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EXTENDED ABSTRACT

Peste des petits ruminants virus (PPRV) causes a highly devastating disease of sheep and

goats, peste des petits ruminants (PPR), that threatens food security, animal production and

the conservation of wild small ruminants. Growing body of evidence suggests that multiple

wildlife  and  atypical  host  species  can  be  infected  with  PPRV,  posing  a  serological

diagnostic  challenge  in  multi-host  environment.  Recent  studies  confirmed  that  single-

domain antigen binding fragments (nanobodies) derived from heavy-chain-only camelid

antibodies  and  nanopore  sequencing  have  proven  to  be  powerful  technologies  for  the

development  of cost-effective and robust  therapeutic  and diagnostic  tools,  respectively.

Therefore, the main objective of this study was to generate PPRV-reactive nanobodies in

order to set pace for the development of diagnostic and possible therapeutic nanobodies in

the future, alongside with establishment of rapid complete genome nanopore sequencing of

PPRV. Firstly, a strategy was developed to generate nanobodies against PPRV, whereby an

alpaca  (Vicugna  pacos)  was  immunized  with  live  attenuated  vaccine  strain

(PPRV/Nigeria/75/1)  to  raise  an affinity-matured immune response in the heavy-chain-

only  antibody  classes.  An  immune  nanobody  library  with  approximately  64  million

independent transformants was engineered, of which 100% contained an insert with the

proper  size  of  nanobody gene.  Following phage display  and  in  vitro  affinity  selection

(biopanning),  nine  nanobodies  that  specifically  recognise  PPRV  were  identified  on

enzyme-linked immunosorbent assay. They showed superb potency in identifying rapidly

PPRV, which is likely to open a new perspective in the diagnosis and possible treatment of

PPRV  infection.  Secondly, prior  to  the  full  genome  sequencing  of  PPRV,  nanopore

sequencing  protocol  was  tested  for  amplification  and  sequencing  of  PPRV.  With  this

protocol, there were no DNA fragments and nucleotide sequences in the GC-rich region

between matrix (M) and fusion (F) genes at the genome position between 4,444 and 5,526.

Thus, a tiling multiplex  polymerase chain reaction  method was developed to amplify the
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missing DNA fragments. Following redesigning of three pairs of overlapping long read

primers and cascade of optimization, the GC rich region was successfully amplified and

sequenced (accession numbers:  MW580394, MW580395 and MW580396). These three

pairs  of  primers  targeting  the  GC-rich  region  were  used  along with  other  22  pairs  of

primers in tiling multiplex PCR for complete PPRV genome  sequencing. The resulting

PCR amplicons were used for nanopore library preparation and ultimate sequencing. This

method has resulted into complete genomes of PPRV, with 15,948 nucleotides long for

both isolates  that  were  produced within  four  hours  of  sequencing (Accession  numbers

MW960272 and MZ322753). Phylogenetic analysis of the complete genomes revealed a

high nucleotide identity between 96.19 and 99.24% with lineage III PPR viruses currently

circulating in East Africa indicating a common origin. The nanopore sequencing platform

can be deployed to overcome PPR diagnostic and surveillance challenges, unanticipated

variations  in  virus  pathogenicity,  circulation  of  disease  in  wildlife  populations  and  to

service  remote  and  nomadic  communities  with  challenging  geographical  landscapes.

However,  further  investigations  are  recommended  for  PPRV  reactive  nanobodies

especially on diagnostic and therapeutic applications.  Once validated, these technologies

have great  potential  for use in  the field as rapid and cost-effective  tools  in  context  of

planned PPR Global Control and Eradication Programme.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

Peste des petits ruminants (PPR) is an economically important transboundary disease of

sheep and goats caused by peste des petits ruminants virus (PPRV)  (Gibbs  et al., 1979;

Jones et al., 2016). Based on the Global PPR Control and Eradication programme (GEP),

an  initiative  of  World  Animal  Health  Organization  (OIE)  and  Food  and  Agriculture

Organization of the United Nations (FAO),   the eradication of PPR depends primarily on

rapid and accurate diagnosis and implementation of prompt vaccination programme (Zhao

et  al.,  2021).  A  plethora  of  diagnostic  tests  are  available  to  screen  and  confirm  PPR

outbreaks, but they were principally developed for domestic sheep and goats (Kinimi et al.,

2020).  The presence  of  a  wide  host  range  for  PPRV infection  does  present  diagnostic

challenges in a multi-host environment (Fine et al., 2020).

