilitate the infectious metacyclic 
promastigotes migration. The latter multiply within host cells in the form of amastigotes. Then the 
parasite is taken back up by another sand fly through an infected blood meal to continue its development 
from amastigotes (A) to procyclic promastigotes stage (B), and thence rapidly replicate and transform 
into long motile nectomonads (C). Theses nectomonads can escape the peritrophic matrix through the 
posterior opening and attach to midgut microvilli, where they are then transformed into their replicative 
form called leptomonads (D) and then into either infective metacyclic promastigotes (E) or haptomonads 
(F) that bind to the stomodeal valve. Leptomonads are responsible for the production of the 
promastigote secretory gel (PSG) that fills the thoracic midgut. More recently, it was found that after an 
infected fly takes another bloodmeal, the population of metacyclics can reverse back for expansion and 
more production of infectious forms (Kamhawi, 2006, Dostalova and Volf, 2012, Serafim et al., 2018). 
 

The life cycle of the Leishmania parasite starts when infectious metacyclic 

promastigotes are regurgitated into the skin of the mammal by an infected female sand 

fly. It is not well understood how regurgitation of the gut content occurs during blood-

feeding, but it has been suggested that it might happens because of the blockage 

produced by the promastigote secretory gel (PSG) (Rogers, 2012). Thus, parasite 

inoculation involves the transmission of several components, including vector saliva, 

released parasite proteophosphoglycans, exosomes, and the insect gut microbiota, 

which together facilitate the establishment and survival of the parasite by modulating 
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the host immune response at the bite site (Gomes and Oliveira, 2012, Rogers, 2012, 

Atayde et al., 2015, Dey et al., 2018). Once in the wound, it has been demonstrated 

that metacyclic promastigotes are either directly phagocytised by skin macrophages 

(primary target cells) or engulphed by neutrophils ("trojan" cells). The activation signals 

come from components of the host’s alternative complement pathway (C3bi and C3b), 

which promote parasite uptake by macrophages via CR3 and CR1 receptors (Peters 

and Sacks, 2006). Once the Leishmania parasites are ingested by neutrophils, 

however, the parasite activates the programmed cell death of the polymorphonuclear 

cells which are then ingested by macrophage cells (Ritter et al., 2009, Dey et al., 2018), 

Regardless of the route of infection, once inside macrophages, the metacyclic 

promastigotes enter the phagolysosome, which represents a hostile environment for 

the parasite. After that, the metacyclic parasite form is transformed into the amastigote 

stage, which multiplies by binary division and infects other macrophage cells. 

 

Once the Leishmania amastigote is taken back by the sand fly within its blood meal, it 

transforms into procyclic promastigotes (first replicative stage). Promastigotes then 

replicate within the sand fly’s gut until they transform into non-dividing motile 

nectomonads that escape the peritrophic matrix through the posterior opening and 

migrate to the anterior midgut, where they attach to midgut microvilli. Nectomonads 

then develop into leptomonads (second replicate stage) in the sand fly’s anterior 

midgut of sand fly, which then further differentiates into metacyclic promastigotes and 

also have the ability to produce Promastigote Secretory Gel (PSG), which alters the 

fly’s feeding behaviour (Rogers et al., 2002). Usually, infected sand flies find difficulties 

in feeding, due to the action of PSG that stimulate sand fly regurgitation after blood 

meal is mixed with the gut of sand fly to assure transmission of the metacyclic-
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promastigote. Multiple blood feeds have been found to be fundamental in Leishmania 

transmission by inducing sand fly infectiousness through enhancing Leishmania 

amplification. Interestingly, the ingestion of a second uninfected blood meal triggers 

the "reverse differentiation" of the metacyclic promastigotes into retroleptomonad 

promastigotes, which then multiply rapidly and over time differentiate back to 

metacyclic promastigotes (Serafim et al., 2018).  

 

Once a sand fly bites a human skin again the parasites are inoculated and cause 

leishmaniasis. Different clinical manifestations are provoked, ranging from life-

threatening visceral leishmaniasis (VL) to cutaneous leishmaniasis (CL), depending 

on the type of Leishmania parasite. 

 

1.3 Visceral leishmaniasis 

The pathological manifestation of visceral leishmaniasis (VL) can be ranged from 

asymptomatic to lethal and very much depends on the parasite’s virulence. VL is fatal 

if left untreated, ending with a clinical condition called hepato-splenomegaly, which 

results in multiple organ failure. Common symptoms include irregular fever, weight 

loss, and/or lymphadenopathy and anaemia are always seen with VL. Some patients 

develop “post kala-azar dermal leishmaniasis” (PKDL) after drug treatment, which is 

a sequel form of VL that represents as a papular or nodular rash on the face and upper 

parts of the body. This occurs after recovery and usually requires a long and expensive 

treatment. This form of leishmaniasis is caused by Leishmania donovani complex, 

including L. donovani, L. infantum and L. chagasi (Díaz and Ponte-Sucre, 2018).  
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1.4 Cutaneous leishmaniasis  

Cutaneous leishmaniasis (CL) can be found in both the New and Old World. In the 

New World, many parasite species are responsible for CL, but L. mexicana, L. 

amazonensis and L. venezuelensis are among the main ones (de Vries et al., 2015). 

On the other hand, in the Old World, the main species responsible for CL are L. major, 

L. tropica and L. aethiopica. These parasites are distributed around Middle Eastern 

countries, the Mediterranean Basin, parts of Africa and the Indian subcontinent.  

 

The interaction between the parasite and the host's inflammatory immune response 

drive the CL disease spectrum (Thomaidou et al., 2015). CL causing parasites invade 

the skin and tissues surrounding the vector bite site. Lesions can either self-heal (e.g. 

in L. major infections), or may diffuse around the body (DCL; found during L. 

amazonensis, L. aethiopica and L. mexicana infections) or metastasise and develop 

as mucocutaneous leishmaniasis (MCL; caused mainly by the Viannia subgenera (L. 

braziliensis, L. panamensis, L. guyanensis)). MCL cases are found mainly in some 

regions of South and Central America (de Vries et al., 2015). Localised cutaneous 

leishmaniasis (LCL) is the most common form of leishmaniasis. LCL is a major health 

problem in the Eastern Mediterranean Region (WHO, 2014), where it has reached 

hyper-endemicity levels within conflict zones of Syria and Iraq (Du et al., 2016).  

 

CL patients usually develop a painless single to multiple lesion that can last for a long 

period without other general symptoms. The presence of multiple lesions may indicate 

multiple bites from infected sand flies, or they may develop as secondary lesions 

because of parasite spread through the lymphatic tissue (see Figure 1.4) (Thomaidou 
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et al., 2015). Typically, lesions start at the bite site as a small red papule, mostly in 

exposed areas such as the face and limbs. If self-healing does not occur, they can 

then enlarge after a period of several weeks to months (depending on the Leishmania 

species) and further develop into ulcerated or non-ulcerated nodule forms or as 

ulcerated plaques. In some cases, lesions are accompanied by "satellite lesions" or 

by local lymphadenopathy (Figure 1.4) (Burza et al., 2018, Thomaidou et al., 2015, 

David and Craft, 2009). 

 

 

Figure 1.4 Examples of clinical presentations from CL cases from either Al-Hasa or Asir regions, 
KSA. (A) Infiltrated nodule with peripheral satellite papules. (B) Plaque with follicular hyper pigmentation 
and crustation. (C) Multiple infiltrated plaques involving the right hand with central ulceration and a 
haemorrhagic crust on the top, surrounded by tiny satellite papules. (D) CL ulcer with a visible 
secondary infection. (F) ulcerated erythematous plaque on the forehead and mobile subcutaneous 
papule on the right cheek that may have resulted from lymphatic spread of parasites. 

 

Given that CL is not a fatal disease, it is widely neglected by most policymakers, 

meaning that the development and availability of less toxic drugs and diagnostic tools 

continue to be limited in most endemic areas worldwide (Bailey et al., 2017). On the 

other hand, CL constitutes a great of concern to the public because of the negative 

impact of "active" (i.e. open ulcer) CL, which can extend to an "inactive" (i.e. healed, 

but scared) lesion. Usually, CL ends up with permanent disfiguring scars that are hard 

to remove cosmetically and thus can result in social stigmatisation and mental health 

consequences, which can also increase poverty within infected individuals (Bennis et 
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al., 2017, Yanik et al., 2004, Bailey et al., 2017). It has been predicted that if inactive 

CL (scarring) is factored into the CL burden calculation, based on Global Burden of 

Disease (GBD), the estimated prevalence of CL could reach up to 40 million cases 

instead of 4 million active CL cases as predicted in 2015 (Bailey et al., 2017). With this 

high CL burden, the long-term stigmatising effect of CL can be a major concern in 

endemic and conflict-affected countries. This emphasises the global threat of this 

disease and the need for implementing better CL control strategies.  

 

1.4.1 CL Diagnosis 

The determination and identification of Leishmania species is critical for both clinical 

care and transmission control. For example, the immediate treatment of patients 

diagnosed with anthroponotic leishmaniasis is recommended in order to reduce 

transmission risk (WHO, 2014). Moreover, in CL-endemic areas, it is important to 

differentiate CL cases from other common skin diseases such as leprosy, skin cancers, 

tuberculosis and cutaneous mycoses before treating patients with highly toxic 

antileishmanial drugs (Escobar et al., 1992, Van Griensven et al., 2014). In addition, 

identifying the Leishmania species will help to choose the ideal treatment protocol, 

especially in areas that are endemic with different Leishmania species. For example, 

in the Kingdom of Saudi Arabia (KSA), CL patients with L. major infection only receive 

SbV after two weeks of clinical monitoring as they are more likely to recover using only 

antimicrobials drugs. On the other hand, with L. tropica infections, patients are treated 

immediately with antimonials since it is known that they show a slow response to 

treatment (Al-Salem et al., 2019, WHO, 2014).  
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The current CL diagnosis depends on combining clinical presentations of the lesions 

with epidemiological data (i.e. whether the patient lives in or has visited endemic 

regions) (Abuzaid et al., 2017). The presence of Leishmania parasites is mainly 

confirmed by detecting amastigotes in the clinical isolates obtained either by lesion 

scraping, biopsy or needle aspiration (Vega-López, 2003). However, the success of a 

good microscopy diagnosis depends on the quality of the sample. To make sure that 

a high-quality sample is obtained, therefore, the WHO recommends the application of 

local anaesthesia before sampling. The detection of Leishmania can be done through 

standard parasitological methods such as Giemsa staining or parasite in vitro culture. 

Although both methods are cost-effective, their sensitivities are low, require expertise, 

and do not identify the Leishmania species. As a result, it is recommended that 

traditional parasitological tests should be combined with PCR-based methods that 

amplify, for instance, regions of the kDNA (Jara et al., 2013, Abbasi et al., 2013), or 

part of the rRNA small subunit or ribosomal internal transcribed spacer 1 (ITS1) 

(Schönian et al., 2003, de Almeida et al., 2017). These target genes/regions have 

been used to enhance both the sensitivity and specificity of parasite identification 

which is very useful in areas where several Leishmania species may coexist (Burza et 

al., 2018). Other methods like the LAMP tool have also been recommended for CL 

detection due to its high sensitivity (Adams et al., 2010). More recently, an increase in 

the serum levels of anti-α-galactosyl antibodies, has been found to be a promising 

biomarker for diagnosis of Old World CL (Al-Salem et al., 2014, Subramaniam et al., 

2018). 
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1.4.2 CL treatment 

Although Old World CL may be a self-healing condition, it may take up to six months 

to recover. Therefore, treatment is beneficial to accelerate healing and reduce the 

contamination of lesions with secondary infections (Al-Salem et al., 2019). Moreover, 

it reduces the risk of human transmission, especially among L. tropica patients (WHO, 

2014). In general, the efficacy of CL therapy depends on the causative Leishmania 

species, geographical area and therapy type (Reveiz et al., 2013, Al-Salem et al., 

2019). Treatment of CL can be done either by local or systemic interventions. For 

instance, Paromomycin and Imidazole ointments are used as topical therapies, while 

azoles, Miltefosine and Amphotericin B are administered systemically. Antimonials are 

used either as a local injection (intra-lesion) or systemically (intra-muscular and 

intravenous) (Abuzaid et al., 2017). Using physical treatments such as thermotherapy 

and cryotherapy is also recommended for moderate CL cases by the WHO under 

specific criteria (WHO, 2014).  

 

The treatment of CL lesions needs a clear identification of lesion presentation and 

parasite type. Following the WHO case management definition of CL cases definition 

(2014), in the Eastern Mediterranean Region, patients infected with L. major 

presenting less than four lesions of <4 cm in size and not potentially disfiguring (not 

located on the face), are classified as "mild CL". However, L. tropica patients 

presenting disfiguring scars, are classified as "moderate cases". In some cases, such 

as with immunocompromised patients or patients suffering of chronic illnesses, CL can 

be classified as "severe" (i.e. with large (>4 cm) multiple lesions). Both wound cleaning 
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and the treatment of secondary infections are always recommended, especially in mild 

cases where no antimonial treatment is applied (i.e. wait and see strategy).  

 

1.4.2.1 Antimonials: Mode of action and resistance 

Pentavalent antimony (SbV) is provided in two formulations: sodium stibogluconate 

(Pentostam) and meglumine (Glucantime). This has been used worldwide for the 

treatment of leishmaniasis for more than a decade (Croft and Olliaro, 2011). It is well 

accepted that SbV enters the macrophage and is then reduce into SbIII before is taken 

up by amastigotes via the membrane aquaglyceroporin (AQP1) facilitator (Croft et al., 

2006, Sereno et al., 1998). Alternatively, SbV may delivered into the parasite by 

means of an unknown protein transporter, and then reduced into its active form by the 

action of antimonite reductase (ACR2) and thiol dependent reductase (TDR1) (Denton 

et al., 2004, Zhou et al., 2004).  

 

The antimony action mechanism(s) is still unconfirmed, although it seems quite 

complex due to the diversity of pathways and proteins involved (see Figure 1.5). It is 

predicted that SbIII can inhibit trypanothione reductase (TR), which increases 

disulphide forms of trypanothione and glutathione molecules, resulting in a lethal 

imbalance of thiol homeostasis. Furthermore, SbIII can potentially increase the efflux 

of intracellular thiol (trypanothione, cysteine and glutathione) by forming a metal-thiol 

conjugate which disrupt trypanothione metabolism of Leishmania (Wyllie et al., 2004). 

The trypanothione is the main part of the parasite’s thiol content (comprise > 80%). 

The presence of the thiol is important to support antioxidant system of the parasite by 
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forming bis(glutathionyl)spermidine conjugate trypanothione (TSH) (Muller et al., 

2003). 

 

As for resistance mechanisms, the mode of parasite resistance to antimonials 

depends mainly on decreasing the intracellular concentration of SbIII. This can be 

achieved by one of increasing detoxification of SbIII, decreasing SbIII uptake, or by 

lowering the activation of SbV. In most laboratory-derived resistant parasites, the 

production of intracellular trypanothione, cysteine and glutathione seems to be 

increased in order to compensate for the loss of TSH (Guimond et al., 2003). The high 

levels of TSH increases detoxification of SbIII by forming metal-thiol conjugates, which 

are then sequestered in an intracellular vesicle by the ABC transporter MRPA 

(multidrug resistance protein A) or extruded out of the cell by an efflux system (El Fadili 

et al., 2005, Singh et al., 2014). Moreover, the overexpressed of gamma-

glutamylcysteine synthetase (g-GCS) and ornithine decarboxylase (ODC) genes 

promote the detoxification pathway of SbIII (Haimeur and Ouellette, 1998). 

Furthermore, entry of SbIII can be restricted by a lower expression of AQP1. In 

addition, ACR2 and TDR1 can confer parasite sensitivity to antimonials by reducing 

SbV activation (Zhou et al., 2004, Denton et al., 2004)  
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Figure 1.5 Suggested mode of action of antimonial drugs on Leishmania amastigotes. Inside the 
phagolysosomes, SbV can enter the parasite directly or be reduced to SbIII by either ACR2 or TDR1 
reductase. The trivalent form then binds to intracellular target sites and disactivates parasite 
trypanothione reductase, which results in the accumulation of disulphide trypanothione and glutathione 
(orange arrows). A part of it also conjugates with various thiols including cysteine, glutathione and 
trypanothione. The expected mode of resistance is shown with blue arrows. A reduction in the 
expression of AQP1 is likely to lead to a lower SbIII uptake. Likewise, a lower expression of ACR2 and 
TDR1 could lead to low activation of SbV. It is also likely that decreased binding of SbIII to the targets 
results from higher a production of thiols which enhances metal thiol conjugation and is then 
sequestrated out of the cell by the efflux system. The high expression of g-GCS and ODC raise levels 
of GSH and Spermidine that contribute to Sb resistance. In addition, a higher expression of ABC 
transporter MRPA facilitating the transfer of metal-thiol conjugate to vesicles has been found in 
antimonial-resistant Leishmania. Based on (Ouellette et al., 2004, Croft et al., 2006, Singh et al., 2014). 

 

1.4.2.2 Other antileishmanial drugs  

A few antileishmanial drugs (listed below) have shown promising progress in CL 

treatment during clinical trials but, nevertheless, the number of CL drugs currently in 

use remains limited. Moreover, due to their potential toxicity and costs, some of these 

drugs are suggested as a second line of treatment for drug-resistant strains (Ouellette 

et al., 2004). For example, the use of the aminoglycoside paromomycin ointment, 

alone or in combination with gentamycin, has shown good efficacy against L. major 
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CL compared to antimonial injections (Kim et al., 2009, Ben Salah et al., 2013a).  

Furthermore, Amphotericin B (AmB), which interacts with parasite ergosterol 

(Balasegaram et al., 2012), is highly effective as a second choice of treatment against 

highly resistant SbV strains (Solomon et al., 2011, Staff, 2014, Burza et al., 2018). 

However, AmB is relatively toxic when applied in its free deoxycholate form, potentially 

interfering with cholesterol synthesis in human cells (Bray et al., 2003, Ponte-Sucre et 

al., 2017). Therefore, using liposomal form of AmB is safer, although more expensive, 

which limit its use (Ponte-Sucre et al., 2017).  

 

In addition, Miltefosine is an oral drug that inhibits the biosynthesis of parasite 

phospholipids and sterols, and has been successfully used in the treatment of HIV 

patients suffering from L. major DCL (Schraner et al., 2005). It has also been used to 

treat visceral leishmaniasis caused by L. donovani (Sundar et al., 2002) and has been 

a good replacement for SbV in the Indian subcontinent for the kala-azar elimination 

programme (Ponte-Sucre et al., 2017). Nevertheless its efficacy has already 

decreased within a decade of its introduction due to factors such as parasite drug 

resistance and re-infection (Rijal et al., 2013, Ponte-Sucre et al., 2017).  

 

Many researchers have identified anti-Leishmanial compounds derived from either 

plants or fungi (Sundar et al., 2000, Santos et al., 2008). For instance, Aphidicoline, a 

metabolite derived from the fungus Nigrospora sphaerica, affects the cellular division 

of L. donovani amastigotes by inhibiting the activity of DNA polymerases (Kayser et 

al., 2001). Furthermore, hypocrellins A and B, isolated from the fungus Hipocrella 

bambusae has shown a greater activity against L. donovani amastigotes in vitro than 

Amphotercin B (Ma et al., 2004). Another example,  Linalol, which is present in the 



 

 
34 

Croton cajucara oil plant (do Socorro et al., 2003), has proven to be highly efficacious 

against L. amazonensis by inducing a 60% increase in macrophage nitric oxide.  

 

1.4.3 Treatment failure 

As the spread of leishmaniasis has become challenging, the emergence and spread 

of drug-resistant parasites would make CL control more complicated especially when 

the transmission cycle is anthroponotic. For instance, in Iran, treatment failure (of 

Glucantime, a kind of antimonial) has been reported frequently in patients infected with 

L. tropica, probably due to the spread of Glucantime-resistant parasites (Hadighi et al., 

2006).  

 

The concept of drug resistance in Leishmania parasites can be defined as initial 

intrinsic resistance to the drug or "acquired resistance", which involves different levels 

of parasite susceptibility. The continuous use of the same drug, underdosing and poor 

drug quality are all linked to acquired drug resistance in Leishmania, especially when 

the parasite’s susceptibility to the drug is already relatively low before starting 

treatment (Bryceson, 2001, Hendricks et al., 2018). Therefore, characterising the 

efficacy of antileishmanial drugs on clinical isolates is highly recommended for 

designing therapeutic guidelines based on geographical area. However, due to the 

lack of validated standard methods and clearly defined species-specific ‘breakpoint 

concentrations’, this is not always possible (Ponte-Sucre et al., 2017). 

 

However, parasite chemo-resistance and tolerance are not the only causes for 

treatment failure and other factors can also contribute indirectly (see Figure 1.6). The 
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pharmacokinetic properties and toxicity of drugs and treatment costs can complicate 

treatment outcomes. Other factors include those related to the host such as the 

immune system (including the infection of immunocompromised individuals), under-

treated patients (i.e. receiving an incomplete treatment course), or patients in areas 

with high risk of re-infection and/or co-infection (HIV). Lastly, the inherent virulence of 

the parasite infected by RNA viruses can also modulate the immune response of the 

host and thus increase disease pathogenicity (Croft et al., 2006, Hendricks et al., 2018, 

Ponte-Sucre et al., 2017, Adaui et al., 2015). 

 

 

 

Figure 1.6 Summary of the factors contribute to treatment failure (TF) in leishmaniasis. The 
presence of drug-resistant parasites can lead to TF, but other factors can also increase risk of parasite 
acquired resistance. Based on (Ponte-Sucre et al., 2017, Hendricks et al., 2018). 
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1.4.4 Cutaneous Leishmaniasis in KSA 

Since 1976, KSA has been reported to be one of top ten CL-endemic counties in the 

world (Abuzaid et al., 2017). In 1983, CL reached 18,000 reported cases; however, 

the trend of cases has declined markedly to almost 2000 cases in 2015 because of 

the introduction of a Leishmaniasis National Control Programme by the Saudi Ministry 

of Health (MoH). Nevertheless, CL is not yet eliminated from KSA and it currently has 

the fourth most cases in western Asia (Alvarenga et al., 2012). This makes CL one of 

the major public health challenges (after dengue fever) for the Saudi MoH. In KSA, the 

disease can be sub-divided into two different types: first, zoonotic CL (ZCL), the most 

dominant in the Kingdom, is caused by L. major with the fat-tailed sand rat, 

Psammomys obesus, as the reported reservoir host. ZCL is distributed in the East, 

Central and North regions of KSA. Secondly, anthroponotic CL (ACL), which is caused 

by L. tropica, is endemic in the highlands of the west and southwestern parts of the 

country (Abuzaid et al., 2017). The transmission of CL can be influenced by several 

factors such as massive agricultural projects, poor living conditions within farms, the 

presence of domestic animals, climate change, and massive urbanisation (Desjeux, 

2001). Another key factor is the introduction of nonimmune individuals into CL endemic 

areas, such as those who migrate into the country either for work or to participate in 

religious festivities (Abuzaid et al., 2017).  

 

1.4.5 CL treatment protocol in KSA 

Sodium stibogluconate (SbV) is an antimonial drug and the only anti-leishmanial drug 

used in the Kingdom. However, due to the large number of CL patients developing  

secondary infection (SI), most dermatologists administer antifungal and/or antibiotics 
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(as a first line of treatment) before SbV is given (Al-Salem et al., 2019). The Saudi 

MoH follows the guidelines of the WHO Expert Committee on leishmaniasis, i.e. the 

administration of SbV, either intralesional (100 - 500 mg per week for 1 to 5 weeks) or 

intramuscular (20mg/kg per day for 10-20 days). Nevertheless, patient take up of 

antimonials is often poor because of the painful injections and the side effects that 

these drugs usually lead to (Momeni et al., 2002). Furthermore, antimonials are not 

recommended for patients with heart problems, and can also affect liver and kidney 

function (WHO, 2014). In addition, the costs of antimonials are quite high compared 

to most antibiotics and antifungals drugs (US$~82/vial 100 ml), although, in KSA, the 

cost of CL treatment is free for anyone regardless of their immigration status. Other 

problems relate to patients being unable to reach the designated MoH Leishmaniasis 

clinics due to the lack of proper public (and expensive) transport considering that in 

some cases treatment has to be applied on a daily basis. It therefore remains 

necessary to look for alternative drugs that can be easy to apply, cost effective and 

are not harmful to the patient.  

 

A recent study in KSA (Al-Salem et al., 2019) has shown that the regions that are 

endemic for L. major tend to have a much better treatment response to SbV than those 

endemic for L. tropica. This suggests the possible presence of drug-resistant strains 

in some regions of KSA, although it is well documented that L. tropica is naturally more 

refractory to antimonials (Croft et al., 2006). Interestingly, the study also showed that 

L. major patients (but not L. tropica ones) with visible secondary infections tend to heal 

after taking only antifungals and/or antibiotics (first line) or after a few SbV injections. 

This suggests a possible role of skin microbiota in modulating treatment efficacy, 

which is one the main objectives of this thesis. The question addressed in Chapter 3 
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is whether the type and diversity of the microbial composition within the CL lesions 

influences the treatment response of Old World CL.  

 

1.5 The human microbiota 

The study of the human microbiome has become one of the most interesting topics at 

the end of twentieth century because it enhances our understanding of the human 

biology and disease genetics. Human microbiota refers to all microbes that live in or 

on the human body. Such microbes can interact with the human immune system and 

also alter microbial gene expression (Badger et al., 2011). Microbiota is a new name 

for normal flora and encompasses a mixture of microorganisms (bacteria, fungi and 

virus) that found at anatomical site of human body. In the past, it was estimated that 

the overall number of bacteria associated with the human body was about ten times 

more than the number of human cells. However, this has been recently revised and 

although the total number of microbes in the human body is around 1014, the 

approximate ratio of bacteria per human cell is close to 1.3:1 (Sender et al., 2016). 

The distribution of these flora is affected by different factors such as age, sex, stress 

and nutrition. Some of these organisms are useful to the human body but the function 

of the majority is still unknown. In general, microbiota can be either commensalistic or 

mutualistic or pathogenic. The presence of these commensal microorganisms is 

probably essential for human life, since their effects on host physiology, nutrition, 

stress response and immunity have been widely demonstrated (Lopes et al., 2016). 

 

In light of the above, it is important to understand the functional role of the human 

microbiota. For example, it is stated that about 106 colony forming units (CFU) of 
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Salmonella can cause an infection to a normal mouse. Whereas only about 10 CFU 

Salmonella is enough to infect a germ free mouse (Vogt and Finlay, 2017). In addition, 

the human microbiome can stimulate the immune system, keeping it always alert. This 

is crucial within the context of preventing colonisation by opportunistic pathogens. For 

instance, the human microbiome can either form a physical barrier that may prevent 

interactions between pathogens and the host's receptors, or it can compete for 

essential nutrients or by produce harmful anti-bacterial molecules, such as fatty acids 

and peroxidase that serve to prevent their colonisation (Badger et al., 2011, Byrd et 

al., 2018, Chen et al., 2018). In addition to their protective benefits, they can also 

provide human cells with some essential nutrient supplements like vitamin B12 and 

vitamin K (LeBlanc et al., 2013). On the other hand, some of the opportunistic 

microorganisms could be pathogenic to humans in case of injury occurred or 

decreased body immunity or bacteria moved from one site to another (Badger et al., 

2011).  

 

1.5.1 The human skin  

The skin is known to be the largest organ of the human body, with its main function 

being to provide a physical and immune system barrier to separate the internal organs 

from the external environment (Prescott et al., 2017). In addition, the human skin can 

provide a chemical barrier that consists of antimicrobial peptides (AMPs), free fatty 

acids (FFA), lysozyme and low pH, all of which help to prevent any initial or prolonged 

colonisation (Dikstein and Zlotogorski, 1994). Nonetheless, pathogenic microbes are 

still able to invade the human body when skin tissue is physically damaged or when 

pathogens are introduced during, for instance, acquisition of a blood meal by an insect 
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vector. Once these microorganisms invade the human body, they can variously fight 

or evade skin phagocytic cells, hide their antigens (some they remain undetectable by 

immune cells) or develop resistance and release harmful toxins to survive. Some 

examples of opportunistic bacteria and the diseases they cause are Staphylococcus 

aureus (folliculitis and boils), S. epidermidis (impetigo, abscess), Propionibacterium 

acnes (acne vulgaris), and Pseudomonas aeruginosa (folliculitis) (Cogen et al., 2008). 

 

The human skin is structurally composed of two layers: the epidermis (outer stratified 

squamous epithelium cells) and dermis (sub-epidermal layer) which is crosslinked to 

the epidermis via a basement membrane (see Figure 1.5). In addition, human skin 

comprises various appended structures including sweat glands, sebaceous glands 

and hair follicles, each of which provide a diverse microenvironment differentiated 

according to skin body sites that can be grouped into three categories: dry (volar 

forearm and palm), moist (bend of elbow, back of knee and groin) and oily or 

sebaceous (face, chest and back) (Grice and Segre, 2011). Usually moist skin is 

abundant with sweat glands and has more microbiota than in dry skin. Sweat secretion 

provides an acidic media that prevents colonisation of certain bacteria. In addition, 

sweat glands contains antimicrobial peptides (AMP) and free fatty acids (FFA) that 

also can inhibit bacterial colonisation. Oily sites, meanwhile, are rich with sebaceous 

glands that provide an antibacterial shield to hair and skin through the hydrophobic 

lipid-rich sebum (Gallo and Hooper, 2012, Chen et al., 2018).  
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Figure 1.5 Schematic showing the structure of the human skin and the distribution of 
predominant bacterial and fungal organisms, and viruses. Taken from (Byrd et al., 2018). 

 

1.5.2 Distribution of the human skin microbiota 

A total of over 1010 bacterial cells are calculated to be present on the human skin 

surface (Belkaid and Segre, 2014). The colonisation of microbiota on human skin 

occurs in the absence of inflammatory response, which is during postnatal period 

(PrabhuDas et al., 2011). These microorganisms can provide a first line of defence 

against pathogenic bacteria that come from the environment, but can also work as an 

attractive factor for certain haematophagous arthropods (Verhulst et al., 2011). 

Furthermore, any disturbance in the balance of microbial diversity could lead to skin 

dysbiosis, a term that defines changes in bacterial richness and diversity (Byrd et al., 

2018). The distribution and diversity of the human skin microbiota varies among 
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individuals. Environmental factors such as skin pH, humidity, temperature and 

concentration of salts and nutrients can also affect the diversity of microbiota (Prescott 

et al., 2017). Normally, the distribution of skin bacteria is driven by the physiological 

condition of skin. For instance, the sebaceous sites exhibit lower levels of microbial 

diversity and are dominated by lipophilic Propionibacterium species, whereas moist 

sites are rich with Staphylococcus and Corynebacterium species. In contrast, the 

distribution of fungal species is fairly constant among core body sites, with Malassezia 

being the predominant genus, except for the feet which harbour a variety of genera, 

including Malassezia, Aspergillus, Cryptococcus and Rhodotorula (Byrd et al., 2018, 

Chen et al., 2018, Grice et al., 2009). 

 

1.5.3 The human skin’s immune system  

The dialogue between keratinised epithelial cells, immune cells and microbial cells 

contributes to maintaining the skin’s immune homeostasis (Byrd et al., 2018). 

Generally, the epidermal and dermal layer of skin are infiltrated with a network of 

innate immune cells, including epithelial cells, neutrophils and antigen presenting cells 

(macrophage and dendritic cells), and adaptive immune cells (lymphocytes), that 

collectively support the surveillance immune system through pathogen degradation, 

antigen presentation and cytokine release (Belkaid and Segre, 2014). Among white 

blood cells, neutrophils (polymorphonuclear cells) are the most abundant type that 

provide a first line of defence against any foreign body. These cells engulf pathogens 

through cell-surface sugar-binding receptors (i.e. Toll-like receptors and C-type lectins) 

and cause their degradation by lysosomes (Bangert et al., 2011). The dead neutrophils 

are then cleared from tissue by macrophage cells. In addition, both macrophages and 
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dendritic cells help to activate the adaptive immune response by presenting pathogen 

antigens, after pathogen degradation, to specific T cells (Malissen et al., 2014). 