The access to cost-effective sequencing technology, vaccines, diagnostics and therapeutics

are  limited  in  many  developing  countries  especially  in  Africa  where  PPR is  endemic

(Britton  et  al.,  2019).  This  highlights  the  need  for  rapid,  sensitive,  reliable  and  virus-

specific diagnostic tests and cost-effective therapeutics to control the spread of PPR in both

domestic animals and wild ruminants  (Kinimi  et al., 2020).  There is also restrictions in

transporting  clinical  samples  across  international  borders,  due  to  the  Convention  on

International Trade in Endangered Species (CITES) of Wild Fauna and Flora and Nagoya

Protocol regulations (Fine et al., 2020). In addition, there is a constrain of RNA degradation

due to  difficulty  in  maintaining  cold  chain  in  the  field  and temperature  fluctuations  in

ultralow temperature freezers as a result  of frequent power cuts,  and this  has remained
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major challenge in low and middle income countries (Torsson et al., 2019). For this reason,

confirmatory diagnosis is usually delayed, often for several months after the initial cases,

resulting in increased transmission in PPR free zones (Baron et al., 2014). Deployment of

cost-effective technologies to break the limitations in the development of diagnostic and

therapeutic tools is critically important for PPR control and eradication in resource-limited

settings.

The development of necessary tools for PPR control, including vaccines, diagnostics and

therapeutics,  greatly  depends  on  in-depth  genomic  data  (Parida  et  al., 2015).  The

sequencing of the N and F genes in 1994 was crucial in the development of diagnostic tests

for PPR detection and confirmation (Couacy-Hymann et al., 2002; Kwiatek et al., 2010).

In early,   2005, a complete genome of PPRV was generated for the first time using Sanger

sequencing standard methods (Bailey et al., 2005). Unfortunately, few complete genomes

of PPRV field isolates exist and very few from East Africa, despite of the existence of

lineages II, III and IV PPRV in East Africa  (Dundon et al., 2020). The PPRV complete

genome sequencing is often performed at OIE reference laboratories (Table 1). In order to

widen the scope of PPR diagnosis in non-typical hosts and in the field, there is a need to

development  alternative  diagnostic  tools  to  obtain  cost-effective  epidemiological

information.  Thus,  the  deployment  of  nanopore  sequencing  and  nanobody  Ablynx

technologies for the development of cost-effective diagnostic and therapeutic tools can be

of additional value to the GEP.



3

Table  1:  Complete  genomes  of  PPRV  available  at  the  GenBank  and  European

nucleotide archive database  from East Africa. Sequencing of East African

PPRV  field  isolates  were  carried  outside  the  country  of  origin  with

exception of Tanzanian field isolates generated in this study

Name of Isolate Country 

of origin

Sequencing 

laboratory 

(Country)

Sequencing 

technology

Accession

number

KN5/2011 Kenya CIRAD (Montpellier, 

France)

Sanger 

dideoxynucleotide 

cycle sequencing

KM463083.1

Uganda 2012 Uganda TPI, (Surrey, United 

Kingdom)

Illumina KJ867543.1

B3 Burundi FAO/IAEA Animal 

Production and 

Health (Seibersdorf, 

Austria)

Sanger 

dideoxynucleotide 

cycle sequencing

MK686066.1

Tanzania/

Dakawa

Tanzania Swedish University of

Agricultural Sciences,

Uppsala, Sweden

PRJEB35549

Tanzania/ 

Ngorongoro/ 

2016

Tanzania Sokoine University of

Agriculture, 

Morogoro, Tanzania 

Nanopore 

sequencing

MW960272 

Tanzania/ Tanzania Sokoine University of Nanopore MZ322753
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Momba/2018 Agriculture, 

Morogoro, Tanzania 

sequencing

1.1.1 Peste des petits ruminants virus genome

Peste  des  petits  ruminants  virus belongs  to  the  genus  Morbillivirus  of  the  family

Paramyxoviridae, alongside rinderpest virus, measles virus, canine distemper virus, phocine

distemper virus, cetacean and feline viruses  (De Vries  et al., 2015). Like any member of

Morbillivirus,  the  genome  of  PPRV  consists  of  six  transcriptional  units  encoding  the

nucleoprotein  (N),  phosphoprotein  (P),  matrix  protein  (M),  fusion  protein  (F),

haemagglutinin protein (H), and large polymerase protein also known as RNA dependent

RNA polymerase (L) (Fig.  1). The  P gene also codes two more non-structural  proteins

designated by C and V (Mahapatra et al., 2003). 