 

1.5.4 Skin microbiota and immunity 

The pressure arising from the large skin microbiota means that the human skin 

contains the highest number of immune cells within the body (Clark et al., 2006). The 

presence of skin microbiota thus improves human immunity by educating the immune 

system through continuous exposure to several antigens that activate both the innate 

and adaptive immune system in a steady way and during infection (Belkaid and Segre, 

2014, Byrd et al., 2018). Skin resident microbes can induce activation of the innate 

immune system by increase expression of AMP production, activation of complement 

system components and expression of interleukin-1 (IL-1). The activation of AMP and 

the complement cascade can induce activation of neutrophils and macrophage cells 

(innate immunity), while cytokine IL-1 enhances activation of T-lymphocytes (adaptive 

immunity) (Belkaid and Segre, 2014). Moreover, microbes can induce wound healing 

by releasing factors that mitigate inflammation of acute skin damage, such as 

lipoteichoic acid produced by S. epidermidis (Lai et al., 2009). In addition, the ability 

of commensal bacteria to interact with other bacterial pathogens and prevent their 

colonisation is beneficial for skin immunity. For example, S. epidermidis produces the 

serine protease glutamyl endopeptidase that inhibits S. aureus biofilm formation 

(Iwase et al., 2010). 

 

In normal conditions, the skin’s haemostatic immunity is maintained through the 

presence of its microbiota, as it provides a continuous activation of the effector T cells 
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and IL-17 cytokine production (produced by skin commensal-specific T cells) (Belkaid 

and Tamoutounour, 2016). This facilitates the recall responses to diverse microbial 

antigens when the infection occurs and thus protects the host from invading pathogens. 

When intradermal damage or dysbiosis (low level of bacterial diversity) occur, an 

inflammatory response is activated. This response is characterised by a high 

infiltration of monocytes and neutrophils and effector T cells alongside increased 

interferon-γ (IFNγ) production (Naik et al., 2015). 

 

 

Figure 1.6 Cross-talk between microbiota and the human immune system. The steady condition of microbial 
skin helps to maintain homeostatic immunity through continuous activation of effector T cells (Teff cell), antigen-
presenting cells (APC) and IL-17. The right-hand picture shows the characteristic inflammatory response against 
a foreign organism, which induces neutrophils, monocytes and the release of local IFNγ (by natural killer cells) that 
reside close to APCs. Taken from (Byrd et al., 2018).  

 

1.6 Cutaneous Leishmaniasis and the host's immunity 

CL is characterised with wide range of clinical manifestations that are largely 

influenced by the immune response of the host. For example, CL patients that lack a 

T cell response are more likely to develop diffused CL (Carvalho et al., 1994). Whereas, 
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others with an exacerbated immune response could develop mucocutaneous CL, and 

most patients with moderate immune response may had either self-healed or develop 

chronic localised CL (Scott and Novais, 2016).  

 

The early immune response of the host is known to be an important part in the 

Leishmania life cycle where the recruited macrophages (primary host cells), 

neutrophils, monocytes and dendritic cells can become infected (Scott and Novais, 

2016). The role of neutrophils in Leishmania control is rather complicated. A number 

of studies have shown the importance of neutrophils in controlling infections caused 

by L. braziliensis and L. amazonensis where they interact with infected macrophages 

(Novais et al., 2009, de Souza Carmo et al., 2010). On the other hand, during a L. 

major infection, the parasite can reach macrophages through apoptotic neutrophils 

(Trojan cells) (van Zandbergen et al., 2004). Moreover, a recent study has shown the 

importance of neutrophils during VL; in this case, neutrophils are rapidly recruited at 

the bite site due to the release of IL-1b signals (induced by sand fly gut microbiota) 

and thence act as parasite shelters during the infection (Dey et al., 2018).  

 

It has been shown that CL caused by L. major can be either a self-healing or chronic 

disease, based on the differential balance between T helper 1 cells (TH1) and TH2 cells. 

Mice with susceptibility infection to L. major (BALB/c mice) were mediated by CD4+ - 

TH2 cells, whereas, resistant mice (C57BL/6) tend to develop a CD4+ - TH1 response 

(Scott et al., 1988, Scott and Novais, 2016). There are many factors that can promote 

the development of TH1 to TH2 cells, which depend mostly on the early immune 

response. Dendritic cells produce IL-12 cytokine following stimulation by IFNγ 

(produced by natural killer cells - NK), which in turn promotes CD4+ - TH1 development 
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to produce IFNγ at the lesion site after macrophage activation (Sypek et al., 1993). 

Within macrophage cells, Leishmania can be cleared by the combination of reactive 

oxygen species (ROS; produced by the respiratory burst during phagocytosis) and 

nitric oxide (NO) that is generated by inducible NO synthase (iNOS) following 

activation by IFNγ (see Figure 1.7). Tumour necrosis factor (TNF) and IL-1ß cytokines 

can also be either protective (by inducing NO production that activates macrophages) 

or pathogenic by enhancing inflammation, which increase recruitment of the 

neutrophils and innate immune cells that could act as a shelters for the parasite at the 

site of infection (Scott and Novais, 2016, Dey et al., 2018). 

 

Figure 1.7 The possible role of a TH1 response in macrophage activation and the of IL-1beta and 
TNF during a CL infection. Once the parasite is engulfed by macrophages, the reactive oxygen 
species (ROS and nitric oxide (NO) are generated by inducible NO synthase (iNOS) following activation 
by IFNγ and tumour necrosis factor (TNF). IL-1ß cytokines can also induce NO production by IFNγ and 
TNF stimulation. TNF and IL-1ß can be pathogenic by enhancing inflammation which increase 
recruitment of innate immune cells. Taken from (Scott and Novais, 2016) 
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Currently, developing of an effective vaccine to induce protection against a 

Leishmania infection is still unsuccessful. The idea of developing a vaccine is 

applicable due to the success of the leishmanisation process (Scott and Novais, 2016).  

Leishmanisation, which is based on subcutaneous inoculation of live parasites, has 

historically been used as a kind of vaccine to protect people from disfiguring scars, 

although with partial efficacy (Khamesipour et al., 2005). However, this technique was 

no longer used as the Leishmania infection does not completely cleared from the body, 

and there is a risk of non-healing lesions occurring (Scott and Novais, 2016). Since 

the Leishmania parasite has a single preferred host cell (macrophages) and a single 

host pathogenic form (amastigote) with no significant parasite antigen variation, the 

developing of an effective vaccine is more possible (Reed et al., 2016). Several studies 

have looked into the potential use of attenuated live parasites, whole killed parasites 

and parasite proteins, but all have had only limited success due to the absence of 

immunodominant antigens that are recognised by CD4+ T cells and difficulties in 

generating long-term cell-mediated immunity (Scott and Novais, 2016, Oliveira et al., 

2015). Other researchers have focused recently on salivary proteins as a possible 

vaccine against human leishmaniasis. The three most promising candidates are: 

PdSP15, LjM19 and LjL143 salivary proteins, each of which have shown the ability to 

induce a TH1- delayed type hypersensitivity response against parasites at the bite site 

of immunised animals (Reed et al., 2016). Another promising target for vaccine 

development is the α-galactopyranosyl (a-Gal) epitopes, which present on the plasma 

membrane glycolipids of the Leishmania parasite. The NGP5B a-Gal is the most 

attractive candidate since it has been found to be able to reduce lesion size by 96% 

in infected mice (Iniguez et al., 2017). 
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1.7 Dialogue between cutaneous leishmaniasis and skin microbiota 

A few studies that have focused on the interactions between CL and skin microbiota, 

mainly on the role of skin bacteria.  In fact, most of them have suggested that using 

antibiotics as part of the treatment protocol may help to moderate the parasitic 

infection and to speed up the healing process (Isaac-Marquez and Lezama-Davila, 

2003, Salgado et al., 2016, Gimblet et al., 2017). In general, once a CL lesion develops 

it becomes more susceptible for colonisation by a number of opportunistic 

microorganisms that could result in secondary infections. Several techniques have 

been used to explore the bacterial composition of CL lesions in either humans or 

experimental animals. For example, pioneer work using culture based techniques  

found that Staphylococcus spp, Streptococcus spp, Enterococcus spp, Pseudomonas 

spp, and other opportunistic bacteria are highly prevalent in CL lesions (Shirazi et al., 

2007, Ziaei et al., 2008). Similarly, another group (Isaac-Marquez and Lezama-Davila, 

2003) determined the bacterial composition of CL lesions during drug treatment using 

culture and immunocolorimetric methods. They found that CL patients infected by L. 

mexicana exhibited delayed healing with antileishmanial drug when harbouring 

Streptococcus pyogenes, Staphylococcus aureus, Pseudomonas aeruginosa, 

Morganella morganii and Enterococcus durans. However, these results can be 

misleading as this method (i.e. bacterial culture) has a strong bias for specific bacterial 

species thus underestimating the full bacterial diversity (Rhoads et al., 2012).  

 

Over the past five years, the use of 16S rRNA metagenetic analysis has been 

implemented to study the bacterial diversity of CL lesions. A recent study has shown 

the presence of Staphylococcus and Streptococcus on all CL lesions from patients 
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infected with L. braziliensis (Salgado et al., 2016). They concluded that Streptococcus, 

Staphylococcus and Fusobacterium have a role in delayed healing of CL lesions 

during antimonial therapy (Salgado et al., 2016). Moreover, in 2017, Gimblet and co-

workers reported the dominance of Streptococcus and Staphylococcus species within 

lesions caused by L. braziliensis in humans. Interestingly, the same authors also 

showed evidence that skin dysbiosis can enhance the severity of CL lesions, a 

characteristic that appears to be transmissible to adjacent normal human skin and is 

also observed in co-housed naïve mouse, during experimental infections (Gimblet et 

al., 2017).  

 

The use of germ free (GF) mice has opened up many possibilities in terms of studying 

the role of microbiota in modulating CL pathogenicity and treatment response. It is 

believed that skin microbiota have a role in keeping the host immunity activated, which 

may modulate the outcome of CL (Lopes et al., 2016). Furthermore, another study 

suggested that the location of parasite inoculation may influence the infection outcome 

(i.e. different clinical presentations) because of the bacterial diversity on different parts 

of the mice body skin (Belkaid and Segre, 2014).  

A study made by (de Oliveira et al., 1999) using germ free mice showed that L. major 

infection resulted in smaller lesions, although with a higher number of parasites than 

in conventional mice. Similarly, (Oliveira et al., 2005) showed that in GF mice 

experimentally infected with L. major, healing was not achieved even though levels of 

IFNg and TNF were increased (Figure 1.8). Moreover, the same authors also noted the 

impaired efficiency of macrophages in GF mice, suggesting the importance of skin 

microbiota in the activation of macrophage cells.  
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Figure 1.8 Schematic comparing the different outcomes of a CL lesion between germ free and 
non-germ free mice. Summarized from (Oliveira et al., 2005). 

 

1.8 Sand fly midgut microbiota 

As discussed previously, the transmission of Leishmania metacyclic promastigotes 

can only occur via a bite from a female sand fly. However, not all Leishmania species 

can be transmitted by any sand fly species, indicating a degree of specificity and co-

evolution between the vector and the parasite. For example, L. major and L. tropica 

parasites are usually paired to Ph. papatasi and Ph. sergenti, respectively (Bates et 

al., 2015). The reasons for such specificity are numerous and include the expression 

of sand fly midgut receptors (e.g. galectin) and types and numbers of bloodmeals, but 

overall the role of the midgut microbiota in this process is poorly understood (Volf and 

Peckova, 2007, Dobson et al., 2010, Louradour et al., 2017).  

 

Several studies have investigated the impact of insect microbiota during the 

interactions between the vector, the parasite and the vertebrate host, which overall 
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suggested an essential part in the transmission cycle (Maleki-Ravasan et al., 2015). 

Phlebotomine sand flies usually lay eggs on soil nearby animal burrows and tree trunk 

niches. When the larva emerges, it feeds on available organic matter which contains 

a high range of microbiota. Moreover, during the adult stage, both male and female 

sand flies feed on plants for carbohydrate supplements, where again they get expose 

to plant bacteria (Ready, 2013). Therefore, the bacterial composition of the sand fly 

midgut is affected by the geographical distribution of sand flies due to different 

available food sources that give rise in sand fly gut resident microbiota (Maleki-

Ravasan et al., 2015). A better knowledge of the sand fly midgut microbiota would be 

useful to develop novel vector control strategies. In fact, few studies have looked into 

the midgut microbial composition of sand flies, either using culture-based 

methodologies or high throughput sequencing (summarised in  

Table 1.1) (Telleria et al., 2018). 

Table 1.1 List of medically important sand fly species with available gut microbiota data. 
Summarised from (Richard Reithinger, 2007, Telleria et al., 2018). CL, cutaneous leishmaniasis; VL, 
visceral leishmaniasis. 

Sand fly 
species  

Parasite 
species 

Type of 
Leishmaniasis 

Disease 
Geographical 
distribution  

Source of 
sample* Method  

Old World  

Ph. sergenti L. tropica CL Central Asia, 
middle east, 
parts of north 

Africa, 
southeast Asia 

Field (Iran) Culturing 

Ph. papatasi L. major CL 
Field & colony flies 
(Egypt, Morocco, 

Turkey, Iran) 

Culturing 
DNA 

sequencing 

Ph. duboscqi L. major CL 

Africa, Central 
Asia, Southeast 

Asia 

Field and colony 
(Senegal) 

Culturing 
DNA 

sequencing 

Ph. 
argentipes L. donovani VL, CL Field (India) 

Culturing 
DNA 

sequencing 

Ph. chinensis L. donovani VL Field (China) 
Culturing 

DNA 
sequencing 
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Ph. 
perniciosus L. infantum VL Europe, North 

Africa 
Field and colony 

(Tunisia) 

Culturing 
DNA 

sequencing 

New World 

Lu. 
longipalpis L. infantum VL, CL Europe, North 

Africa, 
Central 

America, South 
America 

Field and colony 
(Brazil, Argentina, 

Colombia) 

Culturing 
DNA 

sequencing 

Lu. cruzi L. infantum VL Field (Brazil) 
Culturing 

DNA 
sequencing 

Lu. evansi 
L. infantum 

L. 
braziliensis 

VL, MCL South America, 
parts of Central 

America, 
Mexico 

Field (Colombia) 
Culturing 

DNA 
sequencing 

Lu. intermedi
a 

L. 
braziliensis CL Field (Brazil) 

Culturing 
DNA 

sequencing 

*Flies used for midgut samples extraction 

 

Exploring the possible effects of sand fly gut microbiota on Leishmania development 

and disease outcomes will help to identify candidate symbionts for paratransgenesis 

control and also help to predict candidate vaccine for leishmaniasis (Telleria et al., 

2018, Dey et al., 2018). Generally, the vector’s gut is inhabited by commensal 

microbials that can interact with pathogens and influence its transmission competence 

as it has been reported for mosquitoes and tsetse flies (Weiss and Aksoy, 2011). For 

example, a recent study showed that the richness and diversity of sand fly midgut 

bacteria reduces in the presence of parasites and blood meal, but it is recovered after 

digestion. Moreover, the same study showed evidence of the importance of the gut 

microbiota in supporting the development of L. infantum in sand flies (Lutzomyia 

longipalpis) treated with antibiotics (Kelly et al., 2017).  

 
Another recent evidence has shown that the sand fly gut microbiota is also important 

for the dissemination of L. donovani in mice. In particular, it was shown that 

regurgitation of sand fly (Lu. longipalpis) gut microbiota alongside parasites into the 
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bite site activates the inflammasome pathway, which leads to the production of IL-

1beta and the subsequent recruitment of the neutrophils that engulf parasites (Dey et 

al., 2018).  

 

1.9 Molecular analysis of microbial community composition 

Using molecular methods such as next generation sequencing (NGS) is highly 

recommended to capture the total microbiome diversity, since traditional tools such as 

culturing methods cannot retrieve this level of diversity. With NGS we can utilise the 

differences within highly conserved taxonomic markers; i.e. bacterial 16S and fungal 

18S ribosomal RNA (rRNA), in addition to fungal internal transcribed spacer 1 (ITS1), 

which can be used as a fingerprint to identify microbial communities (Scales and 

Huffnagle, 2013, Byrd et al., 2018). NGS sequencing data can be either amplicon 

based –which relies on optimised primers that amplify specific sub-regions of the 

interested gene such as V4 of 16S rRNA– or total genomic DNA that results from 

shotgun sequencing. For skin and sand fly midgut samples, the use of specific 

amplicon sequencing is recommended in order to reduce errors that can result from 

low microbial biomass. Whilst targeting specific amplicons helps to estimate bacterial 

abundance within the sample, shotgun sequencing captures all genetic materials. This 

helps to investigate functional analysis of microbials and also to estimate microbial 

abundance and species identification with high resolution (Brooks et al., 2015). The 

high throughput amplicon sequencing can provide a high depth of short reads 

amplicon (~300 bp) that can be merged (pair-end reads) and clustered to reduce 

sequencing errors, using primary pipelines such as Mothur and Qiime (Byrd et al., 

2018). 
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1.10  Aims and objectives  

Cutaneous leishmaniasis remains a major health problem worldwide. Furthermore, 

treatment is still limited, drug therapy is often ineffective, and a vaccine to either 

prevent or treat the disease has not been yet developed. Therefore, improving current 

CL treatment protocols is of great importance. In KSA, a few studies have reported a 

variation in the responses to treatment using either antibiotics and/antifungals or 

pentavalent antimonials (Al-Salem et al., 2019, Al-Jaser, 2005). Other studies have 

also highlighted the potential role that microbiota may have in modulating the 

pathogenicity of CL, as well as on the development of Leishmania within the sand fly 

midgut. Therefore, a better understanding on the role that both human and insect 

microbiota have during the pathogenicity and transmission of Old World CL may help 

to improve current treatment protocols and vector control strategies.  

 

In this context, the main aim of this thesis was to investigate the potential importance 

of the human skin microbiota in modulating the drug treatment efficacy of Old World 

CL patients.  

 

The specific objectives were to: 

 

1. Update the CL epidemiological features in two endemic regions of KSA, 

including the treatment response profiles of new and recorded CL cases 

(Chapter 2). 
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2. Investigate the sensitivity of L. tropica clinical strains to sodium stibogluconate 

and the possibility of the cross resistance of these strains to other common 

antileishmanial drugs in vitro (Chapter 2). 

3. Characterise the skin microbiota signatures of CL patients in two regions of 

KSA that are endemic for either L. major or L. tropica infections (Chapter 3). 

4. Determine the midgut bacterial composition of Ph. papatasi sand flies collected 

from the L. major-endemic area of Al-Hasa, KSA, in order to establish a 

possible correlation with disease severity (Chapter 4). 
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 Epidemiology of cutaneous leishmaniasis in the Asir 
and Al-Hasa regions of Saudi Arabia.  

 

2.1 BACKGROUND  

In the Kingdom of Saudi Arabia (KSA), the total number of reported CL cases from 

2006 to 2015 reached nearly 25,000 with an average of approximately 2,500 cases 

per year (Abuzaid et al., 2017). The Al-Hasa (East) and Asir (South West) regions are 

known to be endemic with CL caused by L. major and L. tropica, respectively (al-

Zahrani et al., 1989, Mondragon-Shem et al., 2015, Al-Salem et al., 2019). As shown 

in Figure 2.1, from 2006 to 2015, the number of reported cases in Al-Hasa dropped 

from 846 to 196 cases whilst in Asir it was more constant with an average of 163 ± 42 

cases. However, the incidence rate indicator for both regions remains stable, which is 

a source of concern for the KSA national control programme implemented by the Saudi 

Ministry of Health (MoH).  

 

 

Figure 2.1 Bar chart representing the number of CL cases and incidence rate/100,000 population 
reported between 2006 and 2015 in the KSA, based on (Abuzaid et al., 2017). 
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The persistence of CL cases in KSA is because of several factors, including climate 

change, rapid urbanisation, agricultural and irrigation development and migration of 

non-immune workers into endemic areas (Alvar et al., 2012b, Mondragon-Shem et al., 

2015). Collectively, these factors represent a challenge to the Saudi MoH’s efforts to 

control CL nationwide. Moreover, low level of awareness and low incomes in some 

parts of the community pose obstacles to the MoH’s efforts since some CL patients 

seek for traditional medicine rather than visiting health sectors. This is due to the high 

public transport fees or fear of receiving a painful and unpleasant (intralesional) 

injection. Thus it is very likely that the official figures underestimate the real incidence 

of CL in  KSA (Abuzaid et al., 2017).  

 

As briefly mentioned in Chapter 1, the CL treatment protocol in KSA mainly consists 

of administering pentavalent antimonials (described below). There is no consistent 

treatment method, and it relies mostly on the dermatologist's experience (Al-Jaser, 

2005). Pentavalent sodium stibogluconate (SbV) or Pentostam (brand name) is the 

only anti-leishmanial drug used in KSA and is given either by intralesional (IL; injection 

of 100-500 mg of SbV per session, every 7 days) or intramuscular injection (IM; 10-20 

mg of SbV/kg/day for a minimum of 20 days) depending on disease severity (Al-Jaser, 

2005, WHO, 2014). However, the efficacy of antimonial drugs varies depending on the 

infecting parasite species. It is of note that most L. tropica-infected patients appear to 

be more refractory to antimonial drugs (Klaus and Frankenburg, 1999, Hadighi et al., 

2006, Al-Salem et al., 2019). Therefore, dermatologists tend to use different types of 

treatment in combination to SbV, including surgery, freezing and heat to minimise the 

clinical outcomes. In addition, when secondary infections develop, antifungals and 
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antibiotics (first line of treatment) are given to the patient before receiving SbV 

treatment (Bassiouny, 1983, Alrajhi et al., 2002, Al-Jaser, 2005).  

 

The limited sources of knowledge about CL, lack of availability of drugs, and emerging 

drug resistance are all threatening CL control efforts within the country. A recent study 

by Al-Salem et al. in 2019 showed that L. major-infected patients responded more 

favourably to the current treatment regime than L. tropica ones. In addition, using 

antibiotics and antifungals as a first line of treatment (mainly to treat secondary 

infections) improved the efficacy of SbV treatment against CL caused by L. major, but 

had no effect in L. tropica patients. In fact, this treatment alone resulted in complete 

healing (i.e. reepithelisation) in some of the L. major-infected patients, whereas others 

required a few injections of SbV. This suggests that other factors, such as skin 

microbiota, may modulate the treatment response of L. major CL patients (Chapter 3).  

 

Updating the epidemiological status of CL in KSA, specifically in Al-Hasa and Asir, 

which are among the most endemic areas in the country, is critical to a better 

understanding of the complexity of the disease, and will help to improve current CL 

control strategies. For the work in this chapter, I collected a cohort of biological 

samples from suspected CL patients in the Al-Hasa and Asir regions. The aims were 

to (1) update the CL epidemiology for these two regions and (2) record on the patients’ 

clinical features (including number of lesions and their sizes) and treatment efficacy. 

In addition, skin swabs were taken for microbiota analysis, as described in Chapter 3. 

Furthermore, I investigated the in vitro sensitivity of L. tropica clinical isolates to Sb 

and the possibility of cross resistance of these strains to other known antileishmanial 

drugs. Lastly, I describe the results of a retrospective analysis of CL patients’ records, 
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collected in the Al-Hasa leishmaniasis clinic in previous years, in order to explore how 

the use of different antimicrobials modulates the treatment response against CL 

infections.  

 

2.2 MATERIALS AND METHODS  
2.2.1 Study area 

In collaboration with the Saudi MoH, patient samples were collected from two district 

areas in KSA, namely Asir and Al-Hasa regions (Figure 2.2). Samples were collected 

between 2017 and 2018. These two regions were chosen because of differences in 

their topography and sand fly species distribution, thus offering a wide spectrum of CL 

among patients (Mondragon-Shem et al., 2015). 

 

 

Figure 2.2  A geographical map of Saudi Arabia highlighting the location of the studied areas 
(Asir and Al-Hasa regions).  
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2.2.1.1  Characteristics of the Asir region 

The Asir province is located in the southwest of KSA between latitude (17°S and 21°N) 

and longitude (41°W and 44°E). It is bounded to the north by the Makkah Al 

Mukarramah and Al-Baha provinces, and to the south by the Jizan and Najran 

provinces. It is divided into sectors that represent different terrains. Its census 

indicates a population of one and a half million people, which accounts for 10% of the 

total population of KSA (Salam et al., 2014). Income is mainly from agriculture, in 

particular the cultivation of a variety of vegetables. Examples of livestock are chicken, 

sheep, cattle and donkeys.  Depending on the altitude, different Phlebotomus species 

can be found in this district (Mondragon-Shem et al., 2015, Ibrahim and Abdoon, 2005). 

 

2.2.1.2  Characteristics of the Al-Hasa region 

The Al-Hasa province is known for its fertile land and agricultural soil. It has about 

three million palm trees and is well-known as the largest area for the cultivation of 

dates. Al-Hasa is located in the eastern part of the Kingdom and is surrounded by 

desert from all sides. It has a population of around 1,220,000 people (Salam et al., 

2014). The climate is dry and hot in the summer and cold in the winter. Furthermore, 

the variety of Phlebotomus species is much less than Asir because of it is closer to 

sea level (Mondragon-Shem et al., 2015, Abuzaid et al., 2017). 

 

2.2.2 Data and samples collection 

Swab samples, fine aspirations and Giemsa stained slides were collected from each 

CL patient during their treatment protocol at the Leishmaniasis clinic. After patients 
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had signed the consent forms (see Appendix 4), swabs (SK-2 isohelix) were collected 

from both lesions and non-lesion skin (adjacent healthy skin), from each patient, 

leaving a maximum space of 10 cm between the two zones (see example in Figure 

2.3).  

 

Figure 2.3 Example of Isohelix DNA swab sites collected from suspected CL patients in Asir and 
Al-Hasa regions, KSA. (A and B) show a CL patient from Asir region. (C and D) show a CL patient 
from Al-Hasa region. 

 

Next, the lesions were cleaned with 97% ethanol followed by application of local 

anaesthetic spray. Afterwards, lesion scrapings was processed for Giemsa smear 

staining following the protocol described by (WHO, 2014). Smears were fixed with 

methanol and stained with diluted Giemsa stain (1:20 vol/vol) for 20 minutes prior to 

being washed and examined under the microscope (100X oil immersion lens). After 

skin sampling , a 27-gauge fine needle, containing 0.1-0.2 ml of sterile normal saline 

was used to isolate parasites from the edges of the ulcers (see Figure 2.4) (WHO, 

2014). The needle was inserted through the skin into the dermis of the lesion border, 
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according to the CDC Guidelines for specimen collection (CDC, 2014). The extracted 

content was then inoculated into 2 ml of M199 media (M4530 Gibco) with 15% heat 

inactivated foetal bovine serum (FBS) (Invitrogen), 1.5% Basal Medium Eagle (BME) 

vitamins (Sigma) and 25 µg/ml gentamycin sulphate (Sigma).  

 

 

Figure 2.4 Examples of needle aspiration procedures from lesions of CL suspects at the 
Leishmaniasis clinic. 

 

Parasite cultures were maintained for several days at 27 oC in 5% CO2 atmosphere. 

All relevant clinical data (i.e. lesion size, number(s) and location(s) in the body, 

duration of infection, time of residency at the endemic area, clinical features and 

treatment response, patient age, gender, and address) were recorded and kept in 

secure computer files. In addition, patients were closely monitored to assess their 

treatment profiles until they achieved healing. All collected samples were kept at – 80 

oC and shipped to the Liverpool School of Tropical Medicine (LSTM) for processing. 

Once samples were received at LSTM, they were stored in liquid nitrogen, except for 

the Giemsa-stained slides. The fine aspiration samples were cultured in organised 

batches in M199 media for one month at 27 oC in 5% CO2.  
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2.2.3 DNA isolation 

DNA was extracted from Giemsa-stained slides and parasite cultures using the 

QIAamp DNA Mini Kit (QIAGEN). For skin metagenomics analysis (Chapter 3), the 

Isohelix swab samples were processed using the Extreme DNA isolation kit (XME-

Isohelix) following the manufacturer’s instructions. To reduce the risk of contamination, 

all reagents and equipment were treated with UV light prior to use. Extracted DNA was 

then used for V4 16S and 18S rRNA (Chapter 3), Leishmania ribosomal internal 

transcribed spacer (ITS1) and Leishmania kDNA amplification.  

 

2.2.4 Leishmania parasite genotyping 
2.2.4.1  PCR-RFLP for ITS1 Leishmania species identification 

To confirm clinical diagnosis of CL cases and to determine Leishmania species, 

amplification of the ITS1 gene was performed on extracted DNA following the protocol 

described by Schönian et al., (2003). The PCR reaction was set with a final volume of 

20 μl containing 2x of "dream" buffer, 500 μM dNTP, 0.4 μM primer (OL1853 & 

OL1854), and a 1 μl of DNA sample. The PCR conditions were as follows: an initial 

denaturation step of 2 minutes at 95 oC followed by 35 cycles of amplification 

consisting of 40 seconds at 95 oC (denaturation), 40 seconds at 53 oC (annealing), 

and 40 seconds at 72 oC (extension) and a final extension step of 5 minutes at 72 oC. 

Amplicons were digested using HaeIII restriction enzyme for 2 hrs at 37oC. Finally, the 

digested products were visualised using 1.5% agarose gels and SYBR safe nucleic 

acid gel stain in a 1x TAE (Tris Acetate EDTA) buffer. PCR products were sequenced 

(Sanger sequencing; Source Biosciences, UK) to confirm product specificity. Samples 

with negative results were used for nested kDNA-PCR for confirmation. 
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2.2.4.2  Nested PCR for detection of Leishmania kDNA and species 
identification 

Due to the high sensitivity of kDNA-PCR (Eroglu et al., 2011) the amplification of 

Leishmania kDNA was applied in cases where the Leishmania ITS1-PCR yielded a 

negative result (see Appendix 1). This methodology targets Leishmania kDNA 

minicircles by using external primers CSB1XR and CSB2XF, and specific internal 

primers 13Z and LiR, as described by Aflatoonian et al. (2014). For the first run, the 

reaction volume of 20 µl contained 1x Dream Taq buffer with 2 mM MgCl2 

(ThermoScientific), 1 µl of 10 mM dNTPs, 500 nM of each primer, 0.25 U/µl of Dream 

Taq DNA polymerase and DNA template. The cycling conditions included initial 

denaturation at 95 ˚C for 5 minutes followed by 35 cycles of amplification at 98 ˚C for 

20 seconds (denaturation), 55 ̊ C for 40 seconds (annealing), and 72 ̊ C for 40 seconds 

(extension), followed by a final extension at 72 ˚C for 5 minutes. Conditions for the 

second PCR reaction were similar to the first one, except for primers and annealing 

temperature (53 ˚C). For quality control, DNA from cultured L. major and L. tropica lab 

strains were used as positive controls, and nuclease free water was used as a 

negative control. 

 

2.2.4.3  qPCR-HRM analysis for ITS1 Leishmania identification 

To enhance sensitivity and specificity in detecting Leishmania species, samples were 

further screened using ITS1-qPCR followed by High Resolution Melt (HRM) analysis. 

HRM analysis is a molecular technique, which is used to measure the dissociation rate 

of double stranded DNA (dsDNA) as the temperature is increased. This method is 

based on the presence of DNA intercalating fluorescent dye, which fluoresces only 
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when bound to dsDNA. By using the camera embedded within the qPCR-HRM 

machine, the level of fluorescence dye is measured during thermally-induced dsDNA 

dissociation.  

 

The DNA of all samples and controls were amplified using an HRM capable Agilent 

Technologies Stratagene Mx3005P real-time PCR thermocycler. The 20 µl final 

volume contained 1x Luna Universal qPCR SYBR Green-based master mix (NEB), 1 

µl of the template and 500 nM of each primer, namely; forward primer (5’-

CACGTTATGTGAGCCGTTATCC-3’) and reverse primer (5’-

GCCTTTCCCACATACACAGC-3’). Cycling conditions included an initial denaturation 

at 95 ˚C for 1 minutes followed by 40 cycles of amplification at 95 ˚C for 15 seconds 

(denaturation) and 60 ˚C for 30 seconds (combined annealing and extension). HRM 

was performed by denaturation of the qPCR products at 95 ˚C for 1 minute followed 

by cooling at 50 ˚C for 30 seconds for reannealing and gradually raising the 

temperature by ca. 0.1 ˚C increments per 2 seconds and recording changes in 

fluorescence. The product size is almost 200 bp with different melting points that 

revealed the HRM profiles of L. major (Tm=85.66 °C) and L. tropica (Tm=84.09 °C). 

For more details (see Appendix 2). 

 

2.2.4.4  qPCR for quantification of Leishmania kDNA  

To estimate the parasite load in lesion swabs, a standard curve of different Leishmania 

parasite numbers (promastigote stage) in 1 ml of Phosphate Buffered Saline (PBS) 

was constructed (Table 2.1). The DNA was extracted using the Extreme DNA isolation 

kit (XME-Isohelix). Isolated DNA from lesion swabs and standard curve samples were 
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processed through the Agilent Technologies Stratagene Mx3005P real-time PCR 

thermocycler in a  20 µl final volume containing 1x Luna Universal qPCR SYBR Green-

based master mix (NEB), 500 nM of each of the kDNA-primers JW11 and JW12 

(Abbasi et al., 2013), 1 µl of the template and nuclease free water. Cycling conditions 

included an initial denaturation at 95 ˚C for 1 minute followed by 40 cycles of 

amplification at 95 ˚C for 15 seconds (denaturation) and 60 ˚C for 30 seconds 

(combined annealing and extension). The estimated value of the parasite load of the 

lesion swabs was interpolated from the standard curve copy number using linear 

regression (Prism 7 version) (Figure 2.5). 

 

Table 2.1 Standard calibration curve for Leishmania kDNA promastigote quantity estimation. 

Parasite load 
parasite/ml 

Replicate1 
Ct(dRn) 

Replicate2 
Ct(dRn) 

Replicate3 
Ct(dRn) 

Mean 
Ct(dRn) SD CV% 

7x106 11.79 11.83 11.97 11.86 0.09 0.80 
5x106 11.65 11.93 11.59 11.72 0.18 1.55 
1x106 14.78 14.97 14.77 14.84 0.11 0.76 
5x105 17.09 17.07 17.22 17.13 0.08 0.48 
1x105 18.96 18.99 18.89 18.95 0.05 0.27 
5x104 19.62 19.55 19.59 19.59 0.04 0.18 
1x104 21.95 22.01 21.98 21.98 0.03 0.14 
5x103 23.89 23.89 23.98 23.92 0.05 0.22 
1x103 25.22 25.07 25.28 25.19 0.11 0.43 
500 25.73 25.81 25.96 25.83 0.12 0.45 
100 26.34 26.25 26.5 26.36 0.13 0.48 
50 26.8 26.87 26.72 26.80 0.08 0.28 
10 27.26 27.47 27.81 27.51 0.28 1.01 
5 28.65 29.04 29.2 28.96 0.28 0.98 
1 29.39 29.28 29.38 29.35 0.06 0.21 

0.5 29.98 29.94 29.85 29.92 0.07 0.22 
NTC 31.54 30.07 32.75 31.45 1.34 4.27 
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Figure 2.5 A standard curve for qPCR – kDNA Leishmania parasites. L. major promastigotes were 
cultured in M199 media and DNA was extracted after different cell dilutions. For each batch run, a 
standard curve was used to calculate the parasite load. 

 

 

2.2.5 Drug assays  

Four L. tropica isolates (ASR1, ASR2, ASR3 and ASR4) obtained from different CL 

patients from Asir, were successfully established in culture. All the patients showed a 

late treatment response to SbV (see Table 2.6). All these isolates were identified by 

molecular tools as L. tropica and maintained in M199 media (M4530 Gibco) with 15% 

heat inactivated FBS (Invitrogen), 1.5% BME vitamins (Sigma), and 25 µg/ml 

gentamycin sulphate (Sigma) and incubated at 26°C with 5% CO2. The rest of the fine 

aspiration samples from the Al-Hasa and Asir CL patients could not be isolated, either 

because of bacterial and fungal contamination or because of a small inoculum. All 

isolated strains were tested for their in vitro sensitivity to most common anti-leishmania 

drugs within five passages from isolation (drugs stocks prepared as mentioned in 

Table 2.2). Laboratory strains L. tropica (MHOM/Sa/60/LV357) and L. major 

(MHOM/1L/80/Friedelin) were used as references in this assay. 
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Table 2.2 List of drugs used to test the sensitivity of Leishmania strains in vitro. 

Drugs Company Catalogue 
number 

Stock 
concentration 

Initial 
conc. for 
the assay 

Dilution 
factor 

Miltefosine Calbiochem CAS 
58066 20 mM (H2O) 30 µM 1.4 

Paromomycin SIGMA-ALDRICH P9297 20 mM (H2O) 150 µM 1.5 

Amphotericin B SIGMA-ALDRICH A4888 20 mM (DMSO) 6 µM 2 

Clotrimazole SIGMA-ALDRICH PHR1058 20 mM (DMSO) 20 µM 1.5 

Itraconazole SIGMA-ALDRICH PHR1834 20 mM (DMSO) 10 µM 2 

Trivalent  
 (SbIII) SIGMA-ALDRICH 383376 35 mg/ml (H2O) 667.9 

µg/ml 2 

Pentavalent  
(SbV) Calbiochem CAS 

16037 35 mg/ml (H2O) 66.67 
µg/ml 1.5 

Fusidic acid SIGMA-ALDRICH Y0001411 10 mg/ml 
(DMSO) 1 mg/ml 2 

Augmentin SIGMA-ALDRICH SMB00607 10 mg/ml 
(DMSO) 1 mg/ml 2 

 

 

2.2.5.1  In vitro assays to determine SbV sensitivity of intracellular amastigotes  

THP1 cells (Human Acute Monocytic Leukaemia Cell Line) were maintained in RPMI-

1640 medium (Invitrogen), containing 10% of heat-inactivated FBS, at 37 °C in a 5% 

CO2 incubator as described (Jain et al., 2012). After four days of incubation, the cells 

were diluted in fresh RPMI-1640 media (with 10% FBS) to reach 2.5x105 cells/ml in 

16-well chamber slides (Lab-TeK Chamber Slide System). To achieve complete 

differentiation of THP1 cells, 50 ng/ml of phorbol 12-myristate 13-acetate (PMA) 

(Sigma-Aldrich) was added and cells were incubated overnight at a 37 °C, 5% CO2. 

Afterwards, the PMA-treated THP1 cells were infected with ~ 2.5x106 stationary phase 
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(6-7 day old cultures containing a significant number of metacyclic promastigotes) 

Leishmania spp promastigotes at a final ratio of 1:10, in RPMI-1640 medium 

containing 2% FBS at 37 °C, 5% CO2. After 24 hours, the infected cultures were 

washed with serum-free RPMI-1640 medium (at least three times) followed by addition 

of pentavalent antimonial (SbV) for 48 hrs at 37 °C, 5% CO2. The SbV dose range 

started at 66.67 µg/ml and was serially diluted (1:5) in RPMI-1640 medium containing 

2% FBS. Then, the slides were washed with serum-free RPMI-1640 and fixed with 

methanol for 30 seconds. Afterwards, the slides were stained with 5X SYBR safe 

(Invitrogen) for 15 min in a dark place at room temperature. Finally, the slides were 

washed once with water and examined under a fluorescent microscope to determine 

the number of amastigotes per 100 macrophages (Figure 2.6). The assays were 

performed in triplicate using a group of Leishmania-infected cells incubated with 3 µM 

Amphotericin B as positive control and infected macrophages with no added drug as 

negative control. The average of three independent assays was recorded. In addition, 

the negative control was used as a reference parameter (100% infection) to determine 

the concentration that inhibits 50% of the parasite growth (IC50 value) using a non-

linear regression analysis performed in GraphPad Prism 7 Software. 
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Figure 2.6  SYBR safe (5X)-stained slide showing differentiated THP1 cells infected in vitro with 
L. tropica amastigotes. The quantification was done as number of amastigotes per 100 macrophage 
cells using a fluorescent microscope. 

 

 

2.2.5.2  In vitro assays to determine antileishmanial drugs sensitivity of 
procyclic promastigotes 

In this experiment, the Alamar Blue assay was used to screen the viability of 

Leishmania promastigotes isolates and lab-reference strains against different 

antileishmanial, antifungal and antibacterial drugs. The compounds used were 

trivalent sodium stibogluconate (SbIII), Miltefosine, Paromomycin, Amphotericin B, 

Clotrimazole, Itraconazole, Augmentin and Fusidic acid. This assay depends on using 

oxidised non-fluorescent dye that is chemically reduced by cell growth to fluorescent 

form, which can be monitored at an excitation wavelength of 530-560 nm and an 

emission wavelength of 590 nm (Rampersad, 2012). 
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The parasite cultures were maintained in M199 media (M4530 Gibco) containing 15% 

heat inactivated FBS (Invitrogen), 1.5% BME vitamins (Sigma), and 25 µg/ml 

gentamycin sulphate (Sigma) and incubated at 26 °C with 5% CO2. Initially, once the 

promastigote density reached ~ 2.6x106 cells/ml, they were aliquoted in fat-bottom 96-

Well plates (BD Falcon) at 100 µl per well. Afterwards, the  drugs were added at 

different concentrations (diluted in M199 media with 10% FBS (Table 2.2)) followed 

by incubation at 27 °C, 5% CO2 for 48 hours. Next, 10% Alamar Blue solution was 

added to each well (20 µl/well) and the fluorescence was read after 24 hours of 

incubation at 27 °C, 5% CO2 using Thermo Scientific™ Varioskan™ LUX (wavelength, 

λex=530-560; λem=590). The assay was performed in triplicate for each tested drug. 

In addition, the positive control (parasite with 3 µM Amphotericin B), negative control 

(only parasites and no added drug) and blank (M199 media) were applied in each 

plate. The average of three independent assays was recorded. In addition, the 

negative control was used as a reference parameter (100% infection) and IC50 value 

was calculated using nonlinear regression analysis performed in GraphPad Prism 7 

Software.  

 

2.2.6 Retrospective study 

To determine which of the antibiotics and/or antifungals (AF) drugs can improve the 

treatment against L. major infection on a large scale, data of one-year (2016/2017) CL 

records from the Al-Hasa district were collected and translated into English for 

digitalisation and statistical analysis. 
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2.2.7 Statistical analysis 

To determine the IC50 of parasite sensitivity, nonlinear regression analyses were 

performed in the GraphPad Prism 7 Software. For the retrospective analysis, IBM 

SPSS Statistics version 24 was used for chi-square and binary logistic regression 

analysis. 

 

2.2.8 Ethics 

Ethical approval was obtained from both the Liverpool School of Tropical Medicine, 

UK (12.03RS and 16-050) and the Saudi Ministry of Health (MoH) Ethical Committees. 

 

2.3 RESULTS 
2.3.1 Identification of Leishmania isolates 

In KSA, the majority of CL cases are diagnosed clinically based on lesion numbers 

and appearance, and the patient’s residential area. In this study, 89 cases were 

clinically diagnosed as CL and Giemsa staining allowed confirmation of 11 CL cases 

after detection of Leishmania amastigotes. In addition, ITS1 and kDNA analysis 

confirmed that 77 of these were infected by either L. major or L. tropica (below). 

(Figure 2.7).  
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Figure 2.7 Example of a positive CL case after Giemsa staining. (A) Leishmania amastigotes 
present within the cytoplasm of an infected macrophage cell. (B) Another slide showing platelets 
aggregation in the smear, which can mislead diagnosis.  

 

Different molecular methods were used to enhance the sensitivity of Leishmania 

detection and species identification in the collected samples. The ITS1-PCR-RFLP 

successfully identified the Leishmania species in 59 of the CL cases (Figure 2.8). The 

sensitivity of the nested kDNA-PCR appeared to be superior to the ITS1-PCR as it 

showed positive amplification of 750 bp (L. tropica) and 560 bp (L. major) in 75 

samples, although some of these amplification bands were unable to determine 

Leishmania species (Figure 2.9). To overcome this issue, I used ITS1-qPCR-HRM, 

which was able to identify Leishmania species in 77 CL cases. 
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Figure 2.8 Leishmania parasite identification by ITS1-PCR-RFLP. M: 100 bp ladder; 1 and 2: 
examples of patients' samples that tested positive for L. tropica; 3 and 4: L. major and L. tropica positive 
controls (lab strains); 5: negative control. Molecular sizes of the RFLP products for each species, are 
shown: L. major (220 and 140 bp) and L. tropica (200 and 60 bp). 

 

 

 

Figure 2.9 Leishmania parasite identification by nested kDNA. M; 100 bp molecular size marker. 
Lanes S1 and S2 show positive infection of L. tropica; Lanes 3 and 4: L. major and L. tropica positive 
controls (lab strains); Lane 5: negative control. L. major and L. tropica provided the expected amplicon 
sizes of 560 bp and 750 bp respectively. 

 

2.3.2 Demographic characteristics of Asir and Al-Hasa CL patients  

Most of the reported cases of CL were relatively prevalent at the district level close to 

public areas (Figure 2.10). 
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Figure 2.10 Geographical map of KSA showing the locations of reported CL cases in Al-Hasa 
and Asir regions between 2017-2018. The heat colour shows the rate of CL cases during the cohort 
collection. The triangle indicates the location of the dermatology clinic where all CL patients received 
treatment. The map was designed using ArcGIS software by Esri (online). 

 

According to the molecular analysis of the collected samples, all CL patients in the Al-

Hasa and Asir regions were infected by L. major and L. tropica, respectively. Only one 

case was found with L. major infection in Asir and this was from a patient who had 

recently migrated from another L. major-endemic area (i.e. Al-Qassim region). Based 

on the clinical data, the L. major-infected patients developed multiple lesions that 

where mostly found on their feet and hands. Patients were mainly male and non-Saudi 

citizens (migrant workers) of different nationalities (Figure 2.11). On the other hand, the 

majority of L. tropica patients presented a single lesion that was usually found on the 

arm or face. Moreover, this group of patients mainly consisted of Saudi citizens with 

semi-equal rate of infections between male and females. Regarding occupation, 

unemployed or retired people and pupils were mostly infected by L. tropica while 

farmers, construction workers and drivers were at high risk of infection by L. major 
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(Figure 2.12). The clinical presentations of the CL lesions were quite different between 

L. major and L. tropica infected patients in terms of lesion size, shape and colour. The 

majority of L. tropica patients showed a dry type of lesion with a low rate of secondary 

infections (SI). In contrast, most L. major patients had wet lesions and a higher rate of 

SI (Table 2.3 and Figure 2.13 and Figure 2.14).  

 

 

 

Figure 2.11 Breakdown of CL patients nationalities in the Al-Hasa region. Saudi locals represented 
only 14% of our enrolled patients. 

 

 

Figure 2.12 Comparison of the CL patients’ occupations between Al-Hasa and Asir regions. 
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Table 2.3 Demographic characteristics of the Asir (L. tropica) and Al-Hasa (L. major) patients. 

Characteristics Asir – No of  
patients  

Al-Hasa – No of 
patients 

No. of CL patients 26 51 
L. major infection 1 51 

L. tropica infection 25 0 
Age/years (median) 20 33 

No. of Saudi Patients 23 6 
Gender   

Male 56% 96% 
Female  44%  4%  

Lesion appearance   
Size (mean) cm 3.86 2.84 

Dry 68% 34% 
Wet 32% 66% 

No. of lesions 39 227 
Secondary infection (SI) 40% 78.4% 

Lesion Location   
Arm 41.0% 20.8% 
Hand  15.4%  24.2%  
Face 30.8% 1.1% 
Leg 10.3% 24.2% 
Feet 2.6% 27.5% 

Abdomen 0% 2.2% 
Treatment response   

Antibiotic and/or antifungal 0% 27.5% 
Intralesional-Sb 92% 52.9% 

Intramuscular-Sb 8% 19.6% 
 

 

 

Figure 2.13 A collection of images showing different clinical presentations of CL lesions caused 
by L. major in the Al-Hasa region. Most CL patients developed multiple lesions that can be either 
small papular and nodular or large wet ulcerative. Credit: Dr Lee Haines. 
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Figure 2.14 A collection of images showing different clinical presentations of CL lesions caused 
by L. tropica in the Asir region. Most CL patients exhibited a single dry lesion. Credit: Yasser Alraey.  

 

2.3.3 Correlation of estimated parasite burden and lesions characteristics  

To estimate parasite load, a calibration curve was generated to quantify the copy 

numbers of Leishmania kDNA extracted from lesion swab samples using qPCR (Table 

2.1 and Figure 2.5). Generally, L. major patients showed a higher parasite load than 

L. tropica patients (Figure 2.15 A). In some L. major patients, for whom samples were 

taken during drug treatment, a decrease in parasite load was observed from the 

second visit onwards (Figure 2.15 B). When correlating the estimated parasitaemia 

with lesion size, L. tropica infection showed a significant positive correlation (Pearson 

r= 0.4, p<0.05), whilst L. major infection showed a slight negative, but not significant 

correlation (Pearson r= -0.08, p>0.05) (Figure 2.15 C and D). Patients with nodular 

lesions showed a higher parasite rate compared to those with papule or plaque forms, 

but the differences were not significant (ANOVA, p>0.05) (Figure 2.15 E and F). 

Furthermore, CL patients with a late healing response had a high parasite load 

compared to those who responded favourably to treatment. The correlation between 

parasite load, treatment responses and skin microbiota is explained further in Chapter 

3 (sections 3.3.5 and 3.3.6). 
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Figure 2.15 Correlations between parasite load and clinical features or CL type. The load of L. 
major and L. tropica parasites in infected patients was determined by qPCR-kDNA analysis of patients' 
swabs. Each dot represents a single CL patient. (A) shows mean differences comparing both types of 
CL infections. (B) shows how the parasite load changes during drug treatment; each symbol represents 
single patients who visited the leishmaniasis clinic twice. (C) and (D) show the Pearson correlation 
between parasite load and lesion size, per infection type. (E) and (F) show the estimated parasite load 
in relation to the different clinical presentations, per infection type.  
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2.3.4 Treatment efficacy varies between L. major and L. tropica patients  

Different CL treatment protocols were identified between the two endemic regions. For 

instance, in Al-Hasa, SbV was given as second option in case patients did not respond 

to antibiotics and/or antifungals (AF) treatment. Moreover, intralesional SbV was given 

to patients with 1-2 lesions whereas the intramuscular injection of SbV was given to 

patients with more than 2 lesions. In contrast, in the Asir region, once CL was 

confirmed by Giemsa staining, the patients were immediately treated with SbV 

alongside antimicrobials or cryotherapy. This is because almost all Asir patients are 

suspected to be infected by L. tropica, which is naturally more refractory to antimonials. 

For some cases, administration of intramuscular SbV was used when lesions were 

present on the face (Figure 2.16).  

 

 

Figure 2.16 Diagram illustrating the CL treatment protocol in KSA. (A) refers to the Al-Hasa 
treatment protocol where most patients are infected by L. major. (B) refers to Asir treatment protocol 
where most patients are infected by L. tropica. Most samples were collected at the time point (T1) for 
both infections. 
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When following the treatment responses, all L. tropica patients were administered 

several courses of SbV, for a minimum of three months (1 course/week). However, L. 

major patients responded more favourably to the treatment with antimonials (a 

maximum of three weeks). Interestingly, some of the L. major patients did not require 

SbV injections because their lesions healed after using only AF (Figure 2.17). 

 

 

Figure 2.17 Summary of the treatment responses in CL patients infected with either L. major (Al-
Hasa CL patients) or L. tropica (Asir CL patients). (A) represents the percentage of CL patients in 
Al-Hasa region for whom lesions were healed with either AF only, AF + intramuscular-SbV or AF + 
intralesional-SbV. (B) represents the percentage of CL patients in Asir region for whom lesions were 
healed within, or more than, four months of commencing SbV courses.  

 

2.3.5 Evidence that antimicrobials favour the treatment response against L. 
major infections  

To better assess the positive impact of these antimicrobials on the treatment of L. 

major infected patients on a wider scale, CL records taken over a period of 12 months 

(2016/2017) from the Al-Hasa Leishmaniasis clinic and were translated into English 

for digitalisation. Only 278 cases (out of 599) that were recorded during this period of 

time were clinically confirmed as CL whilst the rest were diagnosed as non-parasitic 

dermatological diseases (Figure 2.18). 
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Figure 2.18 Number of suspected CL patients visiting the Al-Hasa Leishmaniasis clinic during 
2016-2017. 

 

Of the 278 CL cases, I looked at the treatment response profile of each patient and 

what type of treatment regime these individuals received. In general, 60% of CL 

patients were cured using only antibiotics and/or antifungals (AF; first line), while the 

rest of the patients received several SbV injections after they had taken AF to heal 

(Figure 2.19). The number of SbV injections varied depending on the severity of the 

disease experienced by each patient.  

 
Figure 2.19 Percentage of individuals from Al-Hasa whose lesions healed after receiving anti-
leishmanial drug treatment. Data correspond to the cohort recorded at the Saudi MoH Leishmaniasis 
clinic during 2016-2017. AF, antifungal and/or antibiotics; Sb, Sodium stibogluconate. (A) Pie chart of 
the overall percentage of healing after treatment. (B) Number of treated patients per treatment regime. 
Details of the antimicrobials administered to the patients are summarised in Table 2.5.  

Number of recorded Visits
1090

Number of recorded  suspected CL Patients
599

Number of recorded Patients 
with CL

278

Number of recorded Patients 
with Non-CL 

321
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During that year, patients were treated with different antibiotics and/or antifungals that, 

in general, showed signs of improvement with a high odds ratio. Some antimicrobials 

showed a statistically significant association with a satisfactory treatment response 

(i.e. healing): Fucidin [OR= 1.26 (CI=1.1-1.5) p<.05], Itraconazole [OR= 1.28 (CI=1.04-

1.57) p<.05] and Clotrimazole [OR= 2.02 (CI=1.13-3.61) p<.05] (Table 2.4). 

 

Table 2.4 Chi-square analysis showing the odds ratios (OR) of the potential factors influencing 
the treatment responses of Al-Hasa CL patients after receiving first-line treatment. See Figure 
2.19. 

Variables No. patients healed 
after AF only 

No. patients healed 
after AF + SbV OR 95% CI p-Value 

Sex      
Male 152 104 0.99 0.92-1.06 0.822 

Female 14 8 1.18 0.51-2.72  

Nationality      

Saudi 54 27 1.35 0.91-2.00 0.141 
Non-Saudi 112 85 0.89 0.77-1.03  

Fucidin      

Yes 133 71 1.26 1.1-1.5 0.009 
No 33 41 0.63 0.45-0.87  

Augmentin      

Yes 16 5 2.16 0.81-5.73 0.164 
No 150 107 0.95 0.89-1.1  

Rifampicin      

Yes 20 8 1.69 0.77-3.7 0.225 
No 146 104 0.95 0.88-1.02  

Fluconazole      

Yes 90 54 1.12 0.89-1.43 0.331 
No 76 58 0.88 0.69-1.13  

Itraconazole      

Yes 123 69 1.28 1.04-1.57 0.017 
No 43 43 0.69 0.51-0.92  

Clotrimazole      

Yes 39 13 2.02 1.13-3.61 0.013 
No 127 99 0.87 0.78-0.96  

 

 

Because these drugs were administered based on drug availability at the time of 

medical consultation, it was necessary to perform a binary logistic regression. The 
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analysis statistically supports the healing effect that Fucidin (Fusidic acid), Augmentin, 

Itraconazole and Clotrimazole have on CL treatment (step 3), whereas Fluconazole 

and Rifampicin were not statistically significant (Table 2.5).  

 

Table 2.5. Binary logistic regression using Backward stepwise – likelihood ratio of the treatment 
responses of Al-Hasa CL patients after receiving first-line treatment. 

Variable Model Log 
Likelihood 

Change in -2 
Log Likelihood df Sig. of the 

Change 
Step 1     

Fucidin -177.638 5.71 1 0.017 

Augmentin -176.606 3.646 1 0.056 

Rifampicin -174.812 0.057 1 0.812 

Itraconazole -176.536 3.505 1 0.061 

Fluconazole -174.821 0.076 1 0.783 

Clotrimazole -178.867 8.168 1 0.004 
Step 2     

Fucidin -177.751 5.878 1 0.015 

Augmentin -176.608 3.592 1 0.058 

Itraconazole -176.552 3.481 1 0.062 

Fluconazole -174.86 0.096 1 0.756 

Clotrimazole -180.526 11.43 1 0.001 
Step 3     

Fucidin -177.759 5.797 1 0.016 

Augmentin -176.739 3.758 1 0.053 

Itraconazole -176.698 3.677 1 0.055 

Clotrimazole -180.699 11.679 1 0.001 

 

 

2.3.6 In vitro susceptibility of Leishmania clinical isolates against antimonial-
Sb drug  

In this assay, four L. tropica clinical isolates (ASR1, ASR2, ASR3 and ASR4) obtained 

from patients showing a late treatment response to pentavalent antimonial, were used 

to test their sensitivity in vitro against SbV and SbIII. L. tropica (LV357 strain) and L. 
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major (Friedlin strain) were included in this assay as reference strains. The patient 

infected by the ASR4 strain received the highest number of Pentostam courses (see 

Table 2.6). The susceptibly of these strains was determined by exposing promastigote 

and amastigote forms to trivalent and pentavalent Sb, respectively, at increasing 

concentrations. As expected, the L. major lab strain had the highest sensitivity rate to 

both Sb forms, whereas, the L. tropica lab strain was about 10 times less responsive 

to SbIII and SbV when compared to the L. major lab (Friedlin) strain. Furthermore, 

there were no major differences in the sensitivity rate among the clinical isolates. 

However, ASR3 and ASR4 strains had the highest and lowest sensitivity rate 

respectively against both form of Sb (Figure 2.20 and Table 2.6).   

 

 

 

Figure 2.20  Susceptibility assay of Leishmania strains against sodium stibogluconate (Sb) 
measured in-vitro. (A) shows the sensitivity of Leishmania promastigotes to different concentrations 
of SbIII assessed by the Alamar Blue assay and each point represents an average of three independent 
tests. (B) shows the sensitivity of intracellular amastigotes stage to different concentrations of SbV 
measured by direct counting of stained amastigotes per 100 macrophages (THP1 cells), which each 
point represents the average of two independent tests carried out in duplicate. The survival % is 
calculated by (average of treated cells/non-treated control cells) x100.  
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Table 2.6 IC50 values of L. tropica clinical isolates and lab strains treated with sodium 
stibogluconate (Sb). IC50 (concentration of the drug that can cause 50% inhibition in parasite growth) 
was calculated by nonlinear regression analysis performed with GraphPad Prism 7 Software. ASR1-
ASR4 refer to L. tropica isolates from Asir.  

Samples 

Promastigote Amastigote 
Number of SbV 

courses received 
clinically 

SbIII 
IC50 (μg/ml) 95% CI SbV 

IC50 (μg/ml) 95% CI 

ASR1 31.9 27.0 to 37.7 10.1 7.0 to 14.7 14 

ASR2 36.6 32.9 to 40.7 10.1 8.5 to 12.0 16 

ASR3 21.6 17.7 to 26.4 10.0  7.7 to 13.0 14 

ASR4 39.4 30.7 to 50.6  10.9 9.3 to 12.7  26 

L. major 
(Lab strain) 5.4 5.0 to 6.0 2.8 2.2 to 3.5 -- 

L. tropica 
(Lab strain) 53.9 44.5 to 65.3 16.5  14.3 to 19.2  -- 

 

 

2.3.7 In vitro susceptibility of Leishmania promastigote strains against other 
anti-leishmanial drugs 

The sensitivity of promastigote clinical isolates to other common antileishmanial drugs 

(Miltefosine, Paromomycin and Amphotericin B) was tested using the Alamar Blue 

assay. In addition, based on the outcomes obtained from the retrospective analysis 

(2.3.5), the effect of several azoles (Clotrimazole and Itraconazole), Augmentin and 

Fusidic acid on the same strains was tested in vitro. Among all tested drugs, 

Amphotericin B showed the highest antileishmanial efficacy against all clinical isolates 

and laboratory parasite strains. Moreover, both laboratory reference strains showed a 

higher rate of resistance to all tested drugs compared to clinical isolates. Regarding 

the clinical isolates, ASR4 showed the highest IC50 against all tested drugs, except for 

Miltefosine where the ASR1 IC50 was higher. On the other hand, the highest level of 
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drugs sensitivity was found in the ASR3 strain (Table 2.7 and Figure 2.21). Using 

Augmentin and Fusidic acid at a concentration of 1 mg/ml in vitro did not show a big 

impact on promastigote survival in any of the tested strains. 

 

Table 2.7 Susceptibility of Leishmania clinical isolates and lab-strain promastigotes to anti-
leishmania and antifungal drugs. IC50 (concentration of the drug that can cause 50% inhibition in 
parasite growth) was calculated by nonlinear regression analysis performed with GraphPad Prism 7 
Software. ASR1-ASR4 refer to L. tropica isolates from Asir.  

 ASR3 ASR4 ASR1 ASR2 
L. tropica 

(Lab strain) 
L. major (Lab 

strain) 

Amph-B  
IC50 (µM) 

0.02477 0.0381 0.02665 0.02624 0.1206 0.1084 

95% CI 
0.01705 to 

0.0358 
0.02787 to 
0.05197 

0.0197 to 
0.03593 

0.01902 to 
0.03604 

0.08559 to 
0.1697 

0.08223 to 
0.1429 

Miltefosine IC50 

(µM) 
0.62 1.49 1.64 1.37 3.12 4.27 

95% CI 0.57 to 0.68 1.26 to 1.75 1.37 to 1.94 1.20 to 1.55 2.71 to 3.60 3.55 to 5.12 

Paromomycin 
IC50 (µM) 

7.14 20.9 18.95 12.67 41.63 12.67 

95% CI 5.79 to 8.75 
17.16 to 
25.46 

17.86 to 20.1 
11.43 to 
14.04 

37.16 to 46.67 11.43 to 14.04 

Clotrimazole 

IC50 (µM) 
1.6 1.83 1.72 2.0 2.41 3.47 

95% CI 1.39 to 1.84 1.38 to 2.42 1.44 to 2.04 1.68 to 2.39 2.04 to 2.84 2.84 to 4.24 

Itraconazole 

IC50 (µM) 
0.11 3.36 1.25 1.78 5.22 3.97 

95% CI 0.05 to 0.26 2.84 to 3.99 0.99 to 1.57 1.42 to 2.26 3.40 to 8.16 3.06 to 5.18 
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Figure 2.21 Susceptibility of Leishmania promastigotes against anti-leishmanial and antifungal 
drugs measured by Alamar Blue assay in vitro. The survival % is calculated by (average of treated 
cells/ non-treated control cells) x100. (A) sensitivity of Leishmania promastigotes to Itraconazole. (B) 
sensitivity of Leishmania promastigotes to Clotrimazole. (C) sensitivity of Leishmania promastigotes to 
Paromomycin. (D) sensitivity of Leishmania promastigotes to Miltefosine. (E) sensitivity of Leishmania 
promastigotes to Amphotericin B. 
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2.4 DISCUSSION  

Cutaneous leishmaniasis is a major health concern in KSA and other Middle Eastern 

countries. It is caused by L. tropica and L. major, which have a distinct vector and 

transmission cycle (Klaus and Frankenburg, 1999). Recent work has shown the 

possible effect of secondary infections in modulating the efficacy of treatment for CL 

patients in KSA (Al-Salem et al., 2019). Building on this, the potential role of skin 

microbiota in influencing treatment response in the context of CL was presented as a 

main hypothesis in this thesis, which was investigated using 16S rRNA metagenomic 

analysis (Chapter 3). To achieve integrated and consistent results for the microbiome 

analysis, in this Chapter I collected biological samples from suspected CL patients as 

a pilot cohort. In addition, I conducted a retrospective study to understand more about 

CL patients’ responses to current anti-leishmanial treatment protocols.  