The N protein is abundant in PPRV-infected cells  because the  N gene is located in the

proximity of genomic promoter and it is the most transcribed gene  (Zhang  et al., 2011).

Given its abundance and antigenic stability,  the N protein is an ideal candidate in PPR

diagnostic development and the most appropriate gene for the molecular characterization of

closely  related  isolates  (Choi  et  al.,  2005).  Most  anti-PPRV neutralizing  antibodies  are

directed against the surface glycoprotein H (Rojas  et al., 2014). As a result, the N and H

proteins are ideal targets in diagnostics and vaccine development, respectively.

Figure 1: Schematic illustration of peste des petits ruminants virus genome. The

viral  genome  consists  of  six  transcriptional  units  in  order  of
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nucleoprotein  (N),  phosphoprotein  (P),  matrix  protein  (M),  fusion

protein (F), haemagglutinin protein (H), and large polymerase (L). This

figure was sketched in this study.

1.1.2 Nanobodies 

Nanobody  is  a  single  domain  antigen  binding  fragment  (~15kDa)  of  heavy-chain-only

camelid antibodies devoid of light chains derived from camels, llamas and alpaca (Fig. 2)

(Hamers-Casterman  et al., 1993). Camelids are members of the Camelidae family in the

suborder Tylopoda (Fig. 3). The antigen binding site of these special antibodies is formed

by one single domain only, the so called VHH domain or nanobody (Fig. 2). The high

production  cost  of  classical  monoclonal  antibodies,  large  size  and  less  favourable

pharmacokinetics  stability,  have  stimulated  the  use  of  nanobodies  in  diagnostics  and

therapeutics (Muyldermans, 2020). 

Figure 2: Schematic illustrations of a classical IgG and a Camelidae heavy chain-

only antibodies  (HCAbs). In HCAbs,  antigen binding occurs  through a

single domain antigen binding fragment known as the VHH domain or

nanobody.  The  VHH  comprises  three  complementarity  determining

regions  (CDRs)  in  the  paratope.  This  Figure  was  modified  from

Rothbauer (Rothbauer et al., 2006).
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Figure 3: Images of camelidae species that produce a special antibody devoid of

light chain; (a) Lama glama, (b) Lama alpaca, (c) Lama guanoco, (d)

Camelus dromedarius, (e) Camelus bactrianus and (f) Lama vicugna.

The  camelids  blood  comprise  45%  of  heavy  chain-only  antibodies

in Lama spp and 75% in Camelus spp. This image was modified from

Muyldermans’ presentation (Muyldermans, 2020).
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1.1.3 Production of proficient nanobodies 

Immunizing camelid with viral antigens raises an affinity-matured immune response in the

special camelid heavy-chain only antibodies (HCAbs) (Vincke et al., 2012). The peripheral

blood lymphocytes of the immunized camelid are used to clone the VHH from the HCAbs

in a phage display vector  (Romão et al., 2018). A representative aliquot of the library of

these antigen-binding fragments is used to retrieve nanobody binders by successive rounds

of affinity selection (Fig. 4). 

Advances  in  cloning  strategy,  high-quality  immune  nanobody  library  is  generated  by

employing Golden gate cloning vector (pMECS-GG phagemid), whereby a cytotoxic gene

(ccdB) that encodes a lethal protein is substituted by the nanobody gene  (Romão  et al.,

2018). In this approach, a considerably large immune library is produced where 100% of

the clones possess a phagemid carrying an insert with a length of a nanobody gene. Thus,

the nanobody library can be constructed within a week and is  more cost-effective than

previous standard approaches using classical restriction enzymes and ligations (Chow et al.,

2019).  In  addition,  nanobodies  are  expressed at  a  large  scale  in  bacterial  systems with

superiority, which is key for their use in diagnostics and therapeutics applications (Huang et

al., 2010). 
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Figure 4: Schematic  overview  to  produce  proficient  nanobodies.  Nanobody  gene

repertoires from B-cells are engineered in phage display vector pMECS-

GG to  obtain  pMECS-nanobody  library  after  transforming  TG1  cells.