 

To verify the relationship between the patients’ skin microbiota and the treatment 

response, samples were collected from the Asir and Al-Hasa regions in KSA which 

are endemic for L. tropica and L. major, respectively. This study was originally 

designed to collect samples from at least 100 CL patients, but because of limited time 

and resources I only collected 78 samples. Analysis of the of CL patients’ cohort 

revealed an extreme variability in disease outcomes based on type of parasite 

infection. For instance, a single "dry" lesion on the patient’s face was more common 

in L. tropica infections. In contrast, multiple "wet" lesions in different parts of the body, 

but predominantly on the feet, were more frequently seen in L. major patients. The 

reasons for these may be several, including differences in vector behaviour 
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(attractiveness) (Kelly, 2001) and gender, since most of the L. major patients were 

male migrant workers (as discussed below). 

 

To date, the risk groups for L. major and L. tropica are not well defined in KSA (Abuzaid 

et al., 2017). In the Asir region, most L. tropica patients were Saudi locals living in rural 

areas with their domestic animals. This would suggest that anyone is at high risk of 

infection during an outbreak. On the other hand, the majority of L. major cases from 

Al-Hasa were found to be migrant workers in farms and construction sites, far away 

from the main cities. This explains the different risk groups between these two regions, 

a characteristic that should help to improve control measurements in terms of health 

education and mobile clinic implementation. For example, implementing intensive 

health education about CL in rural schools and mosques in Asir, or launching a multi-

language educational campaign for non-Saudi workers using mobile health clinics in 

Al-Hasa.  

 

Improving diagnostic tools to detect Leishmania infection accurately is essential if 

treatments are to be applied effectively (Cattand et al., 2006). In KSA, CL diagnosis 

relies on Giemsa staining of lesion aspirates together with clinical examination and 

epidemiological data from the patient’s region. However, the sensitivity of Giemsa 

staining for the diagnosis of CL depends on the expertise of technicians, which starts 

in obtaining high quality (lesion aspirate) samples; this was in fact one of the main 

challenges I also faced during my field collections. In case the result of the microscopy 

analysis was negative, suspected CL patients are usually asked to repeat the test 

three times on three different days, for confirmation. This is inconvenient for most 

patients in terms of transportation (e.g. in Al-Hasa most farms are far from the city and 
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transport depends on availability of designated drivers) and also in terms of work 

commitments. These issues lead to a delay in applying treatment, which aggravates 

the state of the lesions and may increase the risk of transmission, especially in areas 

of anthroponotic transmission. Therefore, using alternative diagnostic tools, such as 

PCR, is highly recommended.  

 

In general, the conventional PCR tool is frequently used to determine Leishmania 

species. However, some of my collected samples from Asir and Al-Hasa showed 

negative results with very weak amplification products when trying to amplify ITS1 by 

PCR. When there are low amounts of DNA, the sensitivity of PCR can be quite 

challenging when targeting Leishmania ITS (Koltas et al., 2016). On the other hand, 

amplification of specific kDNA regions seem to improve the sensitivity of Leishmania 

detection since there are about ten thousand kDNA minicircle copies per parasite 

(Abbasi et al., 2013). Therefore, to enhance the sensitivity of detecting Leishmania 

parasites in the patients’ swab samples I used nested kDNA-PCR, which increased 

the number of positive samples compared to performing only ITS1-PCR analysis. 

However, one caveat of this method is that it does not identify the Leishmania species, 

even after sequencing,  which may be due to  the highly level of sequence 

polymorphism of kDNA (Bensoussan et al., 2006). To overcome this limitation, myself 

and others from the lab developed a qPCR-HRM assay using ITS1 primers which 

demonstrated the ability to discriminate between L. tropica and L. major parasites with 

high efficiency. This was successfully applied to my clinical samples (Appendix 2), 

which also highlights the suitability of this method to diagnose Old World CL in 

endemic areas.  
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It was necessary to determine the parasite load in all clinical samples using real-time 

PCR in order to investigate the relationship between parasite load and the 

pathogenicity of leishmaniasis in the treatment response to antileishmanial drugs 

(Manna et al., 2009, Van der Meide et al., 2008). Using kDNA qPCR for Leishmania 

quantification was recommended due to its high sensitivity compared to the novel ITS1 

target (see Appendix 2). My results showed that L. major lesions had a higher 

Leishmania load compared to lesions from L. tropica-infected patients, although this 

difference cannot be attributed purely to differences between the Leishmania species. 

Other factors such as onset of disease and type of treatment received can also 

influence parasite load (Jara et al., 2013). Although the use of Iso-helix swabs is not 

as efficacious as biopsy samples for sample collection, my results were consistent 

with a previous study using skin biopsy in that there was a higher load of parasites in 

early CL cases, but that decreased during treatment (Jara et al., 2013, Kumar et al., 

2009). The results suggest that the simplicity and non-invasiveness of Iso-helix swabs 

makes them a practical tool for monitoring treatment. However, this approach needs 

to be tested further in larger cohorts of CL patients to confirm its applicability in 

treatment monitoring (Taslimi et al., 2017).  

 

There are clear differences in the CL treatment protocol applied between Al-Hasa and 

Asir regions. This is mainly due to the type of parasite infection. Patients infected with 

L. major are treated with SbV if healing is not triggered after receiving the first-line 

treatment (antifungals and/or antibiotics). In contrast, L. tropica patients are treated 

immediately with SbV. The immediate treatment of L. tropica ulcers with SbV is very 

important in order to stop disease progression and to reduce the risk of transmission, 

because of its anthroponotic nature. However, the use of other therapeutic 
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interventions, including local cryotherapy or thermotherapy, or other antileishmanial 

drugs is also highly recommended in order to reduce the risk of spreading drug-

resistant L. tropica (WHO, 2014). Nevertheless, when clinically monitoring the 

treatment profiles of the cohort of CL patients, I found that the treatment efficacy of 

SbV against L. tropica-infected patients was unsuccessful when compared to L. major 

patients, consistent with a recent report (Al-Salem et al., 2019). Most of the L. tropica 

cases required a minimum of three months of Sb treatment. On the other hand, 96% 

of L. major cases requiring Sb injections did not exceed one month of treatment.  

 

The unresponsiveness to antimonial in L. tropica patients may result from different 

factors such as variation in the parasite susceptibility to Sb or variation in drug-host 

immune response (Croft et al., 2006). Although the number of L. tropica isolates from 

unresponsive patients was very low (4 out of 25), I determined their in vitro 

susceptibility to Sb in both cultured promastigotes and in infected macrophages. It was 

found that all isolates (ASR1-ASR4) had IC50 to Sb consistently higher than the L. 

major lab reference strain. Whether these values render them Sb-resistant is difficult 

to establish because of the known natural lack of susceptibility of L. tropica to Sb 

(Hadighi et al., 2006). The presence of SbV-resistant Leishmania has been previously 

reported in different areas, such as Bihar (Sundar et al., 2000), Nepal (Decuypere et 

al., 2005) and  Iran (Hadighi et al., 2006). However, these studies lack standardisation 

in clinical monitoring (treatment outcome and follow up), sample isolation (before or 

after treatment) and in vitro sample processing (macrophage line and incubation time).  

 

Interestingly, the four clinical strains were found to be susceptible to other 

antileishmanial drugs in assays performed using promastigotes in vitro. Among the 
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drugs used were Miltefosine, Paromomycin and Amphotericin B, which have been 

previously reported to be efficacious against antimonial-resistant L. tropica strains 

isolated from patients in Iran. In addition, axenic promastigotes from the same L. 

tropica strains were found to be sensitive to antifungals, Clotrimazole and Itraconazole. 

These drugs block ergosterol biosynthesis (a major parasite membrane lipid) by 

targeting lanosterol 14-a demethylase (Cyp51p), and also induce accumulation of 14 

a-methyl sterols (Minodier and Parola, 2007). However, the efficacy of these drugs 

needs to be tested in amastigote-infecting macrophages. It is worth mentioning that, 

contrary to the susceptibility observed in vitro in this thesis, azoles are generally 

assumed to be ineffective for the treatment of L. tropica infections in humans. In fact, 

the guidelines issued by the Saudi MoH suggest the direct use of antimonials (without 

administration of azoles/antibiotics) for L. tropica infections. This indicates that azoles 

are either not the ideal drugs to kill amastigotes and/or that these drugs may not reach 

the parasites when inside the ulcer.  

 

Another important point to address is that while the four clinical strains from Asir were 

isolated from patients showing different degrees of treatment responses to SbV, they 

all showed a no big differences in sensitivity against Sb in vitro. Many factors can 

influence this outcome, including the patients’ commitment to the suggested treatment 

schedules, the immune status of these patients, and the type of skin microbiota they 

develop during the Leishmania infection. Unfortunately, the low number of clinical 

isolates from Asir does not allow the establishment of statistically significant 

correlations with any of the aforementioned factors. 
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The treatment responses of the L. major patients analysed in this study showed that 

in around 37% of these patients, their lesions were healed after using only antibiotic 

and/or antifungal treatment. The action of antifungals and antibiotics (AF) in treating 

CL is not a new discovery as it has been shown in previous studies (Abuzaid et al., 

2017, Larbi et al., 1995, Alrajhi et al., 2002, Al-Salem et al., 2019). Therefore, to 

investigate this in more detailed, I did a retrospective study using the clinical histories 

of CL patients recorded between 2016 and 2017 from the Al-Hasa region, which is 

exclusively endemic for L. major. Although some errors may have been introduced 

during recording or translation to English from Arabic, it helped us to predict which 

antimicrobials worked better when used as a first line of treatment. In 60% of the 

patients, their lesions healed after using just monotherapy consisting of antifungals 

alone (either Fluconazole, Itraconazole or Clotrimazole) and/or antibiotic (i.e. Fucidin, 

Augmentin or Rifampicin). The remaining CL patients required several lines of 

treatment with Sb injections. This suggests the presence of other factors that make 

these patients distinguishable from those who had healed with AF alone. One 

important factor appears to be skin microbiota, which will be discussed in Chapter 3. 

 

Overall, this chapter has studied the epidemiological features of CL in KSA and 

defined different levels of treatment responses when comparing the profile of patients 

from Al-Hasa and Asir. Moreover, it supports the role that antifungals and antibiotics 

may have in treating L. major infections, which may be exploited as a cost effective 

drug treatment protocol. In addition, this chapter reports, for the first time, the degree 

of insusceptibility of L. tropica Asir isolates to SbV when tested in vitro. Since this is 

one of the causes of treatment failure in infected patients (Hadighi et al., 2006, 

Decuypere et al., 2005),  it complicates the efforts of the Saudi MoH to control CL in 
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the Asir region. Therefore, using alternative drugs such as Amphotericin B, Miltefosine 

and Paromomycin or thermotherapy may be advisable. 
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 Can skin microbiota modulate the treatment response to 
Old World cutaneous leishmaniasis? 

 

3.1 BACKGROUND 

Cutaneous leishmaniasis (CL) is the most common type of leishmaniasis, with up to 

one million new cases are reported every year. Typical skin lesions vary in size, take 

a long time to heal, and often leave behind permanent scars (WHO, 2018). Lesion 

healing can also be further delayed by secondary bacterial and/or fungal infections 

(Percival et al., 2010, Grice and Segre, 2011, Sadeghian et al., 2011, Scales and 

Huffnagle, 2013). As a first line of treatment for Old World CL, antimicrobial drugs are 

recommended as they are safe, cost-effective and easy to use.  However, the efficacy 

of these drugs can be highly variable depending on the infecting parasite species and 

the patient’s geographical location (Al-Salem et al., 2019). In lab-based studies, 

antibiotics and antifungals can decrease the severity of Leishmania infection (Nassiri-

Kashani et al., 2005, de Macedo-Silva et al., 2013, Gimblet et al., 2017). Moreover, 

field-based studies confirmed the efficacy of using these drugs as a first line of 

treatment or in combination with antimonial drugs (Larbi et al., 1995, Al-Jaser, 2005, 

Aguiar et al., 2010, Ben Salah et al., 2013b, Al-Salem et al., 2019). In contrast,  other 

groups reported no significant differences when antibiotics and antifungals are used 

in combination with SbV (Iraji and Sadeghinia, 2005, Nassiri-Kashani et al., 2005). A 

recent field-based study conducted by Al-Salem et al., (2019) in KSA showed 

unequivocally that CL patients infected with L. major who were prescribed only 

antibiotics and/or antifungals displayed complete lesion healing, whereas other 

patients required additional courses of pentavalent antimonials. This observation 
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suggests that other factors, potentially including skin microbiota, may modulate the 

patient’s treatment response. 

Human skin is the first line of defence that protects internal organs from the harsh 

external environment. The skin plays host to millions of microorganisms (i.e. bacteria, 

fungi and viruses are collectively termed the skin microbiota) that protect against 

pathogenic organisms. The microbiota block invaders through two primary 

mechanisms: either colonising the skin or/and "educating" skin cellular immune cells 

(Kong et al., 2012, Belkaid and Segre, 2014). The majority of skin microbiota species 

have a mutualistic relationship with their host and, in terms of skin health, higher 

bacterial diversity signifies healthier skin. Therefore, population disturbances could 

influence the outcome of skin diseases (Oh et al., 2013, Loesche et al., 2017, Wallen-

Russell and Wallen-Russell, 2017). The role of skin microbiota in CL severity and 

healing processes remains unclear. Several studies have linked CL severity to skin 

dysbiosis, changing bacterial richness and diversity, and the domination of several 

bacterial species. Within CL  lesions, characterised bacteria have generally been 

related to key species, including Streptococcus, Staphylococcus and Fusobacterium 

(Salgado et al., 2016, Gimblet et al., 2017). Interestingly, using a mouse models, 

researchers have demonstrated that skin dysbiosis is not only limited to the skin lesion 

itself, but also that it extends to healthy (i.e. non-lesion) skin. CL may enhance an 

infection by inducing an inflammatory response, which ultimately may be moderated 

by using antimicrobials (Vieira et al., 1998, Gimblet et al., 2017).  

 

In Chapter 2, I described how a significant number of CL patients from Al-Hasa, who 

were confirmed to have been infected with L. major parasites, responded favourably 
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(i.e. healed) after receiving only antibiotics and/or anti-fungal drugs (first line). This 

confirmed previous evidence that the skin microbiome may in somehow modulate the 

patient's treatment response. However, the link between skin microbiota and the 

efficacy of antifungal/antibiotic treatments for CL is still unclear, including a detailed 

analysis of the type of microbes involved in CL healing. To tease apart this correlation, 

this Chapter reports on an analysis of the skin microbiota signature of CL patients from 

both Al-Hasa and Asir. The patient’s skin microbiota were characterised according to 

the type of parasite infection, swab locations and patient treatment profiles.   

 

3.2 MATERIALS AND METHODS  

The following methods are previously described in Chapter Two: area of study, 

sampling methods and collections, DNA isolation, PCR amplification of Leishmania 

genes targets and qPCR quantification of Leishmania kDNA.   

 

3.2.1 PCR parameters for microbial identification: V4-16S and 18S rRNA 
targets  

For each patient sample (swabs from non-lesion and lesion), the hypervariable V4 

region of the 16S rRNA gene was amplified using the primer sets F515/R806 

(Caporaso et al., 2011). Since profiling of the V4 region can illuminate the highest 

estimated bacterial diversity with high-quality reads, this technique is widely used in 

microbial diversity studies (Sperling et al., 2017, Pichler et al., 2018). For the 18S 

rRNA gene, the primer sets 574*f/1132r were used to amplify the V4-V5 regions, which 
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are characterised by their status as the most eukaryotic informative (Hugerth et al., 

2014). 

 

The amplification reaction was performed using Q5 High-Fidelity 2X Master Mix (New 

England Biolabs) with 125 nM primer in 25 μl final reaction volume. The PCR cycle 

started at 98 oC for 2 minutes, and this was followed by 25 cycles of:  95 oC for 20 

seconds, 60 oC for 15 seconds and 70 oC for 30 seconds with a final extension of 72 

oC for 5 minutes. Negative controls (no template) were used to ensure reaction 

integrity. Amplicons were visualised on 1.5% (w/v) agarose gels / 1X TAE buffer with 

SYBR Safe nucleic acid gel stain (Invitrogen). Clearly identifiable PCR products were 

sent to the Centre for Genomic Research (Institute of Integrative Biology, University 

of Liverpool) for the secondary nested PCR and Illumina sequencing. The second 16S 

and 18S amplification reactions were performed using the Kapa 2X HotStart Master 

Mix (Kapa Biosystems) in a final volume of 20 µl containing 0.25 µM of primers 

N501F/N701R and 9 µl of the purified sample. The PCR conditions were as follows: 

an initial step of 2 minutes at 98 °C, 15 cycles consisting of 20 seconds at 95 °C, 15 

seconds at 65 °C, and 30 seconds at 70 °C with a final step of 5 minutes at 72 °C. The 

PCR products were purified with Agencourt AMPure XP beads (Beckman Coulter 

Genomics). Samples were then pooled as appropriate for sequencing at equimolar 

concentrations and size-selected in a range of 350-450 bp using Pippin-Prep (Sage 

Science). The pooled libraries were loaded into an Illumina HiSeq platform with 2 x 

300 bp paired end. 
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3.2.2 Bioinformatic analysis of 16S and 18S rRNA sequences  

The raw sequencing data were trimmed to remove the Illumina adapter sequence (a 

match of at least 3 bp from the 3’ end of the read) using Cutadapt v1.2.1 (Martin, 2011). 

Low quality sequences were trimmed using Sickle v1.200 (Joshi and Sickle, 2011) 

with a minimum window quality score of 20. The expected size of the 16S rRNA 

amplicons covering the hyper-variable V4 region was 250 +/- 50 bp. Therefore, to 

reconstruct full-length amplicon sequences, read pairs were aligned to each other 

using FLASH v1.2.11 (Magoc and Salzberg, 2011). These sequences were pre-

processed to retain only those sequences with amplification primer sequences at each 

end.  Primers sequences were removed and the trimmed reads were filtered to remove 

any containing undefined nucleotides (N’s) and those of unusual size (< 200 bp or > 

300 bp). Data were then analysed using Quantitative Insights into Microbial Ecology 

(QIIME) v.1.9.1 pipeline.  QIIME is an open-source bioinformatics pipeline for 

performing microbiome analysis from raw DNA sequence data. The remaining 

sequences were de-replicated and clustered with 97% threshold similarity using 

UCLUST (Edgar, 2010). The operational taxonomical units (OTUs) were assigned 

using the RDP classifier tool (v.10.28) with a 0.97 confidence threshold using 

Greengenes Database (May 2013). For the 18S sequences, the initial analysis of the 

18S rRNA amplicon read pairs indicated that only a small proportion could be aligned 

to each other using FLASH v1.2.11.  Therefore, rather than aligning read pairs to each 

other, R1 and R2 reads were analysed in parallel using QIIME 2 version. To reduce 

sequence error and de-replicate sequences, reads were de-noised into amplicon 

sequence variants (ASVs) using de-noise single-end method (DADA2) (Callahan et 

al., 2016) and based on the quality plots reads, were truncated at 290 bases. Data 



 

 
102 

were then classified taxonomically using classify-sklearn method, which classifies 

reads by taxon based on the Silva 132 classifiers (99%, full length) database. 

3.2.3 Statistical analysis 

To identify significant differences between the bacterial population of interested taxa, 

two-way ANOVA and multiple-t test were undertaken using (GraphPad Prism 7 

Software), and Rank test was conducted using Calypso (Zakrzewski et al., 2016). The 

Shannon index was applied to measure microbial "alpha diversity" within sample group. 

Principal coordinates analysis (PCoA) and Principal component analysis (PCA) were 

applied to identify sample’s clusters using dissimilarity indices (Bray-Curtis). Analysis 

of group similarities (ANOSIM) was applied to test the significance of the dissimilarity 

level between the sample groups (beta diversity). Values of p <0.05 were considered 

statistically significant. Alpha and Beta diversity and correlation analysis were 

calculated using Calypso (Zakrzewski et al., 2016) and MicrobiomeAnalyst (Dhariwal 

et al., 2017) both of which are online pieces of software. 

 

3.3 RESULTS 
3.3.1 Data quality 16S rRNA 

16S rRNA raw sequences were de-multiplexed and checked for quality-filter, running 

through QIIME v.1.9.1. OTUs were created and clustered using the UCLUST algorithm 

against a closed reference dataset Greengenes involving 97% penalty. In general, 

samples from L. major-infected patients produced higher quality reads when 

compared to samples isolated from L. tropica patients. Moreover, non-lesion (adjacent 
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healthy) swabs had a higher number of OTUs than swabs taken from the lesions. 

Table 3.1 presents the data alongside more complete sample information.  

 

Table 3.1 Sample summary and average merged-reads counts after QC filter and OTUs 
according to parasite infection and site of skin swab.  

Swabs source L. major  
BOTH 

L. major  
 non-lesion 

L. major 
lesion 

L. tropica  
BOTH 

L. tropica 
non-lesion 

L. tropica  
lesion 

OTU number 19363 16410 14282 11135 9090 7928 
OTU with ≥ 2 

counts 19363 16410 14282 11135 9090 7928 

Sample number 102 51 51 50 25 25 

Total read counts 33316419 17134267 16182152 22767315 10837503 11929812 

Average counts 
per sample 326631 335966 317297 455346 433500 477192 

Maximum counts 
per sample: 725799 618084 725799 850538 607242 850538 

Minimum counts 
per sample: 36257 90802 36257 138738 289906 138738 

 

Refraction analysis (alpha diversity) was used to determine the bacterial community 

(sequence depth) per sample. The average observed OTUs and phylogenetic 

distances showed a plateau curve with a high depth of sequencing, indicating  higher 

bacterial diversity (more complex bacterial communities) from L. major-infected patient 

skin swabs compared to swabs from L. tropica-infected patients (Figure 3.1). 

 
Figure 3.1 Refraction analysis of 16S rRNA amplicons. These graphs demonstrate the correlation 
between observed average OTUs (A) and the phylogenetic distance of the whole tree (B) plotted against 
the number of reads (x-axis). Sequences were obtained from CL patients (lesion and non-lesion skin) 
infected with L. major (red) and L. tropica (blue) using high-throughput Illumina sequencing. 
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3.3.2 Data quality 18S rRNA 

Read pairs 1 (R1) and 2 (R2) displayed the same level of microbial diversity. Therefore, 

based on the sequencing quality score and for simplicity, further analysis was focused 

on the forward read sequences (R1) for the metagenomic analysis. The highest 

number of reads was obtained from L. major-infected patients compared to L. tropica-

infected patients. These results are presented in greater detail in Table 3.2. 

 
Table 3.2  Sample summary and read (R1) counts of 18S rRNA amplicons after QC filter 
according to parasite infection and type of skin swab.  

Swabs source L. major   
BOTH 

L. major  
 non-lesion 

L. major 
lesion 

L. tropica  
BOTH 

L. tropica 
non-lesion 

L. tropica 
lesion 

Samples number 102 51 51 50 25 25 
Total input reads 15073288 7443328 7629960 7046901 3441068 3605833 

Filtered reads 13628180 6923263 6704917 6485369 3145804 3339565 
Denoised reads 13628180 6923263 6704917 6485369 3145804 3339565 

Non-chimeric reads 12911680 6501965 6409715 6071492 3025015 3046477 
Average Non-
chimeric reads 126585.098 130039.3 123263.75 121429.84 121000.6 121859.08 

Maximum Non-
chimeric reads 199696 199696 178907 157168 144267 157168 

Minimum Non-
chimeric reads 296 296 2366 86970 92240 86970 

 

An 18S rRNA marker was used to analyse eukaryotic diversity, and the data indicated 

that a large proportion of the sequence reads were derived from host 18S rRNA and 

non-specific amplification/contamination with non-ribosomal human DNA. The 

remaining data were then used to gain insight into the eukaryotic diversity of the non-

lesion (adjacent healthy skin) and lesions. This picture consisted of a mix of plant and 

fungal DNA and it included only a small amount of protist DNA (Figure 3.2 A). 

Refraction analysis was used to check the fungal community per sample which 

indicated fully sample community sequenced within skin swabs from L. major than L. 

tropica infected patients (Figure 3.2 B). 
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Figure 3.2 Eukaryotic community of L. major and L. tropica cutaneous leishmaniasis lesion and 
healthy skin. (A) 18S rRNA amplicon reads assigned to eukaryotic taxa using forward reads (R1). (B) 
Refraction analysis of 18S rRNA sequences show the correlation for the average observed fungal OTUs 
with number of reads, where each line represents a single sample. Sequences were obtained from CL 
patients (lesion and non-lesion skin) infected with L. major and L. tropica using high-throughput Illumina 
sequencing. 

 

3.3.3 Fungal communities represented in swabs from L. major and L. tropica 
infected patients 

The most predominant fungal species, revealed by 18S metagenomics, was 

Malassezia genus, which was found in both lesion samples and adjacent healthy 

swabs (non-lesion). The exception was a swab taken from the foot lesion of an L. 

tropica- infected patient, where Cladosporium species also dominated (Figure 3.3A). 

A low level of dissimilarity was observed between the fungal communities isolated 

from L. major and L. tropica- infected patients (ANOSIM; R=0.086, p=0.01). The level 

of alpha diversity was significantly higher in L. major-infected patients compared to L. 

tropica- infected patients (p < 0.001) (Figure 3.3 B and C). This result suggests that L. 

major-infected patients were associated with an increased level of fungal richness and 
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evenness (i.e., how evenly abundant the present taxa/OTUs are) in terms of fungal 

members. 

 

 

Figure 3.3 Fungal skin profiles of CL patients in the Al-Hasa region (L. major) and Asir region (L. 
tropica). (A) The pie chart represents the fungal populations found in lesion and non-lesion (adjacent 
healthy) swabs from L. major and L. tropica infected patients; (B) PCoA using Bray–Curtis matrix for 
bacteria OTUs. The dissimilarity level between groups (R) was calculated using Analysis of Group 
Similarities (ANOSIM); (C) Shannon index indicating the level of bacteria OTU richness and diversity 
between cutaneous leishmaniasis (CL) infection parasites; (blue) is for L. tropica and (red) for L. major. 
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The alpha diversity score between the lesion and adjacent healthy skin (non-lesion) of 

same  CL patients with both infections was similar (Figure 3.4 A and B). However, the 

estimated mean abundance of fungal population was significantly higher in non-lesion 

than in lesion skin for both infections (unpaired t-test, p-value<0.05) (Figure 3.4 C and 

D). If Leishmania abundance was also considered, a significant negative correlation 

was observed (Pearson r = -0.72) among only the L. major lesions (Figure 3.4 E and 

F). 

 

Figure 3.4 Differences of fungal Shannon index and expected abundances between lesion and 
adjacent healthy skin (non-lesion) of same CL patients infected by L. major or L. tropica. Panels 
A and B show alpha diversity for fungi OTU of L. major and L. tropica, respectively. Bar charts show 
the mean load of fungal reads generated by QIIME for L. major (C) and L. tropica (D), where mean 
differences were analysed using an unpaired t-test. Panels E and F show the correlation between 
predicted fungal abundance and parasite lesion density of L. major and L. tropica infection respectively. 

 



 

 
108 

3.3.4 CL patients infected by L. major or L. tropica have different skin 
microbiomes 

For both the lesion and non-lesion swabs, The 16S rRNA metagenomic data for CL 

patients clustered to primarily six bacterial phyla: Firmicutes, Actinobacteria, 

Proteobacteria, Fusobacteria, Cyanobacteria and Bacteroidetes (Figure 3.5 A). Using 

the beta analysis, the bacterial population in L. major-infected patients was clustered 

to a greater degree than when compared to the L. tropica-infected group and the 

variant level between the two groups was R=0.35, p=0.001 (ANOSIM) (Figure 3.5 B). 

Moreover, similar to the previous fungal results, L. major-infected patients were 

associated with greater bacterial population richness and diversity compared to the L. 

tropica infected group (Figure 3.5 C).  
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Figure 3.5 Bacterial skin profiles of CL patients from the Al-Hasa region (L. major) and Asir 
region (L. tropica). (A) Pie charts show predominant bacterial phyla between L. major and L. tropica 
found in lesion and non-lesion swabs; (B) PCoA using the Bray-curtis matrix for bacteria OTUs, where 
the dissimilarity level between groups (R) was calculated using ANOSIM; (C) The Shannon index shows 
OTU bacterial richness and diversity between cutaneous leishmaniasis infections: L. tropica (blue) and 
L. major (red). 

 

However, unlike the similarity between fungal profiles, bacterial communities between 

lesion and non-lesion (adjacent healthy) skin swabs differed. The non-lesion swabs 

showed higher alpha diversity when compared to the swabs taken from both parasite 

infections (Figure 3.6 A and B). Furthermore, the average bacterial read abundances 

were more similar for both infections (Figure 3.6 C and D). Additionally, there was no 

strong correlation observed between expected bacterial abundance and Leishmania 

load (Figure 3.6 E and F). 
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Figure 3.6 Bacterial Shannon index and expected abundances between lesion and adjacent 
healthy skin of same CL patients infected with L. major or L. tropica. (A) and (B) show alpha 
diversity for bacterial OTU of L. major and L. tropica respectively. Bar charts show mean load of 
bacterial reads generated by QIIME for L. major (C) and L. tropica (D). Panels E and F show no 
correlation between predicted bacterial abundance and parasite load: L. major (E) and L. tropica (F). 

 

Both the lesion and non-lesion (adjacent healthy) skin displayed similar bacterial 

composition (beta analysis scores) for both parasite infections (Figure 3.7 A and B).  

Furthermore, no differences between lesion and healthy adjacent skin of both 

infections were observed when growth conditions (oxygen requirement) were 

considered  using the METAGENassist web server (Arndt et al., 2012). However,  CL 
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patients with L. major infections had a high rate of aerobic bacteria in the lesions 

(Figure 3.7 C) while anaerobic bacteria were predominantly found within L. tropica CL 

patients (Figure 3.7 D).  

 

 

Figure 3.7 Differences in beta diversity and oxygen requirements in bacterial populations 
isolated from lesions and adjacent healthy skin from CL patients infected with L. major or  L. 
tropica. (A) and (B) represent PCoA using Bray–Curtis matrix for bacteria OTUs for L. major and L. 
tropica infection, respectively. The dissimilarity level between groups (R) was calculated using Analysis 
of Group Similarities (ANOSIM). Bar-chart shows cumulative percentages of bacteria oxygen 
requirement of lesions caused by L. major (C) and L. tropica (D). 
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Lesions caused by L. major were typically wet-ulcerated, whereas L. tropica lesions 

were dry-ulcerated. Propionibacterium and Staphylococcus were the dominant genera 

identified on the faces and feet, respectively, of CL patients. Streptococcus and 

Corynebacterium genera were also associated with the hands, legs and arms. 

Interestingly, the bacterial genera ratio varied between lesion and non-lesion swabs 

for both types of infections (Figure 3.8 A and B). 
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Figure 3.8 The bacterial signatures found on the skin of CL patients infected with L. major or  L. 
tropica. Pie charts depict groups of bacteria identified in lesion (L) and non-lesion (H) swabs in relation 
to lesion location (face, arms, hands, legs, and feet). L. major infections (A) and L. tropica infections 
(B). Additionally, (g_) stands for genus, (f_) for family, and (o_) for order. 
 

 

When comparing bacterial taxa abundances using the Wilcoxon-rank test, several 

genera were similarly higher and lower based on lesion and non-lesion (adjacent 

healthy) skin. For example, for both infections, Staphylococcus populations were 

higher in lesions, while Acinetobacter, Micrococcus, Veillonella, Bacillus and 

Prevotella populations were higher in non-lesion skin for both infections. Only 

Acinetobacter, Micrococcus, Actinomyces and Pseudomonas were associated with a 

significant increase in non-lesion skin for L. major CL patients  (Wilcoxon-rank test; p 

< 0.05) (Figure 3.9).  
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Figure 3.9 Differences in the 20 most abundant bacterial taxa isolated from lesion and healthy 
skin in (A) L. tropica and (B) L. major infected patients. Differences between means were calculated 
using the Wilcoxon-rank test. Significant differences are annotated by *: p<0.05, **: p<0.01, ***: p<0.001. 

 

L. tropica patients displayed similar alpha diversity patterns among lesion locations for 

both the lesion and non-lesion swabs. Facial lesions were associated with the lowest 

level of diversity, but the average differences were not significant.  Bacterial diversity 

between male and female patients did not differ significantly (Figure 3.10).  
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Figure 3.10 Microbial diversity between lesion and non-lesion swabs from L. tropica infected 
patients, based on lesion location and gender. Shannon index of (A) non-lesion (ANOVA = 3.04, p 
= 0.07) and (B) lesion (ANOVA= 1.53, p = 0.21) based on swab location site; (C) Shannon index of 
non-lesion swabs based on gender (t-test = 1.03, p = 0.31); (D) Shannon index of lesion swabs based 
on gender (t-test = 0.53, p = 0.56). 
 

For L. major infected CL patients, The ANOVA results indicated no difference in the 

alpha diversity rate in different parts of the CL patient’s body (L. major-infected) (Figure 

3.11 A). Patient nationality (Figure 3.11 B) slightly affected bacterial richness, but it is 

not significant because the number of patients in each group were not equal. In terms 

of employment, oil industry technicians were associated with a lower level of diversity 

compared to those in other jobs (Figure 3.11 D). The co-occurrence of other diseases, 

such as diabetes (Figure 3.11 C), and the impact of different blood groups (Figure 3.11 

E) did not influence microbial diversity. Beta analysis (weighted UniFrac distances) 

was used to illuminate the dissimilarity level of bacterial communities between groups 

in terms of swab location, nationality, co-occurrence of other diseases, job, and blood 

group, with each showing a high similarity level with respect to bacterial population 

(Figure 3.12 and Table 3.3). 
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Figure 3.11. Comparison of the microbial alpha diversity (using the Shannon index) in L. major 
-infected CL patients when considering (A) lesion location; (B) nationality; (C) disease history; (D) 
employment and (E) blood group.  

 

 
Figure 3.12 Comparison of the microbial beta diversity (PCoA of weighted UniFrac distances) in 
L. major CL patients. (A) lesion location; (B) patient nationality; (C) presence of other diseases; (D) 
employment and (E) blood group.  
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Table 3.3 Statistical analysis of alpha and beta diversity of L. major CL patients skin (lesion and 
non-lesion), based on different factors. Significant differences between the sample groups (beta 
diversity) were calculated using ANOSIM, where the R value indicates the level of dissimilarity. 
Differences between the mean of the Shannon index were calculated using ordinary one-way ANOVA. 

ANOSIM (Weighted Unifrac Distance) 
Shannon index 

(ANOVA) 

Factors Non-lesion swab Lesion swab 
Non-lesion 

swab 
Lesion 

swab 

  R-value p-value R-value p-value p-value p-value 

Occupation -0.02  0.58 -0.03 0.61 0.54 0.44 

Swab site 0.10  0.02 0.03 0.27 0.77 0.30 

Nationality 0.15  0.008 0.03 0.25 0.25 0.68 

Blood 

group 
-0.002  0.48 -0.05 0.78 0.19 0.50 

Other 

diseases 
-0.2  0.93 -0.22 0.96 0.51 0.47 

 

 

3.3.5 How L. major-infected patients respond to treatment may be influenced 
by the skin microbiome.   

For L. major infected patients, I focused on 38 skin swabs that were collected at the 

first time point (T1) when the patients received the first line of treatment; antimicrobials 

(AF) such as Fusidic acid, Augmentin, Rifampicin, Fluconazole and Itraconazole. 

Patient follow-up included an exam and possible second line treatment with 
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Pentostam (SbV).  The lesions of 14 patients healed completely after only using AF 

(early response). Sixteen patients required intralesional SbV injection after using AF 

(late response), and the eight remaining patients with severe CL (multiple lesions) 

received intramuscular SbV after using AF (Figure 3.13).  

 

 

Figure 3.13 Flowchart illustrating the Al-Hasa treatment protocol for CL in KSA where most 
patients are infected with L. major. Swabs were collected at differenet time points T0,T1 and T2 in 
relation to the type of treatment received. Most of samples were collected at T1. The chart on the right-
hand side shows the number of patients who healed using only AF, AF + intralesional-Sb, or AF+ 
intramuscular-Sb. 

 

 

Interestingly, when microbial communities were clustered according to treatment 

outcomes and swabs locations, CL patients reporting positive treatment responses 

had higher bacterial diversity. The level of diversity decreased with an increase in CL 

severity (Figure 3.14 A). This was confirmed by a high Shannon index within the AF 

group, compared to other patients who required further treatment with SbV (ANOVA, 

p<0.05) (Figure 3.14 C). Furthermore, CL lesion severity was linked to parasite density 
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(load) as predicted by measuring Leishmania kDNA using qPCR.  Patients with a good 

treatment response were associated with a significantly lower abundance  of parasite 

kDNA (ANOVA, p<0.05) (Figure 3.14 D). The level of dissimilar bacterial communities 

between the treatment groups was not high (ANOSIM; R=0.039, p=0.24). However, 

the AF group displayed a small cluster of bacterial differences, which increased with 

lesion severity (Figure 3.14 B). When bacterial relative abundance of three groups was 

compared, AF group lesions contained significantly more Streptococcus, Bacillus, 

Acinetobacter and Rheinheimera (Figure 3.14 E). In contrast, populations of Erwinia, 

Propionibacterium, Pseudomonas and Staphylococcus genera were elevated in the 

SbV groups (two-way ANOVA, p < 0.05). 
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Figure 3.14  Bacterial populations from CL lesions (L. major) in relation to treatment response. 
(A) Pie charts show relative abundance of bacteria related to treatment response (S = AF, T = intra-
lesion-SbV, U = intramuscular-SbV); (B) Principal component analysis (PCA) using Bray–Curtis matrix 
for L. major lesions, where the dissimilarity level between groups (R) was calculated using Analysis of 
Group Similarities (ANOSIM); (C) Alpha diversity at OTU level for L. major lesions; (D) Bar-chart 
showing predicted load of Leishmania in lesion using qPCR-kDNA, where the difference between the 
mean was calculated using ordinary one-way ANOVA; (E) Correlation heat map comparing the relative 
abundance of the bacterial genera against the treatment response, where the comparison was 
calculated using two-way ANOVA. (*) significant comparing the mean of each group to the mean of the 
AF group (p value < 0.05).  
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CL patients treated with AF + SbV and CL patients treated with AF alone were also 

compared using the Wilcoxon-rank test. Several bacterial genera were found to 

change similarly within lesions and the non-lesion (adjacent healthy) of CL patients. 

However, only Streptococcus, Bacillus and Acinetobacter were significantly higher in 

terms of lesions of the AF treated group (Figure 3.15). 

 

 

Figure 3.15 Rank test highlighting the differences among the top 20 most abundant genera 
between L. major CL patients groups treated using AF only and (AF + Sb) for lesion (A) and non-
lesion (B). The mean differences were calculated using the Wilcoxon-rank test. Significant differences 
are annotated by *(p<0.05), **(p<0.01), ***(p<0.001). 

 

It is clear that patients who responded positively to the first line of treatment (AF group) 

had similar bacterial populations between their lesions and healthy skin as evidenced 

by the alpha diversity score (Figure 3.16 A). For those patients who required 
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intralesional or intramuscular Sb treatment, the difference in bacterial populations 

between the lesion and healthy skin was significant (Figure 3.16 B). 

 

Figure 3.16 Illustration of differences in bacterial diversity between the lesion and non-lesion 
skin in relation to treatment response in L. major-infected patients. (A) Bacterial diversity of CL 
patients treated using AF only; (B) Bacterial diversity of CL patients treated by AF + Sb. 

 

CL patients who were treated with Fusidic acid were also compared to those who were 

not. For this part of analysis, the focus was only on foot lesions because the inclusion 

of all lesion sites would have obscured the data (i.e., given that bacterial diversity is 

also linked to lesion location). In general, patients who used  Fusidic acid showed a 

significant higher alpha diversity with tightly clustering of beta analysis (ANOSIM; 
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R=0.37, p=0.024) (Figure 3.17 A and B) compared to those who did not receive Fusidic 

acid treatment. Moreover, patients who used Fusidic acid were associated with a lower 

average abundance of Pseudomonas and Staphylococcus genera and a significant 

higher level of Micrococcus  genus (Figure 3.17 C). 

 

 

Figure 3.17 Comparison of the bacterial population of L. major CL, based on using Fusidic acid 
treatment. (A) Alpha diversity at OTU level for L. major lesions; (B) PCA using Bray–Curtis matrix for 
bacteria OTUs for L. major lesions, where he dissimilarity level between groups (R) was calculated 
using Analysis of Group Similarities (ANOSIM); (C) Rank test showing differences in the 20 most 
abundant bacterial genera between CL patients’ groups who treated by Fusidic acid or not. 

 

3.3.6 How L. tropica-infected patients respond to treatment may be influenced 
by the skin microbiome.   

For L. tropica infections, all Asir patients were prescribed a course of SbV as the first 

line of treatment. Therefore, patients who had received SbV for more than one month 
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at the time of sample collection (n = 11) were excluded from this part of analysis.  I 

compared the metagenomic data from nine patients who cured (lesion healed) within 

four months of SbV treatment (early response) and five patients who required more 

than four months for lesions to heal (late response) (Figure 3.18). 

 
Figure 3.18 Flowchart illustrating the Asir CL treatment protocol where all patients were infected 
with L. tropica. Skin swabs were collected at different time points: T0 and T1. The right side shows 
the time it took the patients to heal.  

 

It was clear that the level of skin dysbiosis increased significantly (ANOVA, p<0.05) 

within the lesions of CL patients who were on the longest course of SbV treatment 

(Figure 3.19 A and C). These patients were also  associated with higher parasitaemia 

as measured by a higher abundance of Leishmania kDNA (Figure 3.19 D). This is 

similar to the metagenomic pattern that was observed in L. major-infected patients. 

However, the beta analysis of L. tropica-infected patients indicated a high dissimilarity 

level of bacterial communities based on the treatment response level (ANOSIM; 

R=0.74, p=0.001) (Figure 3.19 B). Staphylococcus and Pseudomonas sp. were 

significantly abundant (multiple t-test; p < 0.05) among patients receiving multiple 

courses of SbV. In contrast, Streptococcus, Propionibacterium, Acinetobacter, 

Veillonella and Actinomyces were the genera that increased significantly in the early 

response patients (multiple t-test; p < 0.05) (Figure 3.19 E). 
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Figure 3.19 Bacterial populations isolated from L. tropica CL lesions and assessed based on 
patient treatment responses. (A) Pie chart showing the relative abundance of most bacterial genera 
based on treatment response (S represents patients who healed within 4 months of treatment, while T 
represents patients who took longer than 4 months to heal); (B) PCA using the Bray–Curtis matrix for 
bacteria OTUs for L. tropica lesions. The dissimilarity level between groups (R) was calculated using 
Analysis of Group Similarities (ANOSIM); (C) Alpha diversity for L. tropica lesions; (D) Bar-chart 
showing the predicted load of Leishmania in CL patients’ lesion in relation to their treatment response; 
(E) Relative abundance of most the abundant bacteria found in L. tropica lesions. The difference 
between means was calculated by multiple t-test and (*) equals significance, p value<0.05.  
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However, when the Wilcoxon-rank test was used to differentiate between bacterial 

taxa abundances in relation to how the L. tropica-patients responded to treatment, 

Streptococcus, Veillonella, Actinomyces and Granulicatella increased within the 

lesions of patients with more effective treatment responses. Staphylococcus and 

Pseudomonas populations did not change (Figure 3.20). 

 

 

 

Figure 3.20 Rank test showing the differences between the top 20 most abundant genera from 
CL patients infected with L. tropica and categorised according to treatment response. Swabs 
taken from (A) lesion and (B) non-lesion Blue represents CL patients who received SbV injections 
for more than 4 months before healing, while Red represents CL patients who received SbV injections 
for less than 4 months. The differences between the means was calculated using the Wilcoxon-rank 
test. Significant differences are indicated as*p<0.05, **p<0.01, ***p<0.001. 
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Patients with an early response (i.e., within four months of SbV treatment) displayed 

similar bacterial profiles in terms of their lesion and healthy skin, and no significant 

difference was observed in alpha diversity (Figure 3.21 A). However, slow-healing 

patients (i.e., those who healed after 4 months of SbV treatment) displayed a 

significant drop in bacterial alpha diversity (Figure 3.21 B).   

 

 

Figure 3.21 Bacterial diversity between CL lesion and non-lesion (healthy) skin in relation to 
how L. tropica-infected CL patients responded to treatment. (A) Bacterial diversity of CL patients 
treated using SbV for less than four months. (B) Bacterial diversity after more than four months of SbV 
treatment. 
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3.4 DISCUSSION 

Although Old World CL may be a self-healing condition, it may take up to 6 months to 

recover. The lesions typically create significant tissue damage, resulting in disfiguring 

scars that can lead to stigma and social exclusion (WHO, 2014, Burza et al., 2018, 

Temel et al., 2019, Bailey et al., 2019). Therefore, treatment is required to minimise 

the negative outcomes of disease. A complication of treating this disease is that CL 

patients do not respond equally to treatment regimes. This can partly be explained by 

the species of Leishmania, location of lesion and host immune response; i.e. 

immunocompromised patients (Ameen, 2010, WHO, 2014, Scott and Novais, 2016, 

Burza et al., 2018, Hendricks et al., 2018). Several studies within the last decade have 

also demonstrated how the human microbiome can influence host immunity (Grice 

and Segre, 2011, Belkaid and Segre, 2014, Byrd et al., 2018). Since a CL lesion 

breaches the normal skin microbiota, this study’s aim was to determine how the skin 

microbiota impacts the development and healing of CL lesions. Furthermore, the study 

sought to assess whether different lesion types (i.e., those caused by L. major and L. 

tropica) contribute to a microbial dysbiosis that is further influenced by the type of 

treatment the patient receives. My hypothesis is that the skin microbiota modulates 

the patient’s immune response to CL.  

 

To investigate whether the skin microbiota influences a CL patient’s treatment 

response, rather than focusing on how the parasite might contribute to treatment 

resistance, I collected skin swabs from two different CL-endemic regions of the KSA:  

Asir (L. tropica) and Al-Hasa (L.  major). Using a high throughput sequencing approach, 

fungal and bacterial communities were compared to the type of Leishmania infection 
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and swab locations (lesion and non-lesion (adjacent healthy skin)). The differences of 

fungal and bacterial distribution profiles between L. major and L. tropica-infected 

patients were expected because each region differs geographically and 

demographically from each other. Microbial skin shifting is influenced by many 

variables such as host demographic characteristics (e.g. ethnicity, gender and age), 

human behavior and regional environmental (Ying et al., 2015, Hanski et al., 2012). 

Looking into the cohort metadata, based on parasite species, CL patients were found 

in two regions that are different in terms of climate conditions such as humidity, hot, 

cold and dry seasons  that could contribute to the development of microbial diversity 

(Rintala et al., 2008).  In addition, most of Asir’s CL patients were Saudi citizens with 

semi-equal rate of infections between male and females. Whereas, most CL patients 

in Al-Hasa region were mostly male and from different nationalities (other than Saudi 

nationality). Different ethnicities indicate variety in microbial skin backgrounds that can 

be colonized by environmental microbiota which present in the current living area and 

thus increase level of bacterial diversity (Hanski et al., 2012, Byrd et al., 2018). Gender 

can also contribute to the differences in the microbial diversity through the 

physiological condition, which is varying between male and female. Hormones 

production, skin thickness, pH surface and hair growth, all are influencing microbial 

skin communities. In addition, women intend to give more attention to personal 

hygiene than men, such as cosmetics, which reduces bacterial diversity on skin (Fierer 

et al., 2008, Cundell, 2018). As a result, fungal and bacterial diversity and richness 

was found to be higher among Al-Hasa patients (L. major) than in patients from Asir 

(L. tropica).   
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The clinical presentations of CL patients can be heavily influenced by the parasite 

species causing the lesion. However, is cross-talk happening within the lesion 

between the parasite and the skin microbiota? The metagenomic analysis within this 

chapter examined the oxygen requirements of the bacterial species isolated from L. 

tropica and L. major lesions. The majority of bacteria detected in L. tropica patients 

were anaerobic while L. major infections enriched for aerobic bacteria in both the 

lesion and healthy skin swabs. However, these data may have been biased based on 

lesion location; most L. tropica swabs were collected from sebaceous areas (i.e. face), 

which naturally supports the growth of facultative anaerobic bacteria such as 

Propionibacterium spp (Brook, 2016). The depth of the ulcer may also have influenced 

the lesion microbiota; deep, long-healing ulcers (as frequently created by L. tropica) 

were associated with a high prevalence of anaerobic bacteria (Gardner et al., 2013, 

Loesche et al., 2017).  

 

In this study, fungal and bacterial populations within the lesion were only compared to 

adjacent, healthy normal skin because looking into contralateral skin may have given 

a false comparison. Most people are predominantly left or right-sided and 

consequently use their limbs for different purposes linked to behaviours such as eating 

or personal hygiene. This side-dominance can be exacerbated in countries where 

using the left hand is culturally restricted, such as the KSA. The fungal populations 

between lesions and healthy skin were associated with a similar distribution, where 

Malasseziales spp was the dominant genus. However, lesion swabs indicated great 

variation in fungal abundances between the patients, which caused a significant low 

average of fungi abundance and similar level of alpha diversity of fungal OTUs 

compared to healthy skin. As a result, the correlation between fungal abundance and 
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Leishmania burden was investigated. A significant inverse correlation was only 

observed in patients with L. major infection: higher parasite load was linked to lower 

fungal abundance. This may relate to the treatment as several patients in this study 

were using antibiotics and antifungal treatment (Fluconazole and Itraconazole) during 

the collection. However, both Fluconazole and Itraconazole are oral antifungals, 

meaning that the antifungal effect would be systemic and, thus, likely to affect the 

healthy skin profile, which does not appear in this study.  

 

The 16S analysis was undertaken to gain insight into the bacterial populations 

associated with CL lesions, and to determine whether the lesion community differed 

from that identified in healthy skin.  According to the PCoA analysis, the lesions and 

healthy skin share bacterial populations regardless of what Leishmania species has 

infected the patient. Possible explanations for the similarity observed in my data could 

be due to a systemic immune response (Gimblet et al., 2017) or to the manual 

transmission of microbiota during scratching. However, it is not only the presence or 

absence of bacterial communities associated with CL patients, but also the diversity 

and abundance of the species that needs examination. Bacterial skin dysbiosis is one 

of the consequences of skin diseases such as diabetics ulcer (Gontcharova et al., 

2010) and atopic dermatitis (Nakatsuji et al., 2017). The level of bacterial alpha 

diversity was higher in healthy skin than within the L. major and L. tropica lesions and 

Staphylococcus genus dominated most lesions. In general, Streptococcus, 

Staphylococcus, and Propionibacterium species were abundant genera among 

lesions, however populations differed according to lesion location (ie. foot vs. hand).  

Previous human CL studies have also reported a similar reduction in bacteria alpha 

diversity within lesions, but with a domination of certain bacteria genera namely 
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Streptococcus, Staphylococcus, and Fusobacterium (Salgado et al., 2016, Gimblet et 

al., 2017). A mouse model also linked Streptococcus genus to lesion severity 

(unhealed) and associated a higher abundance of Staphylococcus species to 

moderate lesions (healed within 6 weeks post-infection) (Gimblet et al., 2017).  Skin 

microbiota may also influence the form the lesion takes (ie. wet, dry, ulcerated, nodular) 

alongside other factors such as virulence of parasite species/ strain and host immune 

system that can be induced by several factors such as sand fly saliva (de Oliveira et 

al., 1999, Scott and Novais, 2016, Lopes et al., 2016, Mondragon-Shem et al., 2015).  

In patients infected with L. braziliensis,  ulcerated lesions developed due to a CD8+ T 

cells population explosion (Faria et al., 2009, Scott and Novais, 2016). Further 

investigations should be conducted to determine whether the skin microbiota plays a 

role in directly or indirectly shifting the immune system to produce cytotoxic T cells. 

 

Skin microbiota is one of the suggested factors that could modulate a CL patient’s 

treatment response (Lopes et al., 2016). Using the KSA cohort examined in this study, 

the skin microbiota associated with CL lesions were explored in relation to the patients’ 

treatment responses.  The time taken for the CL lesions to heal was recently linked to 

the presence of skin microbiota (Salgado et al., 2016), and so this study investigated 

this association using only L. tropica patients because all patients can be standardised 

as they all completed a course of SbV. Since I categorised L. major-infected patients 

based on the type of treatment that led to healing, several patients only used AF. In 

general, L. major and L. tropica-infected patients that responded favourably to 

treatment had a significantly higher average in terms of bacterial alpha diversity. An 

inverse relationship was also observed; as in other diseases, a loss of bacterial 

diversity was correlated to increased severity of Leishmania infection (Vieira et al., 
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1998, Gimblet et al., 2017). An inverse relationship between bacterial richness and 

Leishmania parasite load was also reported in infected sand fly midgut experiments 

(Lopes et al., 2016, Kelly et al., 2017). The bacterial profiles isolated from both of the 

patient cohorts included in this study indicate that Streptococcus, Bacillus and 

Acinetobacter genera associated with a positive treatment response (quicker lesion 

healing), whereas lesions dominated by Staphylococcus, Pseudomonas or Erwinia 

species are associated with delayed healing. Based on previous studies, 

Streptococcus spp. and Staphylococcus spp. were the genera most closely associated 

with chronic CL ulcers and delayed healing (Gontcharova et al., 2010, Salgado et al., 

2016), which contradicts my data regarding Streptococcus species. However, swabs 

from the L. major and L. tropica patients included in my analysis were collected from 

patients who were under the course of treatment, which may have affected the 

bacterial population. 

 

It is important to consider how drugs influence the microbiota since we observed 

Fusidic acid statistically improve lesion healing in our retrospective cohort (Chapter 2). 

To determine whether Fusidic acid directly influenced the composition of the skin 

microbiota, I exclusively looked at foot swabs from L. major -infected patients and 

compared bacterial populations to Fusidic acid ingestion. The results indicated a 

significant increase in average alpha diversity increase as the prevalence of 

Staphylococcus and Pseudomonas genera were reduced by Fusidic acid.  Fusidic 

acid is an antibiotic that blocks protein synthesis of Gram-positive microbes, thus a 

reduction of Pseudomonas species was unexpected.  It may be that Fusidic acid 

reduces opportunistic pathogens from further damaging the skin and the resulting re-
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balance of bacterial diversity and richness within the lesions provides a more hostile 

environment for Gram-negative microbes to flourish.  

 

The metagenomic analysis also revealed a link between treatment response and 

environmental bacteria such as Acinetobacter and Erwinia species (plant pathogens). 

Although the Erwinia genus has been reported as human pathogens (Prod'homme et 

al., 2017, Wong et al., 2017), the presence of these environmental bacterial genera is 

puzzling.  Swab contamination with soil or plant debris is one possible explanation. 

Moreover, patients who are employed as farmers could be exposed to environmental 

bacteria (such as farmers) before they come to the Leishmaniasis clinic, but perhaps 

these genera originate from the sand fly i.e. egested during blood feeding (Sant’Anna 

et al., 2012, Dey et al., 2018). Acinetobacter and Erwinia have been found in Ph. 

papatasi midguts, the main vector of L. major in the Old World, using culture based 

and high throughput sequencing tools (Dillon et al., 1996, Karakus et al., 2017). To 

address the prevalence of environmental microbes in patient swabs, I expanded my 

metagenomic analysis to include field-collected sand flies to investigate the possibility 

of the transfer and survival of sand fly midgut bacteria during biting (Chapter 4). As I 

have shown the abundance of these environmental microbes are associated with 

treatment response, I will investigate whether they influence the pathogenicity of CL 

in the next chapter. 

 

In conclusion, human skin provides the scaffolding to support millions of 

microorganisms, which in turn help to protect the skin and modulate the immune 

system (Byrd et al., 2018). When microbial communities change (dysbiosis), harmful 

interactions with human skin can result. The 18S analysis revealed an inverse 
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relationship between fungal and Leishmania abundances within the L. major lesions 

of CL patients. The metagenomic data suggest that bacterial richness and evenness 

may accelerate the healing processes of infections with L. major and L. tropica. This 

is particularly evident for L. major infections where lesions healed after treatment with 

antimicrobials, meaning that the administration of a pentavalent antimonial was not 

required. However, the efficacy of this antimicrobial treatment decreases when there 

is an increase in Staphylococcus and Pseudomonas species populations (higher 

dysbiosis and lower diversity). These data provide evidence that skin microbiota are 

implicated in with CL lesion pathogenicity. Importantly, knowing this may lead to 

improvements in the current CL treatment protocols authorised in the KSA. 
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 Midgut bacterial signatures of a wild population of sand 
flies collected from the Al-Hasa region, Saudi Arabia 

 

4.1 BACKGROUND 

Vector control strategies are one of the most important pillars in which to control major 

vector borne diseases (VBDs). The problem is that many of them rely on the use of 

toxic chemical insecticides that are responsible for the emergence of insecticide 

resistance worldwide (WHO, 2011). One of the guidelines of the Integrated Pest 

Management (IPM) is the biological control that focuses on controlling vectors without 

contaminating the host or environment (Wilke and Marrelli, 2015). One example, is the 

use of genetically modified symbiotic bacteria in paratransgenesis approaches, which 

control disease transmission without adverse reactions on non-target organisms 

(Durvasula et al., 1997, Medlock et al., 2013). The identification of suitable insect 

commensal microorganisms is fundamental for designing the right paratrangenesis 

approach, but also a key for understanding the microbial ecology and disease 

transmission. Many of these aspects have been extensively studied in mosquitoes, 

but very little works have been made in other disease vectors.   

 

The role of resident microbiota on a vector’s immunity and pathogen competence is 

still little known for sand flies. Therefore, exploring the microbiota in the digestive 

system of various sand fly species will therefore help us to understand the biological 

interactions between these microbes, the vector and the Leishmania parasite. 

Furthermore, it would be beneficial in the development of a paratransgenic system to 

control Leishmania transmission (Hillesland et al., 2008, Telleria et al., 2018).  
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Exploring the gut microbiota of arthropods vectors can also help to investigate the 

establishment of pathogens at vector bite sites. The multitrophic interactions between 

host and vector increases microbial exposure from both sides, which may influence 

the transmission of pathogen. When an insect vector takes a blood meal , several 

insect-derived components (besides saliva, which is necessary for haematophagia) 

are released and introduced into the bite site; this in turn can enhance the severity of 

pathogen transmission and diseases by driving host-inflammatory response to the bite 

site (Peters et al., 2008, Pingen et al., 2016, Dey et al., 2018). For instance, a recent 

study has shown the importance of egested midgut bacteria of sand flies in inducing 

the pathogenicity of visceral leishmaniasis caused by L. donovani (Dey et al., 2018). 

In this work, it was shown that the bacterial midgut of Lu. longipalpis is involved in 

recruiting neutrophils to the bite site, which will then activate the inflammasome 

pathway and also act as parasite shelters for dissemination.  

 

The role of the sand fly regurgitated bacteria in the development of CL lesions has not 

been explored. Based on the results shown in Chapter 3, which identified 

"environmental" bacteria in lesions from CL patients, it is possible that these microbes 

may influence treatment outcome. Thus, it is important to investigate any similarities 

between bacteria from lesions of patients with active CL to the midguts of the sand fly 

vector responsible for Leishmania transmission.  

 

As mentioned in previous Chapters, zoonotic cutaneous leishmaniasis (ZCL) is the 

most dominant type CL in the Kingdom (East, Central and North regions). It is caused 

exclusively by L. major and transmitted mainly by Ph. papatasi sand flies (Mondragon-

Shem et al., 2015, Abuzaid et al., 2017, Al-Salem et al., 2019). Up to date, few reports 
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have described the midgut bacterial population of Ph. papatasi (Dillon et al., 1996, 

Guernaoui et al., 2011, Akhoundi et al., 2012, Mukhopadhyay et al., 2012, Maleki-

Ravasan et al., 2015, Karakus et al., 2017). However, these papers have neither 

analysed the midgut microbiota of Ph. papatasi from KSA, nor have investigated its 

potential role in CL pathogenicity in humans. 

 

In this chapter I carried out the 16S rRNA metagenetic analysis of dissected midguts 

from wild sand flies collected from the Al-Hasa region of KSA (which is endemic for 

ZCL) and compared it with that from colony reared Ph. papatasi. Furthermore, I 

correlated the bacterial profiles of wild Ph. papatasi midguts with microbiota data 

obtained previously from lesions of CL patients infected with L. major (Chapter 3).  

 

4.2 MATERIALS AND METHODS 
4.2.1 Study area 

This cross-sectional survey was conducted in the Al-Hasa region of the KSA during 

the summer between August and September of 2017, when the estimated population 

of sand flies usually increases (Abuzaid et al., 2017). Due to time constraints and 

limited resources, the study was conducted in three areas only, namely: Aloyon, Aljarn 

and Qatar Road of the Al-Hasa region (Figure 4.1). These places were chosen based 

on an increase in suspected CL cases among people seeking medication at the local 

health facilities. The Al-Hasa region is known for its fertile soil and agricultural wealth, 

especially the production of dates. In this region, Ph. papatasi is the main vector 

responsible L. major ZCL, and the fat sand rat (Psammomys obesus) is the 

documented reservoir host (Postigo, 2010).  
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Figure 4.1 Geographical map of the Al-Hasa region showing trapping sites and species of sand 
fly collected per area. The map was designed using ArcGIS software by Esri (online).  

 

4.2.2 Sand fly collection 

Sand flies were collected using CDC Miniature Light Traps (John W. Hock) and 

Biogents BG-Sentinel mosquito traps (Biogents AG, Regensburg, Germany). The 

Biogents trap is equipped with a BG Lure (lactic acid, ammonia, and hexanoic acid), 

which gives off a scent of human skin odour. Sand flies (live specimens) were 

dissected soon after capture and did not received an artificial sugar solution to avoid 

interfering with the natural microbiome. For others experiments, sticky traps were also 

used to evaluate the sand fly populations in areas of interest (Figure 4.2).  
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Figure 4.2 Types of traps used to collect sand flies in the Al-Hasa region. (A) sticky traps; (B) CDC 
Miniature Light Trap (John W.Hock); (C) Biogents BG-Sentinel traps (Biogents AG, Regensburg, 
Germany); (D) CDC Light trap model; (E) Schematic model of Biogents BG-Sentinel traps. 

 

To enhance sand fly attraction, some of the CDC light traps had BG Lure (provides 

human odour) and dry ice (1 kg per trap), which was placed within an insulated plastic 

container with a release pipe as a source of CO2  (Figure 4.3).  

 

 

Figure 4.3 Modification and set-up of CDC Miniature Light Trap to enhance the collection of sand 
flies. (A) CDC Light trap with dry ice; (B) CDC Light trap with BG Lure. 