This is followed by retrieving antigen specific nanobodies from a library

through phage display and biopanning. The highest nanobody binders are

expressed and tested on enzyme linked-immunosorbent assay against the

target antigen(s). This figure was sketched in this study.

1.1.4 Nanopore sequencing of PPRV

Nanopore sequencing is a rapid and relatively cheap next generation sequencing technology

uses portable devices that require minimal supporting laboratory infrastructure or technical

expertise  for  sample  preparation  (Quick  et  al.,  2016).  With  nanopore  sequencing,  the

ARTIC method for enrichment of PCR amplicons has been a robust technique to generate

complete  genomes  of  field  isolates  including  Zika  virus,  Ebola  virus  and  severe  acute

respiratory syndrome coronavirus 2  (Liu  et al., 2022). Using this advanced technique, by

assessing  the  long  overlaps  among  multiplex  amplicons,  the  accurately  assembled  and

complete  viral  genome  can  be  obtained.  However,  the  longest  untranslated  intergenic

region, which is rich in guanine-cytosine (GC) content impedes nucleotides amplification

and affects the downstream full genome sequencing  (Torsson et al., 2020). The GC-rich
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region is rich about 1,080 nucleotides long with 66 to 72% GC content (Meyer and Diallo,

1995).

Recent  studies  have  demonstrated  that  extremities  and  GC-rich  region  of  the  PPRV

genomes are usually very difficult to generate by NGS sequencing (Torsson et al., 2020).

The NGS technologies can exhibit bias when applied to GC-rich regions of DNA, primarily

due to reduced sequence complexity but also as a result of PCR bias during nucleotide

amplification steps (Benjamini and Speed, 2012). With Illumina, one step more is carried

out to complete the extremities of the genome using rapid amplification of cDNA-ends by

polymerase chain reaction (RACE PCR)  (Eloiflin  et al.,  2019).  In order to evade these

deficiencies,  a  PCR method need to  be  developed to amplify  the  troublesome GC-rich

region of PPRV to allow a single sequencing run. 

1.2 Problem statement and Justification of the Study

In  many  developing  countries  where  PPR  is  endemic,  an  access  to  cost-effective

sequencing technology, therapeutics and diagnostics are limited. This is also compounded

by the existence of a broad host range,  which poses serological  diagnostic challenge in

atypical animal species. Nevertheless, the development of necessary tools for PPR control,

including vaccines,  diagnostics and therapeutics,  greatly depends on the presence of in-

depth genomic data. Unfortunately, few complete genomes of PPRV are available in public

databases and very few from East Africa, despite of the existence of lineage II, III and IV

PPRV. The  establishment  of  nanobody  Ablynx  and  nanopore  sequencing  technologies

provide  an  important  opportunity  for  development  of  cost-effective  immunodiagnostic

reagents  and revolutionize  molecular  epidemiological  surveillance  of  PPR, respectively.



10

Therefore,  there  was  need  for  the  production  of  nanobodies  as  an  alternative

immunoreagent  to  enable  the  development  of  cost-effective  diagnostic  and  possibly

therapeutic  tools  for  PPR in  the  future,  alongside  establishing  rapid  complete  genome

nanopore sequencing of PPRV in resource limited settings.

1.3    Research Questions

i. What are potent nanobodies from immune nanobody library for detection of PPRV?

ii. How can nanopore sequencing be used to generate a complete genome of PPRV in a

single run for use in advanced molecular epidemiological surveillance of PPR in

developing countries?

1.4 Research objectives

1.4.1 Main objective

The general objective of this study was to establish PPRV-reactive nanobodies for use in

PPR diagnostic and therapeutic research in the future, alongside establishing rapid complete

genome  nanopore  sequencing  of  PPRV  for  advanced  molecular  epidemiological

surveillance. 