 

Traps were located nearby fat sand rat burrows, live-stock shelters (cows, goats and 

rabbits) and human houses (Figure 4.4). Collections were done in periods of 11 hours 

(6:00 PM and 5:00 AM), for six days a week, for five weeks.  
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Figure 4.4 Some of the sand fly sampling sites at the study areas within  the Al-Hasa region. (A) 
examples of fat sand rat burrows; (B) animal shelter; (C) human dwelling; (D) rabbit shelter. 

 

Every day the collected sand flies were transferred alive to the Vector Control Unit 

(VCU) lab within the Al-Hasa region. Sand flies were kept hydrated in high humidity 

containers until dissection. 

 

4.2.3 Sorting, dissection and mounting of sand flies 

Sand flies were chilled at 4 oC for 10-15 minutes, sorted out from other insects and 

then transferred into a clean petri dish placed on ice. To reduce environmental 

contaminations all dissection tools were wiped with 97% ethanol and DNAse solution 

before dissections started. In addition, each sand fly was washed with sterile PBS 

three times before it was dissected. Midguts from pools of (female) sand flies were 

grouped into three different categories: blood-fed, unfed and gravid (Figure 4.5). 
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Figure 4.5 Anatomy of female blood-fed gravid Ph. papatasi sand fly. (A) shows the remaining 
parts of a sand fly after taxonomic identification; (B) shows the location of the sand fly midgut (the part 
of interest for my study).  

 

Dissections were performed under a dissecting microscope by pulling apart the head 

and abdominal terminalia from the rest of the body using sterilised dissection pins. 

Both the head and the abdominal terminalia were mounted on a microscope slide 

using Berlese’s fluid (Swan, 1936) and species were identified using the Saudi Arabia 

taxonomic keys for sand flies (Lewis and Büttiker, 1982).  

 

The released midgut was washed in sterile drops of PBS and then placed in an 

appropriate tube of 0.5 ml of PBS. Sand fly midguts were grouped in separate tubes 

based on the physiological conditions and Leishmania infection status. Samples were 

stored at -20 oC until they were shipped to the Liverpool School of Tropical Medicine 

(UK). For those sand flies with no clear taxonomic identification, legs and remaining 

body parts were kept separately in absolute ethanol for molecular identification. 

Metadata on each collection site such as the GPS coordinates were also recorded, 

and each specimen was assigned a unique identity including the date of collection. 

Additional tests on each specimen were linked to these unique identities.  
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4.2.4 DNA extraction 

DNA extraction was done by using a QIAamp DNA Mini Kit (QIAGEN). To reduce the 

risk of contaminations, all reagents and equipment were treated with ultraviolet before 

use. Extracted DNA was then used for V4 16S rRNA, sand fly 18S rRNA, mitochondrial 

cytochrome b gene, Leishmania ITS1, and kDNA minicircles amplification (see below).  

 

4.2.5 Molecular identification of sand fly species  

To overcome some of the potential challenges of morphological species identifications, 

PCR was used to amplify the sand fly nuclear 18S rRNA gene using  the forward 

primers (5’-TGCGGTTAAAACGTTCGTAG-3’) and reverse (5’- 

TAACATAAGGGGCGTATTAATATGCTTT-3’) to amplify a ~ 225 bp segment of the 

18S rRNA gene that specific to Ph. papatasi, following the protocol described by 

(Giantsis et al., 2017). The final PCR mix contained Dream Taq 10X PCR Buffer (100 

mM TRIS-HCl, 15 mM MgCl2, pH 8.0), dNTP (0.2 µM), 1 unit Dream Taq polymerase, 

universal and species-specific primers (0.5 µM), and sterile H2O. Samples were 

incubated at 95°C for 5 min, followed by 40 cycles each at 95 °C for 60 seconds, 56 

°C for 60 seconds, and 72 °C for 60 seconds, and a final extension at 72 °C for 7 

minutes. Negative and positive controls (from LSTM Ph. papatasi reared colony) were 

included for each run. Amplified products were analysed by electrophoresis on 2% 

agarose gels stained with 2 mg/ml SYBR safe at 120V in 1.0X TAE buffer and 

visualised under ultraviolet (UV) light. In addition, the PCR amplicons were purified by 

a QIAquick Gel Extraction Kit (QIAGEN) and sent for sequencing and blasted against 

the GenBank database using NCBI’s BLASTn. The top hit vertebrate species with the 
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lowest e-value and homology cut-off values of 70%-100% were selected as the most 

likely sand fly species. 

 

4.2.6 Host blood meal identification 

The source of blood meal was determined by amplification of the cytochrome b (Cyt 

b) gene region from the host mitochondrial DNA using modified universal primers Cytb 

For (5'-CCC CTC AGA ATG ATA TTT GTC CTC A-3') and Cytb Rev (5'-CAT CCA 

ACA TCT CAG CAT GAT GAA A-3') to amplify a 383 bp segment of the Cyt b gene 

(Omondi et al., 2015). The PCR amplicons were then purified by a QIAquick Gel 

Extraction Kit (QIAGEN), sent for sequencing and the results analysed in the GenBank 

database. Species sequences with the highest identity were chosen as the most likely 

blood meal sources.  

 

4.2.7 Screening and identification of Leishmania species in sand flies 

All samples were screened for Leishmania infection as described in Chapter 2 (section 

2.2.4).  

 

4.2.8 PCR for V4 16S rRNA amplification and sequences processing 

Samples were processed for PCR amplification and sent for sequencing as described 

in Chapter 3 (section 3.2.1). In this part of the analysis, a group of DNA samples from 

150 Ph. papatasi females, obtained from the LSTM colony, was also included. The 

PCR products were purified, quantified and pooled as appropriate for sequencing. The 

pooled libraries were loaded into an Illumina HiSeq platform with 2x300 bp paired ends. 



 

 
145 

Obtained sequences were checked for quality and analysed through the QIIME 

pipeline (v.1.9.1). The reads were merged using FLASH 1.2.11 and then the primers 

were trimmed before clustering operational taxonomical units (OTUs) with a 97% 

similarity threshold using UCLUST (Edgar, 2010). The OTUs were then assigned 

using the RDP classifier tool (v.10.28) with a 0.97 confidence threshold using Silva 

(release 132) and the Greengenes (May 2013) database.  

 

4.2.9 Data analysis 

Shannon index was applied to measure microbial alpha diversity within sample group. 

Principal coordinates analysis (PCoA) and Principal component analysis (PCA) were 

applied to identify samples clusters using dissimilarity indices (Bray-Curtis). Analysis 

of Group Similarities (ANOSIM) was applied to test the significant of dissimilarity level 

between sample groups (beta diversity). Values of p <0.05 were considered 

statistically insignificant. Alpha and Beta diversity and correlation analysis were 

calculated using Calypso (Zakrzewski et al., 2016) and MicrobiomeAnalyst (Dhariwal 

et al., 2017) online software (https://www.microbiomeanalyst.ca/). Maps were made 

with ArcGIS 10 (ESRI, Redlands CA). 

 

4.3 RESULTS 
4.3.1 Diversity of sand fly species  

A total of 1926 sand flies (1383 females and 543 males) were collected from three 

main study areas (Table 4.1) and identified to species level using the Saudi Arabian 

morphological keys (Figure 4.6) (Lewis and Büttiker, 1982). Based on midgut status, 

female sand flies were classified into three categories: unfed with no visible blood in 
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the abdomen (45%), gravid with eggs in the abdomen (37%), and fed with blood in the 

abdomen, total or partial (18%). Detection of blood fed sand flies was done through 

the observation of a light-coloured, half-transparent integument, and the presence of 

a red or brown colour on the abdomens (Valinsky et al., 2014). 

Table 4.1 Sand fly species distribution, abundance and sex ratios per region. (F) female, (M) male. 

Species 
Aloyon Aljarn Qatar Road Abundance 

F M F M F M n (%) 
Ph. papatasi 471 245 143 31 60 12 962 (50.1) 

S. clyde 120 42 90 12 379 135 778 (40.7) 
S. fallax 37 11 21 6 62 49 186 (9.2) 

Total 628 298 254 49 501 196 1926 (100) 
 

 

 

Figure 4.6 Anatomical characteristics of wild female sand flies collected from the Al-Hasa region, 
KSA. Pictures showing differences between sand fly species based on spermatheca shape (S), 
pharynx (P) and cibarial teeth (T). Based on taxonomical identification (Lewis and Büttiker, 1982), sand 
flies were classified into three species; Ph. papatasi (A-B) , S. clyde (C-D) and S. fallax (E-F). 
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4.3.2 Molecular identification of sand fly species  

Seventy four collected sand fly specimens with no clear morphological identification 

were analysed by PCR using Ph. papatasi specific nuclear 18S rRNA, which gave 

positive bands for around 225 bp (Figure 4.7) (Giantsis et al., 2017). Randomly 

selected positive amplifications (n=3) were verified by sequencing and showed 100% 

identity to Ph. papatasi (MK234736). 

 

 

Figure 4.7 Molecular identification of wild type Ph. papatasi specific nuclear 18S rRNA PCR. 
Positive bands of Ph. papatasi (~ 225 bp) appear in lanes 2 to 8. Lanes 1-7 refer to wild sand flies 
collected from Al-Hasa. Lane 8 is the positive control from colony Ph. papatasi flies, and Lane 9 is the 
negative control (H2O). A 100 bp ladder was used as a molecular marker. Fragments were separated 
on a 2% agarose gel for 40 min. 

 

Based on trap locations, the majority of Ph. papatasi sand flies were collected near to 

human dwellings and livestock shelters, whereas Sergentomyia species were mostly 

collected nearby fat sand rat borrows within date farms (Figure 4.8). 
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Figure 4.8 Example of locations where most Ph. papatasi and Sergentomyia species were 
collected in Al-Hasa region. (A, B and C) represent places where most Ph. papatasi sand flies were 
collected nearby human dwelling and livestock. (D, E and F) represent places where Sergentomyia spp. 
were collected nearby fat rat sand habitat. Arrows indicate trap locations. 

 

To determine the efficacy of modified traps for attracting female sand flies compared 

to ordinary CDC light traps, equal numbers of trap types were set up at specific 

locations. In general, it was clear that the number of sand flies collected by CDC light 

traps was higher than using Biogents BG-Sentinel traps. Moreover, modifying CDC 

light traps with carbon dioxide or BG Lure (human-like scent) increase the number of 

collected sand flies (Figure 4.9).  
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Figure 4.9 Comparison between modified traps and CDC light traps in respect to collecting sand 
flies in the Al-Hasa region, KSA. Bar charts illustrating the percentage of sand flies collected using 
CDC light traps (CDC Light), compared to CDC Light traps modified with carbon dioxide (CO2), human 
scent (sensi) and Biogents BG-Sentinel traps (BG). (n) total number of sand flies collected in the same 
locations of tested traps. 
 

4.3.3 Sand fly bloodmeal analysis 

Following the collection, 168 blood-fed Ph. papatasi were analysed to identify blood 

sources (Figure 4.10). Samples were pooled into 17 tubes based on the date and sites 

of collection. The cyt-b PCR sequencing revealed a variety of vertebrate hosts in sand 

fly bloodmeals, ranging from humans to domestic animals. Six tubes of pooled 

samples showed mixed blood meals that could not be identified by sequencing. For 

the remaining tubes (n=11) humans (Homo sapiens - KX697454) were the 

predominant sand fly bloodmeal source, constituting 81.8%. Bloodmeal sources from 

domesticated animals were mainly from sheep 9.1% (Ovis aries - LC088159) and cats 

9.1% (Felis silvestris - KP202275) ( 

Table 4.2). 
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Figure 4.10 SYBR safe–stained agarose gel showing amplified universal cyt b gene, from wild 
blood-fed Ph. papatasi collected from the Al-Hasa region. Positive bands (~390bp) appear in lane 
1 to 10. Lane 1-9 refer to wild sand flies. Lane 10 is the positive control and referring to human blood 
cells and Lane 11 is the negative control. A 100 bp ladder was used as a molecular size marker. 
Fragments were separated on 2% agarose gel for 40 min. 

 

Table 4.2 Vertebrate species represented in wild Ph. papatasi bloodmeals. 

Vertebrate species No. of Ph. papatasi 
blood-fed females 

GenBank  
accession 

% identity 
(e-value) 

Human (Homo 
sapiens) 45 (81.8%) KX697454 99 (1e-150) 

Sheep (Ovis aries) 5 (9.1%) LC088159 99 (7e-150) 
Cat (Felis silvestris) 5 (9.1%) KP202275 94 (6e-120) 

 

4.3.4 Detection and identification of Leishmania species in wild sand flies 

The presence of Leishmania promastigotes in wild female sand flies was determined 

by microscopy examination of dissected midguts and by PCR using specific 

Leishmania primers. By microscopy analysis, none of the Ph. papatasi females 

showed a positive (live) Leishmania infection. When tissues from the same sand fly 

specimens were analysed by ITS1-PCR-RFLP, ITS1-qPCR and nested kDNA-PCR, 

no amplification of the Leishmania sequences was observed. On the other hand, three 

females of S. clyde species showed positive amplification for L. tarentolae ITS1 gene 

(94% identity). 
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4.3.5 16S rRNA data quality 

16S rRNA raw sequences were demultiplexed and checked for quality-filter and run 

through QIIME pipeline. Operational taxonomic units (OTUs) were created and 

clustered using the UCLUST algorithm against the reference dataset Silva of 97% 

penalty. In general, S. clyde and Ph. papatasi (wild type) had the highest number of 

high-quality reads and OTUs. Results are explained in more details according to 

samples sources in (Table 4.3).  

 
Table 4.3 Summary of number of samples and average count of 16S rRNA amplicon merged-
reads after QC filter and OTUs number, according to the type of sand fly species using high-
throughput Illumina sequencing. The UCLUST tool was used for OTU clustering and annotated to 
the Silva database. 

Swabs source  Ph. papatasi 
(colony) 

Ph. papatasi 
(wild) S. fallax S. clyde 

OTU number:  4612 10044 4763 11975 

OTU with ≥ 2 counts: 2219 6045 2358 7334 

Total read counts:  7802390 29140295 9925170 37306175 

Average counts per 
sample:  487649 441519 583833 466327 

Maximum counts per 
sample:  834000 728589 1525833 885275 

Minimum counts per 
sample:  186768 653 286562 5905 

 

 

Refraction analysis (alpha diversity) was used to check the sampling level of bacterial 

community (sequence depth) for each sample. The average of observed OTUs (Figure 

4.11 A) and phylogenetic distance (Figure 4.11 B) showed a plateauing curve with 
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high depth of sequencing, indicating a fully sampled community and a higher bacterial 

diversity within the sand fly midguts. 

 

 
Figure 4.11 Rarefaction analysis of 16S rRNA amplicons for sand fly midgut. The graphs show 
the correlation for observed OTUs average (A) and phylogenetic distance of whole tree (B) with number 
of reads (depth). Sequences were obtained from sand fly midguts collected from the field in Al-Hasa. 
Each line represents a single sample. 

 

4.3.6 Comparison of the midgut bacterial composition and diversity between 
wild and colony reared sand fly species  

16S rRNA sequencing data from 1383 field collected and 150 laboratory reared female 

sand flies were performed in 150 reaction tubes, each containing a pool of at least ten 

sand fly midguts. The data was generated from four sand fly species groups (wild 

caught Ph. papatasi, colony reared Ph. papatasi, wild S. clyde and wild S. fallax) and 

each group was divided into three sub-groups (blood-fed, unfed and gravid females).  

 

4.3.6.1 Beta diversity analysis 

Principal coordinates analysis (PCoA) was performed on the Bray–Curtis dissimilarity 

matrix for bacteria OTUs between sand fly species and the dissimilarity level was 
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found to be very low (ANOSIM; R=0.17, p=0.001) (Figure 4.12 A). However, when 

investigating the beta diversity based on the midgut status, the PCoA analysis 

revealed a substantial difference among the groups. This was especially apparent with 

the blood-fed and gravid groups, where the dissimilarity level was significantly high 

(Figure 4.12 B/C). On the other hand, the bacterial communities within the unfed sand 

fly groups failed to cluster consistently according to sand fly species (Figure 4.12 D).  

 

 

Figure 4.12 Differences in bacterial communities among wild and colony reared sand fly species. 
PCoA analysis applied using the Bray–Curtis matrix for bacteria OTUs. (A) represents all midgut 
conditions; (B) blood-fed group; (C) gravid group; (D) unfed group. The dissimilarity level between 
groups (R) was calculated using Analysis of Group Similarities (ANOSIM). 
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4.3.6.2 Alpha diversity analysis 

Regarding the bacterial richness and evenness, the average score of the Shannon 

index showed no significant differences between these groups, except for the blood-

fed and gravid groups (Figure 4.13 B/C). Among all tested sand flies, wild Ph. papatasi 

had the highest alpha diversity among the blood-fed groups and the lowest average 

among the gravid and unfed groups (Figure 4.13). 

 

 

Figure 4.13 Alpha diversity of wild and colony reared sand fly species analysed by Shannon 
index. (A) represents all midgut conditions; (B) blood-fed group; (C) gravid group; (D) unfed group.  
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Among the overall identified bacteria genera, Acinetobacter and Ralstonia were the 

most frequent among all the field collected and laboratory reared sand flies (Figure 

4.14 A). Within wild Ph. papatasi and S. clyde, however, Sphingomonas genus was 

found frequently, while Serratia and Enterobacter genera were commonly seen in 

laboratory-reared Ph. papatasi and S. fallax, respectively. All tested sand flies were 

found to be positive for the presence of Wolbachia genus but at different rates (Figure 

4.14 B). 

 

 
Figure 4.14 Relative abundance of midgut bacteria of laboratory reared Ph. papatasi and 
different wild sand fly species collected from the Al-Hasa region. (A) represents the full picture of 
bacterial relative abundance in the sand fly midguts. (B) same as (A) after removing the most abundant 
bacterial species (Acinetobacter and Ralstonia). 

 

 



 

 
156 

4.3.7 Comparison of the midgut bacterial communities between wild Ph. 
papatasi and wild Sergentomyia species  

 

4.3.7.1 Beta diversity analysis 

The dissimilarity level according to the Anosim analysis between these wild sand fly 

groups (Ph. papatasi, S. clyde and S. fallax) showed a deviation in bacterial 

communities between both blood-fed (R=0.359, p=0.003) (Figure 4.15 A) and unfed 

sand flies (R=0.205, p=0.001) (Figure 4.15 B). It also revealed that the blood-fed 

groups of wild Ph. papatasi and S. clyde were more tightly clustered than the unfed 

group.  

 

Figure 4.15 Bacterial diversity of wild sand fly species, based on midgut status, collected from 
the Al-Hasa region. (A and B) represent PCoA using Bray–Curtis for bacteria OTUs according to the 
midgut condition. (Red) for Ph. papatasi, (Blue) for S. clyde and (Gray) for S. fallax. The dissimilarity 
level between groups was calculated using Analysis of Group Similarities (ANOSIM). 

 

4.3.7.2 Spearman correlation analysis 

The Spearman correlation analysis was used to compute network association 

between taxa composition and explanatory variables. It showed a close matching of 
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bacterial communities at the genus level between S. clyde and S. fallax against both 

groups of Ph. papatasi (blood-fed and unfed). For the blood-fed group, the 20 most 

abundant bacteria genus showed a positive association with Ph. papatasi. For 

instance, while Wolbachia, Erwinia and Ochrobacterum were positively correlated with 

S. fallax, the relative abundance of Acinetobacter increased in S. clyde (Figure 4.16 

A). On the other hand, the majority of bacteria from the unfed group were strongly 

correlated between S. clyde and S. fallax, except for Acinetobacter which had a 

positive association with Ph. papatasi (Figure 4.16 B).  

 

 
Figure 4.16 Associations between midgut microbiota and wild sand fly species, based on midgut 
status. Heatmaps were generated from the Spearman correlation analysis, which shows the 
association between sand fly species (Ph. papatasi, S. clyde and S. fallax) with relative abundances of 
the 20 most abundant bacteria of the blood-fed group (A) and unfed group (B). Data is presented as 
total sum scale (TSS).  
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4.3.7.3 Venn diagram analysis 

A Venn diagram was applied to mark bacterial present if identified in at least 40% of 

the samples within the group. The analysis showed a core of 62 genera shared 

between collected sand fly species in the unfed group (Figure 4.17). Bartonella and 

Kocuria were exclusively present in Ph. papatasi and S. clyde, respectively. Moreover, 

Paludibacter, Ochrobactrum, Haemophilus and Anoxybacillus were unique for S. fallax.  

However, within the blood-fed group the number of shared cores decreased to 46 

genera (Figure 4.18). 14 genera were exclusively present in Ph. papatasi. 

Ochrobactrum, Neisseria and Mycoplana were more committed to S. fallax and 

Phormidium was unique to S. clyde.  

 

 

Figure 4.17 Venn diagram shows shared bacteria genera across unfed wild sand fly species, 
collected from the Al-Hasa region. Panel (A) shows number of distinct and shared bacterial taxa, 
based on sand fly species. Panel (B) shows most frequent identified bacterial genera shared across 
sand fly species. The bacterial group is marked as present in a sample group if it was identified in at 
least 40% of the samples within the group. 
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Figure 4.18 Venn diagram shows most identified bacteria genera shared across blood-fed sand 
fly species, collected from the Al-Hasa region. Panel (A) shows number of distinct and shared 
bacterial taxa, based on sand fly species. Panel (B) shows most frequent identified bacterial genera 
shared across sand fly species. The bacterial group is marked as present in a sample group if it was 
identified in at least 40% of the samples within the group. 

 

4.3.8 Comparison of the bacterial profile of wild caught Ph. papatasi vs. 
laboratory reared Ph. papatasi  

 

4.3.8.1 Alpha and Beta diversity analyses 

The bacterial dynamics in sand fly midguts between field caught and colony reared 

Ph. papatasi flies was also compared using 16S rRNA metagenomic. The 

phylogenetic diversity was slightly different between the two groups. For instance, 

blood-fed wild flies had a highest Shannon index average compared to colony flies 
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(Figure 4.19 A/C). Furthermore, the principal coordinate analysis of the beta diversity 

showed a high level of shared bacterial communities between blood-fed, gravid and 

unfed wild Ph. papatasi (Anosim R=0.23, p<0.003). In contrast, there was a high 

dissimilarity level between bacterial communities among reared Ph. papatasi (Anosim 

R=0.86, p<0.05) (Figure 4.19 B/D). 

 

 

Figure 4.19 Bacterial diversity of field caught and laboratory reared Ph. papatasi. (A and B) 
represent bacterial diversity for wild Ph. papatasi midgut. (C and D) represent bacteria diversity for lab-
reared Ph. papatasi midgut. (A and C) Shannon index show the level of bacteria OTUs richness and 
diversity per midgut condition. (B and D) represent PCoA using non-weighted Bray–Curtis for bacteria 
OTUs per midgut condition. The dissimilarity level between groups was calculated using Analysis of 
Group Similarities (ANOSIM). 
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4.3.8.2 Bacterial composition 

Several bacterial taxa were common between field caught and laboratory reared Ph. 

papatasi, but with different levels of abundance based on midgut conditions. The 

variation in the relative abundance of bacterial family according to midgut condition is 

illustrated per sample in the heatmap for laboratory reared (Figure 4.20) and wild Ph. 

papatasi (Figure 4.21). Based on midgut condition, the microbial distribution was more 

constant among tested pools of laboratory reared sand flies than with wild type. 

Moreover, the increased level of Moraxellaceae, Oxalobacteraceae and 

Phyllobacteriaceae was noticed among both wild and colony reared Ph. papatasi. 

 

 

Figure 4.20 Heatmap illustrating variations in the relative abundance of the 20 most abundant 
bacteria midgut at family level among laboratory reared Ph. papatasi, according to midgut status. 
Data is presented as total sum scale (TSS). 
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Figure 4.21 Heatmap illustrating variations in the relative abundance of the 20 most abundant 
bacteria midgut at family level among field caught Ph. papatasi, according to midgut status. 
Data is presented as total sum scale (TSS). 

 

4.3.8.3 Bacterial association based on midgut status 

To assess how blood feeding affects the bacterial composition of female midguts, a 

correlation analysis was carried out between midgut microbiota and midgut status 

(blood-fed, unfed and gravid) using a Spearman correlation test. According to the 

laboratory reared Ph. papatasi, most of the bacteria phyla showed a higher rate of 

relative abundance within unfed sand flies than in blood-fed ones, except for 

Proteobacteria phylum, which had a positive association with the blood-fed type 

(Figure 4.22 A). Among the 20 most abundant bacteria genera, the highest relative 

abundance of Acinetobacter was found within blood-fed females, while Rlastonia and 
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Sphingomonas were higher within sugar fed sand flies. The remaining bacterial 

genera showed a strong correlation with gravid sand flies (Figure 4.22 B). 

 

 

Figure 4.22 Associations between midgut microbiota and midgut conditions among laboratory 
reared Ph. papatasi. Heatmaps were generated from a Spearman correlation analysis, which showed 
the associations between sand fly midgut conditions (blood-fed, unfed and gravid) and the relative 
abundances of the 20 most abundant bacteria at the phylum level (A) and genus level (B). Hierarchical 
clustering of phyla and variables are displayed as dendrograms. Data is presented as total sum scale 
(TSS). 

 

At the phylum level, it was clear that most bacteria within the midgut of field-caught 

Ph. papatasi showed a positive correlation with blood-feeding, except for 

Proteobacteria which showed high abundance in unfed and gravid midguts (Figure 

4.23 A). Scooping into the genus level, the most common skin microbiota 

(Staphylococcus, Streptococcus, Propionibacterium and Corynebacterium) showed a 
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positive association with blood-fed sand flies. Moreover, some of the environmental 

bacteria (Pseudomonas, Burkholderia, Ralstonia, Sphingomonas, Arcobacter and 

Flavobacterium) were observed to be highly abundant in blood-fed midguts. In 

contrast, Erwinia, Ochrobactrum, Wolbachia and Acinetobacter were positively 

associated to unfed sand flies (Figure 4.23 B). However, when looking into the species 

level of Acinetobacter, only A. lowffii showed a statistically significant high abundance 

within blood-fed sand flies (Figure 4.24).  

 

 
Figure 4.23 Associations between midgut microbiota and midgut conditions among field caught 
Ph. papatasi, collected from the Al-Hasa region. Heatmap were generated from Spearman 
correlation analysis which shows association between sand fly midgut conditions (blood-fed, unfed and 
gravid) with relative abundances of the 25 most abundant bacteria at the phylum level (A) and genus 
level (B). Data is presented as total sum scale (TSS). 
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Figure 4.24 The abundances of Acinetobacter species identified within field caught Ph. papatasi, 
based on midgut status. The differences between means was calculated using the Kruskal-Wallis test. 
Significant differences are annotated by *: p<0.05, **: p<0.01, ***: p<0.001.  

 

4.3.9 Comparison of the bacterial signatures between midguts from field 
caught Ph. papatasi and L. major CL lesions from patients from Al-Hasa 
region.  

In this part of the analysis, the OTUs data generated from field caught Ph. papatasi 

midgut and human skin lesions with L. major infection (presented in chapter 3), were 

assigned to the same database of closed reference Greengenes (May 2013). A higher 

Shannon index was found within human skin lesions. Bray-curtis analysis showed a 

significant difference in the microbial composition between human skin lesions and 

sand fly midgut microbiota (ANOSIM R=1, p= 0.001). The Venn diagram below 

showed that a core of 72 bacteria genera were shared between human skin lesions 

and female Ph. papatasi midguts. Of the 20 most abundant shared taxa are 

Staphylococcus, Propionibacterium, Streptococcus, Corynebacterium, Micrococcus, 

Bacillus, Pseudomonas, Prevotella, Veillonella, Acinetobacter, Sphingomonas and 

Erwinina (Figure 4.25).  
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Figure 4.25 Bacterial profile between field caught Ph. papatasi midgut and cutaneious 
leishmaniasis lesion microbiota from same endemic area. (A) Shannon index show the level of 
bacteria OTUs richness and diversity under midgut condition; (B) PCoA using Bray–Curtis for bacteria 
OTUs. The dissimilarity level between groups was calculated using Analysis of Group Similarities 
(ANOSIM); (C) Venn diagram showed shared genera identified in at least 40% of the sample across 
groups (human lesion and Ph. papatasi midgut). 

 

 

4.4 DISCUSSION 

The role that the insect midgut microbiota has for pathogen development and 

transmission, and in disease outcome is an area of great interest in the study of vector 

borne diseases. In this Chapter, I determined the microbial composition of midguts 

from Ph. papatasi sand flies collected from ZCL-endemic areas of the Al-Hasa 

governorate, Saudi Arabia. Furthermore, the microbial signatures of field collected 

sand flies (including those from Sergentomyia spp, which is thought not to be medically 

important) were compared with those from colony Ph. papatasi flies and with bacterial 

communities present within CL lesions in L. major-infected patients from the very same 
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endemic areas of Al-Hasa. These analyses may help to understand more about the 

possible effect insect’s microbiota has on pathogen transmission and also to develop 

better vector control measurements.  

 

Identification of the collected sand flies was based mainly on using morphological keys. 

Although this is time consuming, it can still give reliable results, especially in countries 

with few resources, since it is much affordable than molecular techniques. However, 

some sand flies can be damaged due to storage conditions, which result in excluding 

of some sand flies from the screening identification process. Therefore, sand fly 

identification was also corroborated by looking at molecular markers, as previously 

reported (Terayama et al., 2008, Giantsis et al., 2017). 

 

Typically, previous studies have reported that Ph. papatasi is the most prevalent 

species of phlebotomine sand fly across most parts of the KSA  (Lewis, 1982, Killick-

Kendrick et al., 1985, Al-Barrak, 2005, El-Badry et al., 2008). Previous studies from 

more than 30 years ago suggested the presence of Ph. papatasi, S. clyde, S. 

antennata and S. fallax in the Al-Hasa region (Killick-Kendrick et al., 1985). My study 

matches Killick-Kendrick's findings, except for the presence of S. antennata, which 

could be due to sampling different locations or differences in environmental conditions 

and augmented urbanization in the area. To enhance the collection of Ph. papatasi 

females, traps were located close to fat rat sand burrows, which are also known to be 

the places where sand flies look for shelter (Maleki-Ravasan et al., 2015). 

Nevertheless, most of the sand flies collected from these locations were from 

Sergentomyia species while most Ph. papatasi sand flies were encountered near 

human dwellings, livestock shelters and palm trees. 
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The number of the collected female sand flies were found to be almost double to males, 

which support the advantage of using CDC light traps in attracting host-seeking 

females (Alten et al., 2015). For instance, Mukhwana et al. (2018) also demonstrated 

that the number of female sand flies collected using CDC light traps were more than 

twice the number of males in all their study sites. Moreover, using carbon dioxide and 

BG Lure as host odours as a potential attraction to sand flies were effective to enhance 

the numbers of collected specimens (Dougherty et al., 1999, Alexander, 2000). 

However, the use of CDC light traps alone is still recommended in attracting females 

as Biogents BG-Sentinel traps showed a low effect in attracting sand flies compared 

to CDC light traps. As most of the sand flies were collected outdoors, it is likely that 

transmissions are occurring outdoors, especially when humans are sleeping or resting 

after their daily chores. 

 

Determining the host feeding preference of hematophagous insects enhances 

knowledge about the epidemiology of vector borne diseases (Jaouadi et al., 2013). 

Female sand flies require a blood meal for egg development and maturation (Sales et 

al., 2015). It is possible to detect blood meal origin in field-collected sand flies with 

high levels of sensitivity. A universal cytochrome b PCR is the most common method 

to use for blood identification (Abbasi et al., 2009, Can et al., 2016, Talmi-Frank et al., 

2010). The blood meal analysis in this study showed differences in host preference 

among wild Ph. papatasi sand flies. As the majority of Ph. papatasi species were 

collected close to human houses and livestock shelters, most of the identified blood 

meals were purely obtained from human and none from fat sand rats, as predicted. 