1.4.2 Specific objectives

i. To establish an immune nanobody library against PPRV through golden gate 

cloning strategy,

ii. To investigate proficient nanobodies against PPRV from immune nanobody library 
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iii. To establish  rapid  complete  genome nanopore  sequencing of  PPRV using tiled

multiplex long-read primers. 
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CHAPTER THREE

3.0 GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

3.1 General discussion

Peste des petits ruminats is  spreading at an alarming rate across Africa, the Middle East

and Asia, causing epidemics in both domestic and multiple wildlife species, despite of the

presence of effective vaccines  (Zhao  et al., 2021). The presence of wide host range for

PPR presents serological diagnostic and control challenges in multi-host environment (Fine

et al., 2020). In resource-constrained settings especially in Africa where PPR is endemic,

an access to an affordable sequencing technology, therapeutics and diagnostics are limited.

This  research  reports  an  integration  of  diagnostic  tools  for  PPR,  establishment  of

nanobodies and complete genome nanopore sequencing of PPRV. It creates an important

knowledge  base  as  it  registers  cost-effective  diagnostic  and  therapeutic  material  and

methods for inclusion in PPR research in the context of planned GEP. 

Integration of diagnostic tools is vital for prompt and accurate diagnosis of PPR. Disease

diagnosis  is  one  of  the  key pillars  in  any disease  control  and eradication  programme.

Since the Abidjan Conference in 2015 for PPR GEP, researchers have given the highest

priority for diagnosis of PPR in domestic sheep and goats. The presence of a broad host

range that  is  susceptible  to  PPRV infection,  poses diagnostic  challenge  in  testing both

small ruminants and wildlife. Research on integration of PPR diagnostic tools in this study

has elucidated the practicality, strength and weakness of existing PPR diagnostic spectrum.

As a result, cost-effective and robust technologies such as nanobody Ablynx and nanopore
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sequencing were proposed and later implemented in this study and elsewhere  (Kinimi  et

al., 2020). 

A proof-of-concept experimental investigation yielded proficient nanobodies against native

PPRV antigens that could enable the development of diagnostics and possibly therapeutics

in the future. For diagnostic use, the reactivity against the N or H protein will be sufficient,

but for a therapeutic application, the virus neutralisation based on the surface glycoproteins

H or F reactivity must be available as previously described  (Baron  et al., 2014). Thus,

further studies need to be conducted to translate PPRV reactive nanobodies into diagnostic

and possibly in therapy due to their relatively low cost of production.

Sheep and goats have a lower value per head compared with large ruminants, hence sheep

and goat keepers may be less likely to invest in disease control given its higher relative

cost.  For  instance,  extremely  expensive  antivirals  (small  interfering  RNAs)  were

successfully  developed  in  2005,  at  International  Cooperation  Centre  for  Agronomic

Research and Development (CIRAD). These three synthetic siRNAs were able to inhibit

over 80% of the in vitro replication of the PPRV, but they have not been approved for use

due to  high  cost  of  their  production  (Liu  et  al.,  2015).  Consequently,  a  cost-effective

therapeutic reagent is needed. However, the advances in mRNA vaccine technology during

COVID-19 pandemic  in  humans may accelerate  the use of siRNA  (Anand and Stahel,

2021; Pardi et al., 2020). Alternatively, neutralizing nanobodies against PPRV may be an

ideal  candidates,  for  therapeutic  development,  as  recent  demonstrated  for  coronavirus

disease of 2019 (COVID-19) (Huo et al., 2021). For example, trivalent nanobodies were

able to neutralize both the original variant of the COVID-19 virus and the alpha variant

that  was  first  identified  in  Kent,  UK.  The  tetravalent  nanobodies  chain  was  able  to

neutralize the beta variant first identified in South Africa. Once successful and approved,
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COVID-19 nanobodies could provide an important treatment option around the world, as

they are easier to produce than human classical antibodies and do not need to be stored in

cold storage facility.

The development of PPR diagnostics and therapeutics tools rely on nucleotide sequencing

of  the  virus.  Such  technology  is  often  available  in  PPR  OIE  reference  laboratories.

The OIE  reference  laboratories for  PPR  include;  CIRAD (Montpellier,  France), the

Pirbright  Institute (Surrey,  UK),  and CAHEC (China  Animal  Health  and  Epidemiology

Center,  Qingdao,  People’s  Republic  of  China)  (Njeumi  et  al.,  2020). For  instance,

currently available full genomes of PPRV from East African field isolates were sequenced

outside  the  country  of  origin.  The  Kenyan  and  Ugandan  PPRV  isolates  were  fully

sequenced  at  CIRAD  and  TPI,  respectively  (Table  1).  The  Tanzanian  PPRV  isolates

(Tanzania/Dakawa  13a  and  13b)  were  sequenced  at  the  Department  of  Biomedical

Sciences  and  Veterinary  Public  Health,  Swedish  University  of  Agricultural  Sciences,

Uppsala  (Torsson  et  al.,  2020).  However,  the  Burundian  PPRV isolate  (B3)  was  first

confirmed by partial  sequencing at  the African  Union-Pan African Veterinary  Vaccine

Centre (AU-PANVAC) laboratories following a joint investigative mission by the African

Union-Interafrican Bureau for Animal Resources (AU-IBAR), AU-PANVAC and the East

African Community (EAC) (Niyokwishimira et al., 2019). This was followed by complete

genome sequencing at Animal Production and Health Laboratory (Seibersdorf, Austria). In

this  study, cost-effective  and rapid nanopore sequencing technology was proposed and

deployed for complete genome sequencing of PPRV. 

Nanopore  sequencing  devices  are  portable,  cost-effective  and  do  not  require  equipped

laboratory.  However,  the longest  untranslated intergenic region that  is  rich in  guanine-



71

cytosine (GC) content in PPRV genome impedes polymerase chain reaction (PCR) and

affects the downstream complete genome nanopore sequencing (Torsson et al., 2020). In

this study, a PCR method for unlocking the GC-rich region between matrix and fusion

genes of PPRV was developed. As result, two complete genomes of PPRV were generated

within four hours of sequencing in a single run.

The  complete  genomes  generated  by  this  sequencing  technology  comply  to  molecular

epidemiology sequencing standards, that “Coding complete”, which means 90–99% of the

genome is sequenced with no gaps (all open reading frames are generated). The sequences

have the same length as all  of the other PPRV genomes sequenced to date  and are in

agreement with the ‘‘rule of six’’ for paramyxoviruses. The organization of the genome is

the same as those described previously with transcription units for the N, P(C/V), M, F. H

and  L  proteins.  The  use  of  this  genomic  data  becomes  vital  in  understanding  virus

circulation, the distribution of different virus clades, and the differing roles these might

play in  the epidemiology of  the disease in  the  field and direct  appropriate  vaccination

response. 

Phylogenetic analysis of the complete genomes revealed a high nucleotide identity with

lineage III PPR viruses currently circulating in neighbouring countries (Kenya, Burundi

and Uganda) indicating a common origin  (Muniraju  et al., 2014; Niyokwishimira  et al.,

2019; Dundon et al., 2020). A very strong likelihood >72% that the lineage III viruses

currently  circulating  in  the  East  Africa  originated  from Ethiopia  1994 outbreak  in  the

absence of further materials. However, the coverage depth was uneven across the genome,

with amplicon dropout at the GC-rich region and genome termini. A larger field study is

http://www.cahec.cn/
https://www.pirbright.ac.uk/
https://www.pirbright.ac.uk/
https://www.cirad.fr/
http://www.oie.int/en/scientific-expertise/reference-laboratories/
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needed to allow the collection of sufficient data to assess the robustness of the nanopore

sequencing technology.

3.2 Conclusions and recommendations

3.2.1 Conclusions

(i) Experimental  investigation  generated  proficient  nanobodies  against  native

PPRV  antigens  as  new  material  for  inclusion  in  PPR  research.  This  could

enable the development of cost-effective diagnostic and therapeutic nanobodies

in the future. 

(ii) On other hand, a PCR method was established, that led into complete genome

sequencing  of  PPRV  for  the  first  time  in  our  laboratory  and  elsewhere  in

African research laboratories. 

3.2.2 Recommendations 

(i) The study of structure-function relationships of PPRV reactive nanobodies is

necessary for diagnostic and therapeutic applications. 

(ii) A larger study is required to enable the collection of sufficient data to assess the

robustness of nanopore sequencing protocol. Thus, the development and use of

cost-effective and robust diagnostic and therapeutic tools could be of additional

value in the Global PPR Control and Eradication Strategy. 
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