Cats and sheep formed the second largest source of pure sand fly bloodmeals. 
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Presence of this vertebrate species in close proximity to humans and in abundance 

appears to provide an alternative source for sand fly bloodmeals especially when 

humans are not available. Therefore, investigations are needed to elucidate the 

potential roles of other vertebrate species apart from humans and fat sand rat as 

potential reservoirs of ZCL parasites, especially in this endemic focus where there are 

unrestricted interactions between domestic animals and wildlife. However, one of the 

limitations of this study is that the direct sequencing approach cannot identify blood 

meals from multiple hosts. In addition, the pooling system of sand fly midguts was 

required to ensure microbial DNA quantity and therefore, the blood origins could not 

be identified in about a quarter of the blood fed sand flies. Perhaps the analysis of 

cytochrome b alone or together with 16S rRNA, for high-throughput Illumina 

sequencing, would be more robust to overcome this issue in future work. 

 

To my knowledge, this the first investigation on the native microbiota of Ph. papatasi, 

which is a proven vector of ZCL in the KSA (Mondragon-Shem et al., 2015). 

Interestingly, the metagenomics analysis of midguts from field collected sand fly 

species and laboratory reared Ph. papatasi showed a wide range of aerobic and gram-

negative bacteria that are mostly relevant to the environment, with Acinetobacter and 

Ralstonia genera present in high quantities. The presence of these environmental 

bacteria in high abundance, especially in reared colony flies, may result from 

contamination of microbial DNA during the DNA extraction and PCR process, which 

is a possible challenge with low microbial abundance (Salter et al., 2014). However, 

the acquisition of environmental microbes has been reported many times within the 

sand fly midgut (Hillesland et al., 2008, Mukhopadhyay et al., 2012, Maleki-Ravasan 

et al., 2015), and most bacteria naturally present in the sand fly midgut are acquired 
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from the surrounding environment (food resources) such as soil during the larva stage 

and plant sap by adult flies. 

 

Most publications about sand fly microbiota have focused on medically important 

vectors of the genus Phlebotomus (in the Old World) and Lutzomyia (in the New World) 

with the aim of understanding the interactions of these microbes with the vector, as 

reviewed by (Telleria et al., 2018). Interestingly, in some studies, the presence of 

human blood and Leishmania DNA was also found in some Sergentomyia species. 

These species are thought not to be medically important in the field, and although up 

to now there are no convincing published studies incriminating Sergentomyia sand 

flies as CL vectors (i.e. unable to mediate parasite transmission (Maia and Depaquit, 

2016)), this is worth revisiting (Berdjane-Brouk et al., 2012, Ayari et al., 2016, Mutinga 

et al., 1994, Parvizi and Amirkhani, 2008, Mukherjee et al., 1997). In addition, 

bloodmeal and Leishmania identification analyses of Sergentomyia species from 

endemic areas may also be used as a tool to determine potential areas of 

transmissions and identifying host reservoirs. Furthermore, exploring the natural 

microbial signature of midguts from non-medically important sand flies may help to 

understand more on the interactions between Sergentomyia and Leishmania parasites 

and the potential identification of microbes that prevent Leishmania development in 

these insects. This knowledge can be further exploited to develop novel vector control 

tools based on the use of specific bacteria species. Unfortunately, none of the 

collected Ph. papatasi sand flies were infected with L. major. This could be due to 

several reasons, including unviability of infected reservoir hosts in the collection areas 

and the short life of the infected adult sand flies (Sant’Anna et al., 2012).  
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The metagenomic data of wild caught sand flies showed no big differences in beta 

diversity between these groups regarding midgut status. This suggests a high 

similarity of natural bacterial communities (such as Acinetobacter and Ralstonia) but 

with variations in abundancy between sand fly species. The Spearman correlation test 

showed a close match of bacterial association between S. clyde and S. fallax, but not 

with wild Ph. papatasi regarding midgut status. (i.e. fed vs. unfed). This may be related 

to environmental factors since sand flies can be influenced by external microbials 

during feeding (Maleki-Ravasan et al., 2015). According to the Venn diagram, most of 

the identified bacteria genera were shared between sand fly species, varying based 

on midgut status. A few bacteria genera were associated with specific sand fly species. 

For example, Haemophilus and Ochrobactrum genus were more associated to unfed 

S. fallax. In previous studies, these bacteria have shown a negative impact  on the 

ability of Leishmania survival (Hassan et al., 2014, Sant’Anna et al., 2014). 

Interestingly, Bartonella genus was highly associated with wild Ph. papatasi midgut. 

The Bartonella genus is an intracellular bacterium that is transmitted through 

hematophagous insects (fleas, lice, ticks, mites and sand flies) or by animal scratches, 

and targets the red blood cells of its host, causing prolonged intraerythrocytic 

bacteraemia. Carrion’s disease is one of the clinical outcomes that is caused by 

Bartonella bacilliformis and is transmitted by Lutzomyia sand flies which are endemic 

in Peru, Ecuador, and Colombia (Angelakis and Raoult, 2014, Jacomo et al., 2002). 

Carrion’s disease is mostly asymptomatic and the severity of the disease depends on 

the host immune response, in which for some cases, Oroya fever can occur during the 

acute stage of infection (Jacomo et al., 2002). The presence of Bartonella species in 

the midgut of field caught Ph. papatasi (blood-fed and unfed) increases the possibility 

of the presence of the epidemiological cycle of Carrion’s disease in Al-Hasa district, 
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as humans are the only known reservoir host (Maguiña et al., 2009). However, to verify 

this possibility, further analysis needs to be applied using large scale collection and 

molecular tools to confirm and identify the presence of Bartonella species in Ph. 

papatasi. Furthermore, I would suggest applying some definitive diagnostic tests at 

the clinic such as Giemsa-stained microscopic examination of blood smears and blood 

culture for patients suffering from CL and/or fever of unknown origin. 

  

Previous studies have demonstrated the influence that blood meals have on microbial 

communities (Tresierra-Ayala et al., 2010). Most of the identified blood meals within 

field caught Ph. papatasi in this study were linked to human and all blood-fed 

laboratory reared Ph. papatasi females were fed on human blood. A few studies have 

demonstrated that the bacterial diversity within the sand fly midgut tends to decrease 

after blood meals, before recovering to the previous level at the unfed stage (Kelly et 

al., 2017, Pires et al., 2017). This picture of microbial dynamics was observed with 

reared Ph. papatasi, but not with the wild caught type of this study, in which the blood-

fed stage had the highest bacterial evenness and richness. The investigation of 

microbial diversity for colony-reared flies was processed under controlled 

environmental and feeding conditions, which was incompatible with the wild Ph. 

papatasi due to the various nature options in the field and the uncontrolled number 

and timing of blood feeding and gonotrophic cycles. It is likely that this explains the 

differences of bacterial diversity between colony-reared and wild-caught Ph. papatasi. 

Further studies on how microbial communities of colony-reared sand flies differ from 

field-collected ones are therefore critical for the successful development of bacterial 

symbiont control strategies. 
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Most common genera of skin bacterial skin genera (e.g. Staphylococcus, 

Propionibacterium, Streptococcus, Corynebacterium and Acinetobacter lowffii) 

showed high association to the midguts of wild blood-fed Ph. papatasi.  In contrast, 

other environmental bacteria increased during this stage, such as Erwinia, Wolbachia 

and Acinetobacter genera. This reveals a distinct dynamic pattern of bacterial diversity 

for wild Ph. papatasi, which expands our knowledge about host-vector-microbiota 

interactions. Moreover, it was noticed Wolbachia showed high prevalence in unfed in 

wild Ph. papatasi sand flies compared to blood-fed ones. Wolbachia is an 

endosymbiont bacterium that has been reported within tsetse flies, mosquitos and 

sand flies (Cheng et al., 2000, McMeniman et al., 2009, Karakus et al., 2017). This 

bacteria has shown the ability to shorten the life span of mosquitos (McMeniman et al., 

2009) and Drosophila (Min and Benzer, 1997), which suggests its possibility as a 

control agent in sand fly species. 

 

It has been proven that several components of sand fly’s midgut, including microbiota, 

are regurgitated into the bite site during blood feeding, which enhance pathogenicity 

of visceral leishmaniasis by inducing target cells of the host immune responses (Dey 

et al., 2018). According to this concept, unfed flies are suggested, theoretically, as the 

most point at which the midgut microbiota is most likely to be egested into the host 

during feeding. The average relative abundance of Erwinia, Wolbachia and 

Acinetobacter showed higher levels in the unfed than in blood-fed wild Ph. papatasi in 

this study, which suggests a potential presence of these bacteria within the bite site. 

To assess this possibility, I looked for the common bacteria genera shared between 

wild Ph. papatasi and lesion swabs collected from patients infected by L. major from 

the same endemic area (described in Chapter 3). About 72 core bacteria genera were 
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shared between two groups and among these genera Erwinia, Pseudomonas and 

Acinetobacter were found in high quantities in some cases with L. major infection. 

These bacterial species may also modulate treatment responses of CL patients as 

described in Chapter 3, which support the possibility of Ph. papatasi midgut microbiota 

in inducing the pathogenicity of cutaneious leishmaniasis in the Old World. However, 

further studies need to be addressed to investigate at the species level of these 

bacteria with the possibility in inducing pathogenesis of CL in a mice model and the 

mechanism of modulating an immune response in the host.  

 

To conclude, exploring the microbial profile of wild sand flies has highlighted the 

distinct picture of microbial dynamics for wild Ph. papatasi midguts compared to other 

wild Sergentomyia species in the same area as well as to laboratory reared Ph. 

papatasi. Furthermore, it has revealed the presence of possible candidate symbionts 

such as Wolbachia and Acinetobacter in natural populations of Al-Hasa region. In 

addition, exploring the wild Ph. papatasi midgut revealed the presence of Erwinia and 

Pseudomonas genera that have been found in high quantities within lesions of some 

CL patients, whom had a bad treatment response, in the same endemic area, which 

suggest their influences in the pathogenesis of CL in humans. Overall, these findings 

develop a baseline data support for further studies that will help to improve vector 

control strategies such as paratransgenesis. Moreover, it helps to expand our 

knowledge about vector-microbiota-host interactions, which emphasise the potential 

role of the Ph. papatasi vector in the pathogenicity of CL in the Old World. Therefore,  

further studies ae recommended to investigate how gut microbiota of wild Ph. papatasi 

differ from colony reared types, and how gut microbiota establish the infection of L. 

major in both wild Ph. papatasi and the host. 
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 Discussion and conclusions 

Cutaneous leishmaniasis is still a major health problem in KSA and other Middle East 

countries. In recent years, the spread of CL as a result of the current Syrian civil war, 

has led the disease to reach hyperendemicity levels in the region. In the Middle East, 

CL is mainly caused by L. major and L. tropica and, although it is known to be self-

healing if not treated, it may lead to the development of permanent scarring, 

disfigurement and social stigma. Thus, treatment is necessary to speed up the healing 

process, which in turn will reduce the clinical manifestations of the lesion(s). Overall, 

patient's treatment plays a crucial and sensitive role in the control of CL.  

 

Treatment of CL in the KSA mainly relies on using sodium stibogluconate, which is still 

not well accepted by patients because of its painful way of administration and collateral 

effects. Moreover, patients need to visit a clinic many times impacting their work 

routine, especially people with limited transportation resources and low income. These 

factors force patients to withdraw from treatment courses, which most of the times 

makes the lesions worse and may promote the emergence of drug-resistant 

Leishmania strains. Therefore, the demand for safe alternative treatments with low 

cost and less harmful is still present. In addition, alternative approaches to control the 

sand fly vector to curtail the disease are highly demanded, especially when the 

successful development of a Leishmania protective vaccine remains elusive (Kelly et 

al., 2017). 

 

To address these issues, in this thesis I looked at the main elements in the CL cycle: 

human host, sand fly vector, parasite species and, skin and fly microbiota. I assessed 
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patient responses to the current treatment protocols in the KSA and determined drug 

susceptibility of the parasite in vitro. Furthermore, I investigated the microbial 

signature of skin from CL patients and the midgut bacterial microbiome of medically 

important sand fly species. Taking everything into consideration, below I list the most 

important conclusions and reflections of this thesis, including a series of 

recommendations that may help improving the control Old World CL in KSA and the 

Middle East. 

 

1. Developing of rapid diagnostics and treatment monitoring system for 

improving CL case management. 

As discussed previously, the treatment response to L. tropica and L. major CL 

infections differs in relation to sensitivity to antimony and time. Therefore, accurate 

and fast CL diagnosis is fundamental for disease treatment, especially in places (e.g. 

refugee settings) where displaced people can be infected with Leishmania species. 

My field work highlights the importance of improving the current diagnostic tool (as it 

was done using only Giemsa stain) of Leishmania infection and the advantages of 

using non-invasive molecular methods like iso-helix swabs for sampling and parasite 

identification. However, to confirm its applicability in treatment monitoring, it needs to 

be tested further on a larger cohort of CL patients.  

 

2. The need of alternative treatment(s) for L. tropica infection in Asir region.   

The treatment efficacy of SbV in L. tropica-infected patients was much lowered 

compared to patients with L. major infection. This may relate partly to the natural 

refractoriness to Sb observed in L. tropica parasites in vitro. Although the number of 

tested isolates was low, this is the first report of the potential in vitro insusceptibility to 
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Sb of L. tropica isolates from Asir. This poses a problem for the Saudi MoH efforts to 

controlling CL in the Asir region and may be a factor enhancing the transmission of 

anthroponotic CL in the region. Nevertheless, this study needs to be repeated on a 

bigger scale using many more L. tropica isolated from patients with variable SbV 

treatment responses, in order to assess parasite drug resistance levels. Furthermore, 

to screen for genetic differences (molecular markers) such as copy number variation 

(CNV) and single nucleotide polymorphism (SNP) that may involve in drug resistance 

and parasite survival using whole genome analysis. Meanwhile, these field-isolated 

parasites did not show cross resistance to other anti-leishmanial drugs such as 

Amphotericin B, Miltefosine and Paromomycin when tested in vitro. Although these 

drugs were tested only on cultured promastigotes, these results herein presented 

represent an experimental (preliminary) evidence for their potential use as alternative 

antileishmanial drugs against L. tropica infections.  

 

3. The importance of incorporating antimicrobials as part of the CL 

treatment protocol.  

This thesis supports the beneficial use of antimicrobials as first line of treatment 

against CL caused by L. major. Specifically, the use of antibiotics (Fucidin and 

Augmentin) or antifungals (Itraconazole and Clotrimazole) either alone or in 

combination, significantly triggered healing in many patients (without the use of SbV) 

and also reduced the use of SbV injections in several others. If we look at this from 

the patient's point of view, it is beneficial in terms of cost and time, since most CL 

patients in Al-Hasa are international workers with limited income. Furthermore, it 

significantly avoids the daily visits to the dermatological clinic for receiving the painful 

and expensive SbV IL injections and minimises the effect of unpleasant secondary 
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effects. Whether this strategy can be applied to L. tropica CL is difficult to determine 

as patients immediately start with Sb courses once the diagnosis is confirmed. 

However, both itraconazole and clotrimazole showed to be efficacious against L. 

tropica promastigotes in vitro. This supports its potential use as a complementary 

therapy to Sb courses, although further studies using Leishmania-infected 

macrophages and experimental animals are required to assure this concept. 

 

4. The need to determine the skin microbiome status for improving current 

CL treatment  

The human skin is home of millions of microorganisms that are organised in 

communities. They constantly compete for nutrients and space by producing 

antimicrobial molecules to ensure their persistence. Understanding CL skin microbiota 

and knowing how it interacts with the parasite may favour treatment as it could lead to 

the use of topical probiotics a complementary therapy for CL. This strategy has been 

shown to be successful in other skin diseases such as atopic dermatitis (Panduru et 

al., 2015). 

 

This thesis noticed the variety of treatment responses linked to distinct microbial 

signatures among L. major or L. tropica patients. Given that all patients went through 

the same treatment protocol (according to the infecting parasite species), this 

reinforces the hypothesis that skin microbiota maybe a factor that modulates treatment 

response in CL patients.  
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5. Does the Leishmania infection alter the skin microbiome of CL patients? 

Bacterial skin dysbiosis was a general marker for lesions of both infections. The higher 

the dysbiosis level, the more severe the CL case was. When comparing the bacterial 

communities between adjacent "healthy" skin and lesion, regardless of the type of CL 

infection (L. major or L. tropica) there was a lower level of bacterial alpha diversity 

within lesions than in adjacent healthy skin, although no significant differences were 

found in bacterial beta diversity. Moreover, it was noticed a high positive association 

of Staphylococcus abundances in both CL lesions types. It is worth pointing out that, 

in some cases, using the microbial profile of adjacent healthy skin may not represent 

the best control of "healthy" skin microbiota because of the proximity with the lesion(s). 

Thus, cross-contamination of the bacteria populations may have been unavoidable in 

some cases.  

 

It was interesting to find that the different dysbiosis levels among CL lesions correlated 

with disease severity. For instance, most of the severe lesions showing delayed 

healing were dominated by opportunistic Staphylococcus and other bacteria 

pathogens such as Pseudomonas and Erwinia spp. This further supports the possible 

involvement of skin microbiota in modulating treatment response of CL patients. It also 

suggests that high richness and evenness of bacterial population may accelerate the 

healing process of both CL infections. This seems particularly important for L. major 

infections where lesions are more prone to heal after receiving only antimicrobials. 

Overall, the results of this thesis supports the use of antimicrobials as standard first 

line of treatment for CL as Staphylococcus aureus and Pseudomonas aeruginosa are 

known to form biofilms that can reduce their susceptibility to antimicrobial agents and 

host defences (Olsen, 2015). In addition, the predominance of some specific skin 
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bacteria may benefit Leishmania infection through host immunity modulation. For 

example, it was found in AD patients that toxins produced by S. aureus can trigger the 

production of IL-1b from monocytes, which in turn increase the proliferation of 

neutrophils (Byrd et al., 2018). This would suggest that the presence of S. aureus 

within a CL lesion may increase parasite pathogenicity as the presence of neutrophils 

works as a shelter for Leishmania. On the other hand, the presence of Acinetobacter 

can strongly activate Th1 immune response (Fyhrquist et al., 2014), which is the kind 

that accelerates healing of a CL lesion (Scott et al., 1988). 

 

 

Analysis of the V4 region of 16S rRNA is not robust enough to confidently determine 

bacteria species.  Shotgun sequencing should be used instead for future work in order 

to cover most of the bacterial species. Thus, using a wide range of genetic data for 

direct functional analysis of bacterial populations, we could better understand how skin 

microbiota interacts with the lesion and favours treatment.  

 

Another important aspect pending to analyse is how the immune response of CL 

patients varies according to the skin microbiome. The immunological spectrum of the 

host can vary based on infecting Leishmania species (Scott and Novais, 2016). In 

general, the immune response can be mediated by two sets of CD4 T cells, either Th1 

or Th2. A Th1 response is characterised by an increase of IFNγ activated 

macrophages, which elevate the expression of pro-inflammatory cytokines and results 

in parasite killing. On the other hand, Th2 cells secrets IL-4, which down-modulate the 

activity of IFNγ activated macrophages. Although there are limited studies on the 

immunological profile of L. tropica infection compared to L. major, both infections can 
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cause an increase in activation of apoptotic polymorphonuclear cells, which facilitate 

it survival by limiting activation of macrophages (van Zandbergen et al., 2004, Kumar 

et al., 2010). Moreover, both infections are characterised by increasing the levels of 

pro-inflammatory cytokines (TNFa, IL-1b, IL-8 and IL-17) that are responsible for 

tissue damage at the site of infection and parasite clearance (Katara et al., 2013). The 

disruption of skin barrier integrity and induced skin dysbiosis can lead to high 

recruitment of neutrophils and IL-1b production that have been associated with lesion 

severity (Gimblet et al., 2017). Shifting in skin immune system can potentially lead to 

skin diseases such as psoriasis, atopic dermatitis and acne, which are both 

characterised by developing skin dysbiosis (Chen et al., 2018). Improving skin barrier 

integrity, reducing skin inflammation with immunosuppressive medication and using 

antibiotics have shown to be effective in restoring skin microbial diversity of these 

diseases (Byrd et al., 2018). Microbial skin dysbiosis is one of the outcomes caused 

by CL that may contributed to dermal cellular response. However, up to date this 

mechanism is not clear and further investigation is needed to correlate inflammatory 

markers and microbiota signatures with lesion development of CL patients. 

Furthermore, it is likely that the skin microbiota will change during CL healing and so 

specific bacterial signatures or immune molecules may be useful as markers of cure 

or disease severity.  

 

6. The importance of investigating the interactions between Leishmania and 

skin-resident fungal species 

The few skin metagenomic studies during a CL infection have focused on the 

relationship between bacteria and the parasite, but none have considered the fungal 
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diversity. This thesis shows the importance of investigating links between Leishmania 

and opportunistic fungi within the context of the CL ulcer microbial community. The 

preliminary results of 18S rRNA analysis revealed the dominance of Malassezia 

fungus among skin of CL patients. However, unlike the bacterial communities, there 

is a lower abundance of fungal reads within lesions compared to healthy skin samples. 

In addition, in L. major lesions, there seems to be an inverse relationship between 

fungal and Leishmania abundances, which may open another aspect in terms of 

treatment development for Old World CL. In fact, both Leishmania and fungi contain 

ergosterol in their membranes, which is considered a promising target for new 

chemotherapy development such as Amphotericin B. Several classes of fungal 

metabolites have shown a potential effectiveness against Leishmania survival. For 

example, aphidicolin isolated from Nigrospora sphaerica and hypocrellin A and B 

isolated from Hypocrella bambusae. Therefore, the presence of fungi within CL lesion 

may act as antagonist against Leishmania survival. It could be also that Leishmania 

can indirectly affect fungal population on human skin; in such scenario, activation of a 

Th1 response mediated by IL-12 may act as a protective immune response against 

fungal infections (Romani, 2004). Further tools are required to corroborate these 

hypotheses. For instance, the use of different primers that reduce non-specific binding 

of non-fungal eukaryotic cells for metagenomics analyses and by using real-time PCR 

for estimating fungal abundancy within CL patients. Moreover, the identification of 

specific inflammation markers may help the understanding of the interactions between 

Leishmania and opportunistic fungi within the CL lesion. 
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7. Unravel the bacterial signature of wild caught Ph. papatasi midgut in the 

KSA 

In this thesis, I obtained baseline data of the native microbiota of Ph. papatasi midgut, 

a proven vector of ZCL in AL-Hasa region. Specifically, I was able to determine the 

microbial signatures of the midguts of wild Ph. papatasi and Sergentomyia species, 

and laboratory reared Ph. papatasi. Of importance, my analyses detected the 

presence of Bartonella genus within wild Ph. papatasi, which may suggest 

Bartonellosis transmission in Al-Hasa. In addition, the presence of Wolbachia within 

field-caught Ph. papatasi opens the door to apply symbiotic control strategies. In 

addition, further metagenomics studies of infected wild-caught Ph. papatasi are 

required to determine potential changes in gut microbiota as a result of a Leishmania 

infection.  

 

8. The potential role of Ph. papatasi bacterial midgut in CL pathogenicity  

This thesis helps to expand our knowledge on the vector-microbiota-host interactions, 

by emphasising the potential role of Ph. papatasi gut microbiota in the pathogenicity 

of L. major CL. The metagenomics analysis shown in Chapter 4 highlights the 

presence of environmental bacteria species (Pseudomonas and Erwinia) in high 

abundance within the lesions of patients who had responded poorly to anti-leishmanial 

drugs. This suggests the possible participation of sand fly midgut bacteria in the 

pathogenicity of CL lesions. Further studies are necessary to investigate the molecular 

basis of how these environmental bacteria species may (1) potentially be transmitted 

during the infections bite and (2) influence parasite establishment and CL treatment 

response. 
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APPENDIX 1 

 

Evaluation the sensitivity of the conventional ITS1-PCR and nested kDNA PCR 

in detecting Leishmania parasites 

 

Aim 

In General, the conventional PCR tool is frequently used to determine Leishmania 

species more than other traditional methods including immunoassays, due to its highly 

sensitivity (Ashford et al., 1995). However, with low amount of DNA, the sensitivity of 

PCR can be quite challenged when targeting Leishmania ITS1 and 7SL RNA gene. 

Amplification of kDNA improve the sensitivity of molecular tools since there are about 

ten thousand minicircles kDNA per parasite (Abbasi et al., 2013). Therefore, using 

nested kDNA-PCR described by (Noyes et al., 1998) is advisable to enhance the 

sensitivity of detecting Leishmania parasite within patients’ samples. To prove it, I 

compared the sensitivity of this method with ITS1-PCR described by (Schönian et al., 

2003) using serial dilutions of 5-folds of DNA neat concentration extracted from L. 

tropica reference strains (promastigote).  

 

Results 

The sensitivity of this method was able to detect as low as 2.5 pg of L. major DNA that 

showed relative band intensities (13%) (figure A1). Whereas, the ITS1-PCR could only 

detect as low as 12.7 pg of L. major DNA with lower relative band intensities (12%). 

At this concentration, the kDNA showed relative abundance of 24% and thus it 
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supports the highly sensitivity of kDNA-PCR in detecting Leishmania parasites 

compared to ITS1-PCR. 

 

Figure A1: Sensitivity analysis of ITS1-PCR and kDNA-PCR. (M) 100 bp DNA ladder; Lane 8, is negative control. 

(Lanes 1-7) refer to The DNA extracted from a total of 2.05x107 parasite/ ml of L. tropica lab strain (promastigote) 

and serially diluted 5-folds in nuclease free water up to 1.312x103 parasite/ ml. 1 µl of DNA from each diluted 

sample was used as a template in both methods.  

 

 

 

 

 

 

 



 

 
204 

APPENDIX 2 

 

Evaluation the sensitivity of novel ITS1-qPCR and kDNA-qPCR for 

Leishmania identification and quantification 

 

Aim 

Using real-time PCR assays helps to increase sensitivity and specificity of Leishmania 

detection and quantitation. The high number copies of minicircles kinetoplast DNA 

enhances the sensitivity of qPCR (Eroglu et al., 2011), but also decreases its 

specificity due to its highly level of sequence polymorphism (Bensoussan et al., 2006). 

To overcome this limitation, we developed a qPCR assay using novel ITS1 primers to 

identify L. major and L. tropica parasites within my collected clinical samples.  

To assess which gene target is compatible to quantify and identify Leishmania species 

within clinical lesion swabs, I evaluated the sensitivity of the kDNA primers obtained 

from (Abbasi et al., 2013) and novel ITS1 primers using different dilutions of parasite 

count generated by real-time PCR.  

 

Design novel ITS1-qPCR 

With the help of Dr. Aitor Casas-Sanchez, LSTM, I designed novel ITS1 primers to 

improve the resolution of identifying the Leishmania species. The amplicon products 

obtained from the ITS1-PCR run (Schönian et al., 2003) of both L. major and L. tropica 

controls were sequenced and aligned using the pairwise sequence alignment tool, 

ClustalW, in MEGA (version 7). Then, the primers were selected to cover the SNPs-
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rich region, forward primer (5’-CACGTTATGTGAGCCGTTATCC-3’) and reverse 

primer (5’-GCCTTTCCCACATACACAGC-3’) (Figure ), that would amplify products of 

almost 200 bp with different melting points that revealed HRM profiles of L. major 

(Tm=85.66°C) and L. tropica (Tm=84.09°C)  (Figure A3).  

 

 
Figure A2:  Pairwise sequence alignment of ITS1 gene obtained from L. major and L. tropica lab strains 
using ITS1-PCR (Schönian et al., 2003). Forward and reverse primers were selected to cover the SNPs-rich 
region. 

 

 

 

 

 

 
Figure A3: Dissociation curves of mixed L. tropica and L major lab strain (1:1) compared to those of pure 
L. major and L. tropica. 
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Sensitivity assay of novel ITS1-qPCR and kDNA-qPCR  

The DNA was extracted from L. major and L. tropica reference strains (promastigote) 

with different dilutions of count and run in triplicate by HRM capable Agilent 

Technologies Stratagene Mx3005P real-time PCR thermocycler. The reaction volume 

is 20 µl contained 1x Luna Universal qPCR SYBR Green-based mastermix (NEB), 1 

µl of the template DNA and 500 nM of each primer. Cycling conditions included an 

initial denaturation at 95˚C for 1 minute followed by 40 cycles of denaturation at 95˚C 

for 15 seconds and annealing and extension at 60˚C for 30 seconds. HRM was 

performed by denaturation of the qPCR products at 95˚C for 1 minute followed by 

cooling at 50˚C for 30 seconds for reannealing and gradually raising the temperature 

by ca. 0.1˚C increments per 2 seconds and recording changes in fluorescence. 

 

Results 

Results showed that kDNA-qPCR had high sensitivity in detecting parasite compared 

to ITS1-PCR (Figure A4/ A). However, the novel ITS1 primers had higher power than 

kDNA-qPCR in resolving between L. major and L. tropica regarding HRM profile 

(Figure A4/ B and Table A1). To conclude, using kDNA qPCR for Leishmania 

quantification is recommended due to its high sensitivity and, therefore, will be applied 

on the clinical lesion swab samples (my collections) to estimate parasite burden per 

patient and correlated it to the pathogenicity of CL. On the other hand, the highly 

efficient of the novel ITS1 qPCR-HRM in differentiating L. tropica and L. major 

infections highlights its suitability to diagnose Old World CL infection, which will be 

used to screen Leishmania infection on my collected clinical samples. 
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Figure A4: A comparison between kDNA and novel ITS1 qPCR-HRM analysis of Leishmania promastigote. 
(A) a line chart shows the average sensitivity of kDNA and ITS1 qPCR analysis using different dilutions of 

Leishmania promastigotes count. (B) shows the high resolution of dissociation curves for novel ITS1 compared to 
kDNA primers of L. tropica and L. major lab strain 

 

Table A1: The average melting curves of L. major and L. tropica using novel ITS1 and kDNA qPCR-HRM 
analysis.  
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APPENDIX 3 

 

Efficacy of DNA extraction for 16S metagenomic sequencing 

 

Aim 

Qiagen kits is one of the recommended companies for DNA extraction and molecular 

assays that show high quality of results. However, I need to compare it with Isohelix 

DNA isolation kit, because I used Isohelix swap for sample collection to assess which 

of them give high purity DNA. For metagenomic analysis, it is important to isolate a 

sufficient purity and quantity of microbial DNA. In general, microbial diversity 

composed of gram negative and positive bacteria that present different thicknesses of 

cell wall, which result in insufficiently of some commercial kits to recover bacterial 

genome DNA form marginal amount of clinical samples (Bag et al., 2016). 

To determine which of these kits namely: QIAamp DNA Mini Kit protocol (Qiagen) and 

Extreme DNA isolation kit (XME-Isohelix) can give better quality and quantity of 

extracted microbial DNA from swab samples. 

 

Methods 

Three isohelix swabs were taken from normal hand skin and processed individually 

with Qiagen and Isohelix protocols. Both methods have similar protocol. However, 

lysis and washing buffers with their incubation are different. The extracted DAN of both 

kits were eluted in 30 µl of nuclease free water. 

To check the quantity and quality of extracted DNA, samples were measured by 

Nanodrop. After that, they were carried out with V4-16S PCR. Then, samples were 



 

 
209 

diluted in different ratios (Table A2), to obtain sensitivity of extracted kits, and 

visualized on the gel of 1.2% agarose gels and Syber safe nucleic acid gel stain in a 

1x TAE (Figure A5). 

 

Table A2: shows the serial dilution of the two samples after 16S PCR amplification. 

Sample No. DNA Dilution 
1 4:5 

2 3:5 

3 2:5 

4 1:5 

5 0.5:5 

 

 

PCR 

16S rRNA is important for prokaryotic protein synthesis as it’s a component of the 

prokaryotic ribosome and so all bacteria have this gene with low rate of evolution. The 

size of this gene is about ~ 1500bp contain 9 variable regions flanked by conserved 

regions. V4 is the interested region and so primers were designed for. 

The PCR reaction was set with a final volume of 25 μl containing 2x of Q5 high fidelity 

master mix, 0.2 μM forward and reverse primers and a 5 μl DNA sample. The PCR 

conditions were as follows: an initial step of 2 min at 98oC, 35 cycles consisting of 20 

s at 95oC, 15 s at 60oC, and 30 s at 70oC, and a final step of 5 min at 72oC.  
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Results 

 

Table A3: show the concentration of extracted DNA using Nanodrop. 

 Average DNA 
conc. ng/ul 

Average 
260/280 

Average 
260/230 

Sample 1 
(Isohlix) 14.8 1.21 0.31 

Sample 2 
(Qiagen) 6.9 1.28 0.33 

 

 

Figure A5: SYBR safe stained agarose gel showed amplification product of V4 - 16S rRNA (~400 bp) 
extracted by Isohelix and Qiagen kits. Each number represent specific dilution ratio.   

 

 

Figure A6:  A line chart shows a comparison between Isohelix and Qiagen for DNA extraction regarding 
the relative ratio of bands intensity. 
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Conclusion 

In general, both kits gave good results of DNA isolation, but the quality of DNA seems 

to be higher with Isohelix kit. According to Nanodrop results, although the 

concentration of DNA is lower with Qiagen kit, the purity of DNA is higher as it shows 

with 260/280 ratio. Based on the gel result and relative ratio of bands, I can conclude 

that the Isohelix could be the recommended kit for DNA isolation of clinical swab 

samples.  
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APPENDIX 4 

 Forms used for samples collection in the KSA 

 

Questionnaire form 

 

                                                                

 

 

 

 

Case Record/ Questionnaire Form (Patient Information Sheet) 

Study Title: Genetic basis of drug resistance in Leishmania tropica isolated from 
Kingdom of Saudi Arabia  

Narrative: This study is coordinated by the Saudi Leishmaniasis Control 
Program, the Saudi Ministry of Health and the Liverpool School of Tropical 
Medicine in the UK. The goals of this study are: 1) to improve the KSA public 
health surveillance and intervention strategies and 2) to develop new drugs and 
treatment protocols against CL. You are invited to participate today because the 
medical team have diagnosed you with having cutaneous leishmaniasis. Your 
participation is voluntary and if you do not wish to participate there will be no 
affect to your standard of care. 

If you accept to participate in this study, we will take a one tube of blood at each 
time-point from you. The nurse will take a sample of blood (in a 10 cc tube), a 
0.5 mL aspirate from your lesion site using a local anaesthetic, and some swabs. 
All these procedures will be performed with little injury to yourself and all these 
samples will be used for research purposes. The data obtained will be shared with 
the Saudi Ministry of Health to help provide better care for the Saudi community. 
All the information you provide will be confidential and you can withdraw from 
the study at any time. 
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I.  Main Information 

 

Code:              

 

Treatment stage:          

 

Date:           

 

Nationality:           

Sex:    

Age:    

Blood group:    

 

Occupation:          

Mobile:            

 

Residence Address:  

            
             

Work Address:  

            
             

Comments:  
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II.  Clinical Information 

Clinical Examination:  

 Skin Lesion:        Present             Absent      . 

If Present (Specify):   
• Number of Lesions:                        

• Site of Lesions: Indicate below 

       

                      
                             

• Size of Lesions:           

• Duration of Lesions:  Old              Recent             

• Type of Lesions (dry/wet):         
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a) Papular:     
b) Nodular:     
c) Nodule Ulcer:     
d) Ulcerative:     
e) Scar:      
f) Others:      

 
Other Clinical Signs:          
           
           
            

III.  Diagnosis 
 

1) Patient has been seen in:  
Hospital:  
            
Primary Health Care Centre: 
            
Private Clinic:  
            
 

2) Laboratory Diagnosis: 
Direct Smear:  
            
Culture:  
            
Others:  
            
 

3) Final Diagnosis: 
            
            
            
             
 

IV.  Previous Treatment Received 
 
Has the patient received previous treatment? 
            
            
            
             
Date:      
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V.  History of other skin disorders 

Skin cancer ………………..  Lupus ………..…  Psoriasis ……………  

Rosacea ……………………  Eczema …………  Vitiligo …………….. 

Cutaneous candidiasis …….  Warts ………………. 

Cutaneous tuberculosis …  Other …………………………………………………. 

VI. History of chronic diseases 
 

Diabetes ………………………  Hypertension ……………… Asthma ………………… 

Arthritis ……………………….  Heart Disease ………………  

Hyperlipidaemia ………………  Other …………………………………………………….… 
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Consent form 

 

	 1	

	
	
	
 
	
	
	
	

Information	Sheet	and	Consent	Form:	
Genetic	basis	of	drug	resistance	in	Leishmania	
tropica	isolated	from	Kingdom	of	Saudi	Arabia.	
Institution	 Individuals	
Liverpool	School	
of	Tropical	
Medicine	(LSTM)	

Yasser	Alraey,	Alvaro	Acosta-
Serrano	

Ministry	of	
Health,	Saudi	
Arabia	

Waleed	Alsalem,	Abdulaziz	Bin	
Saeed,	Ali	Albarrak,	Abdullah	
Assiry,	Hamza	Alshehri,	Ali	
Alshahrani,	Mohammed	
Abusherarh,	Abdulaziz	
Aljarallah	

	
[Informed	Consent	form	for	Cutaneous	

Leishmaniasis	Cases]	

This	Informed	Consent	Form	has	two	parts:	
• Information	Sheet		

• Certificate	of	Consent		

You	will	be	given	a	copy	of	the	full	Informed	
Consent	Form	
	
PART	I:	Information	Sheet	
	
Introduction	
I	am	Yasser	Alraey,	and	working	 for	 the	Liverpool	

School	of	Tropical	Medicine	research	 institute.	We	

are	 doing	 research	 on	 Cutaneous	 Leishmaniasis,	

which	is	common	in	this	region	of	KSA.	I	am	going	

to	give	you	information	and	invite	you	to	be	part	of	

this	 research	 study.	 You	 do	 not	 have	 to	 decide	

today	 whether	 or	 not	 you	 will	 participate	 in	 the	

research.	Before	you	decide,	you	can	talk	to	anyone	

you	 feel	 comfortable	 with	 about	 the	 research.	

There	 may	 be	 some	 words	 that	 you	 do	 not	

understand.	Please	ask	me	to	stop	as	we	go	through	

the	 information	and	 I	will	 take	 time	 to	explain.	 	 If	

you	have	questions	later,	you	can	ask	me,	the	study	

team	member	or	the	staff.	

	

	

	
	
	
	

 
 :يملعلا ثحبلاب ةكراشملل ةقفاوملا رارقإ
  اینامشیللا ىضرمل ءاودلا ةمواقم ةسارد

	
 اینامشیللا ةباصإلا يثیدح ىضرملل ةكراشملا رارقإ  
  ةیدلجلا

	:نیأزج نم نوكم رارقإلا اذھ
 ةیثحبلا ةساردلا صوصخب ةماع تامولعم •
 ةیثحبلا ةساردلا يف ةكراشملل رارقإ جذومن •

 كتخسن ىلع كلوصح نم دكأت كلضف نم ،كراشملا يخأ 
	رارقإلا ةداھش نم ةصاخلا

 ةیثحبلا ةساردلا تامولعم :لوألا ءزجلا
 
	ةمدقم
 ةیلكب ثاحبألا دھعم نم نوكملا يملعلا قیرفلا ءاضعأ نحن

 ةرازولا ةلاكوو ایناطیربب لوبرفیل ةعماج يف يرادملا بطلا

 ،يعارلا رسای /ثحابلا ةدایقب ةحصلا ةرازوب ةماعلا ةحصلل

 ةلحرم يف ایلعلا تاساردلل دلاخ كلملا ةعماج نم ثعتبملا

 .ایناطیرب يف لوبرفیل ةعماج يرادملا بطلا ةیلكب هاروتكدلا

 هذھ يف عئاش ضرم وھو ،اینامشیللا ضرم ةساردب ایلاح موقن

 تامولعملا كئاطعإب موقنس .فیصلا لصف لالخ ةقطنملا

 ذاختا كیلع بجوتی ال .ثحبلا اذھ نم اءزج نوكتل كوعدنو

 ىلإ ثدحتلا كنكمی ،ررقت نأ لبقف ،نآلا ثحبلاب ةكراشملا رارق

 يف كتكراشم ةیناكما ةشقانمل ھعم ةحارلاب رعشت صخش يأ

 .اھمھفت ال يتلا تاحلطصملا ضعب كانھ نوكی دق .ثحبلا

 قیرفلا لثمم موقیسو راسفتسا يا حرطب لضفتلا ءاجرلا

 راسفتسا يا كیدل ناك اذإ .لصفم لكشب كل اھحرشب يملعلا

 ىلع درلاب موقنسو تقو يا يف انب لاصتالا كنكمی ،اقحال

	.كتاراسفتسا عیمج

 ةكراشملا تاھجلا ءاضعألا

 يرادملا بطلا ةیلك وناریس اتسوكا اورافلا ،يعارلا رسای
 لوبرفیل ةعماجب

 يلع ،دیعس نب زیزعلادبع ،ملاسلا دیلو
 ،يرھشلا ةزمح ،يریسع هللادبع ،كاربلا

 ،ةراقش وبا دمحم ،ينارھشلا يلع
 هللاراج لا زیزعلادبع

 ةحصلا ةرازو
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Purpose	of	the	research	
In	year	2012,	there	were	1,464	reported	cases	of	
Cutaneous	Leishmaniasis.	Disease	cases	are	spreading	
throughout	all	over	the	Kingdom	but	there	is	variation	
regarding	its	prevalence	rate	within	different	regions.	
In	a	recent	KSA	survey,	most	of	L.	tropica	cases	in	Asir	
province	were	partially	unresponsive	to	the	drug	
treatment	protocol,	which	suggests	the	potential	rise	
in	drug-resistant	parasites	that	may	pose	a	major	
threat	to	disease	control	efforts.	This	research	will	help	
us	to	understand	at	the	molecular	level,	why	L.	tropica-
infected	patients	are	highly	resistant	to	the	treatment.	
This	will	also	improve	the	KSA	public	health	
surveillance	and	intervention	strategies	

Type	of	Research	Intervention	

This	research	will	involve	drawing	one	tube	of	blood	at	

each	time-point	(	in	a	10	cc	tube),	a	0.5	mL	aspirate	from	

your	lesion	site	using	a	local	anaesthetic,	and	some	

simple	skin	swabs	before	the	treatment	and	then	at	two	

follow-up	visits	(14	days	and	6	weeks	post	treatment).	
Participant	selection	

We	are	inviting	all	newly	infected	cutaneous	
leishmaniasis	patients	who	attend	any	hospital	or	clinic	
in	Asir	region	to	participate	in	this	research.	
	
Risks	for	participating	

Taking	blood	from	your	arm	causes	a	small	amount	of	

pain,	but	the	amount	of	blood	taken	is	too	small	to	affect	

your	health.	For	lesion	aspiration,	you	will	feel	slight	

pain	when	receiving	the	local	anesthetic	injection.	About	

0.5	mL	of	normal	saline	is	injected	into	the	lesion	by	23-	

to	27-gauge	needle.	The	needle	will	be	gently	moved	

back	and	forth	under	the	skin,	tangentially	to	the	ulcer	

with	gentle	suction,	until	the	pink-tinged	tissue	fluid	is	

observed.	If	there	is	no	aspiration,	we	will	repeat	the	

procedure	only	once.	

Voluntary	Participation	

Your	participation	in	this	research	is	entirely	voluntary.	
It	is	your	choice	whether	or	not	to	participate.	
Regardless	of	your	decision,	all	the	services	you	receive	
from	the	ministry	of	health	will	continue	and	nothing	
will	change.		
Reimbursements	

We	will	reimburse	you	for	your	travel	to	the	hospital	or	

clinic	and	we	will	give	you	an	incentive	for	lost	work	

time	if	your	visit	falls	within	your	working	time.	You	will	

not	be	given	any	other	money	or	gifts	to	take	part	in	this	

research.	

	

	ةساردلا نم فدھلا
 ضرمل ةلجسملا تالاحلا ددع تلصو ،م٢٠١٢ ماع يف
 يف ةباصالا تالاح رشتنتو .ةلاح١٤٦٤ ىلا ةیدلجلا اینامشیللا

 هذھ فلتخم نیب فلتخم نیابتب نكلو ةكلمملا قطانم عیمج
 ةیبرعلا ةكلمملا يف تیرجا ةثیدح ةسارد يف .قطانملا
 اینامشیللا تاباصا مظعم نا وھو ،ریسع ةقطنمب ةیدوعسلا
 دیجلا لكشلاب بیجتست ال )اكیبورت اینامشیل ( لیفطب ةیدلجلا
 ،اینامشیللا جالع يف ةحصلا ةرازو نمض جردملا لوكوتوربلل
 ةمواقملا تایلیفطلا يف لمتحم عافترا نم ھیبنت يطعی امم
 دوھجلا ىلع اریبك ارطخ دعب امیف لكشت دق يلاتلابو ةیودألل
 ةمواقملا هذھ مھف ىلع دعاسی دق ثحبلا اذھ ناف كلذل .ةیلاحلا
 ىلا يدؤی فوس يذلاو ،يئیزجلا ىوتسملا ىلع لیفطلا لبق نم
 ةحصلا ةرازو لبق نم لخدتلاو ةبقارملا تایجیتارتسا نیسحت
	.ضرملا اذھ نم دحلا يف
 
 ةبولطملا ةیثحبلا ةداملا
 مد ةنیع بحس متیس ثحبلا يف ةكراشملاب كتقفاوم لاح يف
 تازارفالا بحس لم )٠،٥( ىلا ةفاضإلاب اروف لم )١٠(
 مث نمو جالعلاب ءدبلا لبق حرجلا نكاما نم ةینطق ةاحسمو
 أدب نم عیباسا ٦و موی ١٤ دعب كترایزب نذالا كنم بلطنس
 بحس لم )٠،٥( ىلا ةفاضإلاب اروف لم )١٠( بحسل جالعلا
	.ةرایز لك يف حرجلا نكاما نم ةینطق ةاحسمو تازارفالا
	
 ةیثحبلا ةساردلا يف ةكراشملا طورش
 ضرمب اثیدح نیباصملا ىضرملا عیمج وعدن نحن
 وا تایفشتسملا ةعجارمب ماق نمم ةیدلجلا اینامشیللا
   .ثحبلاب ةكراشملل ریسع ةقطنم يف ةیحصلا زكارملا
 
	ةیثحبلا ةساردلا يف ةكراشملا رطاخم
 تمق لاح يف اھل ضرعتلا نكمملا نم رطاخم يا دجوی ال
 فیفط ملأب روعشلا نكمملا نم نكلو ةساردلا يف ةكراشملاب

 جنبلا مادختسا ىلا ةفاضإلاب .ةبولطملا مدلا تانیع بحس لالخ
 نقحب موقنس .حرجلا نم تازارفالا بحس ءانثا يعضوملا

 مجح ةربا قیرط نع حرجلا لخاد يحلملا لولحملا نم لم٠.٥
 ىلا ةربالا كیرحت عم ةفیفخ بحس ةیلمعب موقنس .٢٧-٢٣

 .)يدرو نول( تازارفالا ىلع لصحن نا ىلا فلخلاو مامالا
 ةدحاو ةرم بحسلا ةداعاب موقنس تازارفا ىلع لصحن مل اذا
	. يحلملا لولحملا نم لم ٠.١ مادختساب  طقف
	

	ةیعوطلا ةكراشملا
 كناكمإبو تحب يعوطت لمع وھ ثحبلا اذھ يف مكتكراشم
 مأ ةكراشملا ترتخا ءاوس .ال مأ كراشتس تناك اذإ ام رایتخالا

 ةحصلا ةرازو نم ةمدقملا ةیحصلا ةیاعرلاو تامدخلا لك ،ال
	.يعیبط لكشب رمتست فوس
	
	 تاضیوعتلا
 كضیوعتب موقنس ةساردلاب ةكراشملا ىلع كتقفاوم لاح يف
 ىلا ةفاضإلاب ةدایعلا وأ ىفشتسملا ىلإ تالصاوملا فیلاكت
 كترایز تناك اذإ لمعلا تقو عایض ءاقل يزمر غلبم كضیوعت

	.كب صاخلا لمعلا تقو نمض
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Samples	and	Storage	

Some	 of	 the	 research	 tests	 performed	 on	 the	 collected	

blood	 will	 be	 completed	 at	 the	 Vector	 control	

laboratories	 (Saudi	 Arabia).	 After	 finishing	 initial	 tests,	

all	 samples	 will	 be	 sent	 to	 LSTM	 (Liverpool,	 UK)	 to	

perform	the	remaining	tests.	After	the	research,	a	small	

volume	of	each	sample	will	be	stored.	In	the	future,	new	

research	on	leishmaniasis	may	find	these	samples	useful,	

however,	 future	 research	 must	 first	 be	 approved	 by	 a	

national	 independent	 expert	 committee	 to	 ensure	

participants’	safety	and	rights	are	respected.		

	

	

Confidentiality	
Any	information	about	you	will	 linked	to	a	number	instead	of	

your	name.	The	information	that	we	collect	from	this	research	

project	 will	 be	 kept	 confidential.	 Information	 about	 you	 that	

will	be	collected	during	the	research	will	be	put	away	and	no	

one	 but	 the	 researchers	 will	 be	 able	 to	 see	 it.	 Only	 the	

researchers	will	 know	what	your	number	 is	 and	we	will	 lock	

that	 information	 securely	 in	 locked	 cabinets	 and	 password	

protected	 computers.	 It	 will	 not	 be	 shared	 with	 or	 given	 to	

anyone	 except	 (Yasser	 Alraey,	 Alvaro	 Acosta-Serrano)	 from	

LSTM,	 UK	 and	 Waleed	 Alsalem	 from	 the	 Ministry	 of	 Health,	

KSA.	

	

Approving	authority		

This	 proposal	 has	 been	 reviewed	 and	 approved	 by	 the	

Ministry	of	Health,	SA	and	the	LSTM,	UK.	

	

	

Right	to	Refuse	or	Withdraw	

You	do	not	have	 to	 take	part	 in	 this	 research	 if	 you	do	

not	 wish	 to	 do	 so	 and	 refusing	 to	 participate	 will	 not	

affect	 your	 treatment	 at	 any	 of	 the	 participating	

hospitals	 or	 clinics.	 	 You	will	 still	 have	 all	 the	 benefits	

that	 you	 would	 otherwise	 have	 at	 all	 hospitals	 and	

clinics.	You	may	stop	participating	in	the	research	at	any	

time	that	you	wish	without	losing	any	of	your	rights	as	a	

patient	 and	 your	 treatment	will	 not	 be	 affected	 in	 any	

way.	

	

	

	اھظفحو مدلا تانیع صحف
 مدلا تانیع ىلع ةیلوألا تاصوحفلا ضعب ءارجإب موقنس

 ىلا اھنحشب موقنس مث نمو ةیلحم تاربتخم يف كب ةصاخلا

 لوبرفیل ةعماج يف يرادملا بطلا ةیلكب ثوحبلا دھعم

 .ةیثحبلا ةساردلاب ةصاخلا تاصوحفلا ءارجإ لجا نم ایناطیربب

 تایمك رفوت نكمملا نم ةیلاحلا ةساردلا نم ءاھتنالا دنع

 حامسلا كنم بلطن اننإف كلذلو ،كب ةصاخلا تانیع نم ةطیسب

 ضرم ىلع ىرخا ثاحبا لمعل ةیقبتم ةیمك يا ظفحب انل

 داجیاو ضرملا ةھجاوم ىلع انتدعاسم يف مھاسی امم اینامشیللا

	.ھیلع ءاضقلل لولحلا
	

	ةیصوصخلاو تانایبلا
 مقر نییعت متیس ةساردلا يف ةكراشملا ىلع كتقفاوم لاح يف

 كب ةیفرعملا تامولعملا عیمج سمط متیو كب صاخ يلسلست

 عیمج .ةصاخلا كتانایب ةیرس ىلع ظافحلاو كقوقح ةیامحل

 يف اھظفح متیس ةساردلا هذھ يف اھعمجب موقنس يتلا تامولعملا

 صخش يا عیطتسی نلو يلآلا بساحلا زاھج يف ةرفشم تافلم

 ھفرشمو يعارلا رسای /يمسرلا ثحابلا ىوس اھیلع عالطالا

 ةحصلا ةرازو لثممو اتسوكا اورافلا روتكدلا يمیداكألا

	.ملاسلا دیلو /روتكدلا

  

	ةیثحبلا ةساردلاب مایقلا حیرصت
 ةقفاوملا تردص دقو اقبسم ةیثحبلا ةساردلا لمع نذإب مدقتلا مت

 ثاحبالا تایقالخا سلجمو ةحصلا ةرازو لبق نم اھیلع
 لوبرفیل ةعماج يرادملا بطلا ةیلكب ثاحبالا دھعم يف ةیملعلا
	.ایناطیرب
 

 ةساردلا نم باحسنالا وا ضفرلا ةیقحأ
 نم يعوطت لمع يھ لب ةیمازلا تسیل ثحبلا يف ةكراشملا

 فادھالا قیقحتو ھحاجن لاح يف نیریثكلا ةایح ذاقنا ھنأش

 فاقیا ينعی ال ةكراشملل كضفر نا .ھلالخ نم هوجرملا

 نم نكمتت فوس ،كل ةمدقملا ةیحصلا تامدخلا ىلع كلوصح

 .رییغت يا نود تامدخلا كلت عیمج ىلع لوصحلاب رارمتسالا

 ةقلطملا ةیرحلا كلف ةكراشملاب تمق لاح يف ھناو امك

 ءاطعا ىلا رارطضالا نود تئش ىتم ةساردلا نم باحسنالاب

 .قیرفلا ءاضعا ىلا بابسا يا
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Who	to	Contact	

If	 you	 have	 any	 questions	 you	 may	 ask	 them	 now	 or	

later,	even	after	the	study	has	started.	If	you	wish	to	ask	

questions	 later,	 you	may	 contact	 your	doctor	 or	 any	 of	

the	research	team	or	myself.	

Yasser	Alraey	

0556635354	
Yasser.Alraey@lstmed.ac.uk	
	
PART	II:	Certificate	of	Consent	

¨ I	have	read	the	foregoing	information,	or	it	has	
been	read	to	me.		

¨ I	have	had	the	opportunity	to	ask	questions	
about	it	and	any	questions	that	I	have	asked	

have	been	answered	to	my	satisfaction.	

¨ I	understand	that	participation	in	this	study	is	
voluntary	and	I	am	free	to	withdraw	consent	at	

any	time,	without	giving	a	reason,	without	any	

penalties.	

¨ I	understand	that	data	collected	during	the	
study,	may	be	looked	at	by	individuals	from	

LSTM	and	from	regulatory	authorities.		I	give	

permission	for	these	individuals	to	have	access	

to	my	records.	

¨ I	hereby	declare	that	I	have	not	been	subjected	
to	any	form	of	coercion	in	giving	this	consent.	

¨ I	agree	to	the	data	about	me	collected	in	this	
study	being	stored	for	further	use	in	the	future.	

¨ I	agree	to	the	export	of	the	blood	samples	I	
donated	to	LSTM	for	analysis.	

¨ I	agree	to	gift	any	remaining	portion	from	my	
donated	samples	to	LSTM	for	future	(controlled	

access)	research.		

¨ I	consent	voluntarily	to	participate	in	this	study.	
	

Print	Name	of	Participant:	 ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

	 	 	 	 	 	

Signature	of	Participant:	 ــــــــــــــــــــــــــــــــــــــــــ  

	

Date: ــــــــــــــــــــــــــــــــــ 	 	 	

	

	تاراسفتسالاو لصاوتلا
 اھحرط ءاجرلا تاحاضیا وا تاراسفتسا يأ كیدل ناك اذإ

 حرط يف بغرت تنك اذإو لصفم لكشب اھیلع درلاب موقنسو

 لثمم وأ كبیبطب لاصتالا كنكمی ،قحال تقو يف ةلئسألا

	.يملعلا قیرفلا
	يعارلا رسای

٠٥٥٦٦٣٥٣٥٤ 
Yasser.Alraey@lstmed.ac.uk	

	

	رارقالا ةداھش :يناثلا ءزجلا
o يل اھتءارق مت وأ ،ةقباسلا تامولعملا تأرق دقل. 

o لوح تاراسفتسالاو ةلئسألا حرطل ةصرفلا يل تحیتأ دقل 

 .لصفم لكشب اعیمج اھیلع درلا مت و ةیثحبلا ةساردلا

o رح انأو يعوط وھ ةساردلا هذھ يف ةكراشملا نأ مھفأ انأ 

 نودو ،بابسأ ءادبإ نود ،تقو يأ يف ةقفاوملا بحس يف

 .تابوقع يأ

o موقی دق ،ةساردلا ءانثأ اھعمج مت يتلا تانایبلا نأ مھفأ انأ 

 يف يرادملا بطلا ةیلكب ثاحبألا دھعم دارفا نم ضعب

 .اھیلع عالطالاب ةیمیظنتلا تاطلسلا نموا لوبرفیل ةعماج

 كلت ىلع عالطالا قح دارفألا ءالؤھل نذإلا يطعأ كلذلو

 .تانایبلا

o هاركإلا لاكشأ نم لكش يأل ضرعتا مل يننأب حرصأ انأ 

 .ةقفاوملا هذھ ءاطعإ يف

o ةساردلا لالخ اھعمج مت يتلا تانایبلا ظفح ىلع قفاوأ انأ 

 دعب رمالا ىعدتسا اذإ لبقتسملا يف ىرخأ ةرم اھمادختسال

 .ةیدوعسلا ةحصلا ةرازو ةقفاوم ىلع لوصحلا

o دھعم ىلا يب ةصاخلا مدلا تانیع ریدصت ىلع قفاوأ انأ 

 مث نمو لوبرفیل ةعماج يف يرادملا بطلا ةیلكب ثاحبألا

 .اھصحفو اھظفح

o عربتملا مدلا تانیع نم يقبتملا ءزجلا ءادھإ ىلع قفاوأ انأ 

 لمع لجا نم لوبرفیل ةعماج يف يرادملا بطلا ةیلكل اھب

 ةرازو نم ةقفاوملا ىلع لوصحلا ةطیرش ةیلبقتسم ثاحبا

 .ةیدوعسلا ةحصلا

o ةساردلا هذھ يف ةكراشملل اعوط قفاوأ انأ. 

	
	ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ:كراشملا مسا

	---------------------------ــــــــــــــــــــــــــــــــــــ:كراشملا عیقوت

---ـــــــــــــــــــــــــــــــــ:خیراتلا  
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If	illiterate	

A	literate	witness	must	sign	(if	possible,	this	person	
should	be	selected	by	the	participant	and	should	have	no	
connection	to	the	research	team).	Participants	who	are	
illiterate	should	include	their	thumbprint	as	well.			
	

I	have	witnessed	the	accurate	reading	of	the	consent	

form	to	the	potential	participant,	and	the	individual	

has	had	the	opportunity	to	ask	questions.	I	confirm	

that	the	individual	has	given	consent	freely.		

	

Name	of	witness:	___________________________																																																		

Signature	of	witness:	______________________	

Date:	____________________________	

Statement	by	the	researcher/person	taking	consent	

I	have	accurately	read	out	the	information	sheet	to	the	
potential	participant,	and	to	the	best	of	my	ability	made	
sure	that	the	participant	understands	that	the	following	
will	be	done:	
1) 10	ml	of	participant	blood	and	0.5	ml	aspirate	from	

lesion	and	swabs	will	be	collected	at	the	1st	day	of	
presenting	in	clinic.	

2) 10	ml	of	participant	blood	and	0.5	ml	aspirate	from	
lesion	and	swabs	will	be	collected	at	day	14	of	
presenting	in	clinic.	

3) 10	ml	of	participant	blood	and	0.5	ml	aspirate	from	
lesion	and	swabs	will	be	collected	after	6	weeks	of	
treatment		of	presenting	in	clinic.	

I	confirm	that	the	participant	was	given	an	opportunity	
to	ask	questions	about	the	study,	and	all	the	questions	
asked	by	the	participant	have	been	answered	correctly	
and	to	the	best	of	my	ability.	I	confirm	that	the	
individual	has	not	been	coerced	into	giving	consent,	and	
the	consent	has	been	given	freely	and	voluntarily.		
			A	copy	of	this	ICF	has	been	provided	to	
the	participant.	
	

Name	of	Researcher/person	taking	the	

consent: ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 	

	 	

Signature: ــــــــــــــــــــــــــــــــــــــــــ  	

	

Date:	 ــــــــــــــــــــــــــــــــــــــــــ  

	نییمألا نیكراشملا
 يمألا كراشملا مھفو يقلت ىلع ةداھشلل دھاش دوجو يغبنی

 دھاشلا نوكی نا لضفی امك .ةیثحبلا ةساردلا تامولعم عیمج
 يملعلا ثحبلا قیرفب ةقالع ھل سیلو كراشملا يوذ نم
	.عیقوتلا ھیلع رذعت لاح يف كراشملا ةمصب ذخأ بجوتیو
 	
 وضع لبق نم ةیثحبلا ةساردلل يفاولا حرشلا تدھش دقل
 يا نع راسفتسالل ةصرفلا يطعأو كراشملل يثحبلا قیرفلا
 ھتقفاوم ىطعأ كراشملا نا رقأ كلذبو ،ھیفاضا تامولعم
	.هاركا يا نود ثحبلا يف ةكراشملل
	
	                                                          ـــــــــــــــــــــــــــــــــــــــــــــــــــــ:دھاشلا مسا

	ــــــــــــــــــــــــــــــــــــــــــــــ:دھاشلا عیقوت

	ـــــــــــــــــــــــــــــــــــــ:خیراتلا

 ةساردلا تایرجمو ةعیبط كرتشملل لیصفتلاب تحرش دقل

 اذھ تایرجم يف تارییغت يأب كرتشملا ملعأ فوسو .ةیثحبلا

 تبجأ دقلو .ثحبلا ءانثأ اھلوصح لاح يف هدئاوف وأ ثحبلا

 مل يننا امك .عیطتسأ ام ریخ ىلع حوضوب ھتلئسأ لك ىلع

 .ةقلطم ھیرحب ھتقفاوم ذخا مت دقو ةكراشملا ىلع هربجا

 ىلع ةبولطملا تانیعلا عمج ةیلآ ھل تحضو يننأ ىلا ةفاضإلاب

 :يلاتلا وحنلا

 تازارفالا بحس لم )٠،٥( ىلا ةفاضإلاب مدلا نم لم )١٠( .1

 .جالعلاب ءدبلا لبق حرجلا نكاما نم ةینطق ةاحسمو
 تازارفالا بحس لم )٠،٥( ىلا ةفاضإلاب مدلا نم لم )١٠( .2

 أدب نم رشع عبارلا مویلا حرجلا نكاما نم ةینطق ةاحسمو

 .جالعلا

 تازارفالا بحس لم )٠،٥( ىلا ةفاضإلاب مدلا نم لم )١٠( .3

 أدب نم عیباسا ٦ دعب حرجلا نكاما نم ةینطق ةاحسمو

  .جالعلا

 

  كراشملا ىلا رارقالا اذھ نم ةخسن میلست مت 

	ــــــــــــــــــــــــــــــــــــــــــــــــــــــــ:ثحابلا مسأ

	ـــــــــــــــــــــــــــــــــــــــــــ:ثحابلا عیقوت

	ــــــــــــــــــــــــــــــــــــــ:خیراتلا

Thumbprint 
 


