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 Lay summary 

 Trypanosoma  brucei  is  a  single-celled  parasite  which  infects  mammals,  causing  fatal 

 diseases  in  humans,  wild  animals  and  livestock.  The  parasite  is  typically  transmitted  by  a 

 tsetse  fly,  requiring  the  parasite  to  undergo  complex  development  to  adapt  to  life  in  mammal 

 and  insect  hosts.  Developmentally  competent  T.  brucei  are  restricted  to  the  range  of  the 

 tsetse  fly  in  the  African  tsetse  belt.  Some  T.  brucei  isolates  are  developmentally  incompetent 

 and  have  foregone  tsetse  transmission,  expanding  their  geographic  range  beyond  tsetse 

 endemic  regions.  These  isolates  are  unable  to  develop  into  the  insect  form  of  the  parasite 

 and  lack  a  density  control  mechanism,  which  increases  their  virulence.  We  highlight  multiple 

 evolutionary  origins  of  these  isolates  and  predict  the  basis  of  their  developmental 

 incompetence,  which  we  validate  in  the  laboratory.  Our  findings  provide  insight  into  possible 

 diagnostic tools to anticipate increased virulence in the field. 



 Abstract 

 Trypanosoma  brucei  has  two  distinct  life  stages  in  its  mammalian  host.  The  proliferative 

 ‘slender’  form  develops  into  a  cell-cycle  arrested  ‘stumpy’  form  at  high  parasite  density.  This 

 transition  occurs  in  a  density-dependent  quorum  sensing  (QS)  like  process,  for  which  critical 

 molecular  regulators  have  been  identified.  Naturally  occurring  T.  brucei  subspecies  (  T.  b. 

 evansi  and  T.  b.  equiperdum  )  have  reduced  ability  to  generate  the  stumpy  form  and  are 

 described  as  ‘monomorphic’.  Utilising  whole  genome  sequences  of  41  naturally  occurring 

 monomorphic  isolates,  we  corroborate  previous  studies  in  identifying  at  least  four 

 independent  monomorphic  T.  brucei  clades.  Mutations  in  six  genes  were  then  explored  for 

 their  contribution  to  monomorphism.  The  orthologous  gene  sequences  were  synthesised  and 

 used  to  replace  wild-type  alleles,  via  CRISPR-Cas9,  in  developmentally  competent  T.  brucei  . 

 The  replacement  of  two  targets  with  the  monomorphic  mutant  sequence  reduced  the  ability 

 to  generate  stumpy  forms  in  developmentally  competent  cells.  Furthermore,  we  identified 

 mutations  associated  with  cell  proliferation  and  motility  phenotypes.  We  also  selected 

 monomorphic  cell  lines  from  a  pleomorphic  population  and  confirmed  significant 

 downregulation  of  transcripts  of  a  developmental  regulator,  ZC3H20,  during  the  progression 

 to  monomorphism.  In  vitro  overexpression  of  ZC3H20  in  the  selected  monomorphic  cells 

 restored  pleomorphism.  Independently  selected  monomorphic  lines  generated  in  vitro  were 

 also  found  to  show  consistently  altered  regulation  of  several  transcripts,  hinting  that  the  initial 

 steps  to  monomorphism  may  share  similarities  in  discrete  populations.  We  suggest  that,  in 

 the  field,  monomorphism  develops  on  a  spectrum  via  modifications  to  the  regulation  of  key 

 QS  genes,  which  can  be  reversed  in  the  first  instance.  As  the  scale  tips  towards 

 developmental  incompetence,  mutations  accrue  in  key  QS  genes  which  lock  the  parasites  in 

 a  monomorphic  phenotype.  This  provides  insight  into  the  molecular  control  of  the  QS 

 process and possible diagnostic tools to anticipate increased virulence in the field. 
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 1  Introduction 

 1 



 1.1.  Background 

 1.1.1. Trypanosomatid overview 

 The  order  kinetoplastida  is  a  group  of  single-celled  eukaryotes  which  possesses  cytological 

 and  genome  biology  that  often  diverges  from  the  eukaryotic  norm  and  shares  a  distant 

 common  ancestor  with  metazoa  (Clade  Discoba,  Fig.  1.1).  Within  kinetoplastida,  the  family 

 trypanosomatidae  consists  of  a  diverse  group  of  eukaryotic  protozoan  parasites.  Although 

 the  exact  proportion  is  unknown  due  to  a  lack  of  sampling  in  non-mammalian  hosts,  it  is 

 assumed  that  trypanosomatidae  predominantly  occupy  one  host  (monoxenous).  The  most 

 basal  species  of  trypanosomatid,  which  has  been  analysed  at  the  genome  level, 

 Paratrypanosoma  confusum  ,  is  monoxenous  and  infect  insects  (Flegontov  et  al.,  2013)  . 

 Therefore,  it  is  predicted  that  the  ancestor  of  trypanosomatids  displayed  a  similar  life  history, 

 further  supported  by  the  numerous  and  diverse  species  of  monoxenous  trypanosomatid 

 parasites of insects  (Podlipaev, 2001; Santos et al.,  2006)  . 

 Species  of  trypanosomatid  invested  in  a  complex  dixenous  life  cycle  multiple  times  (Frolov  et 

 al.,  2016;  Tyler  and  Engman,  2001;  Vickerman,  1985;  Votýpka  et  al.,  2015)  .  Dixenous 

 trypanosomatids  infect  mammals  and  include  notorious  species  that  are  capable  of  infecting 

 humans,  livestock  and  wild  animals.  Leishmania  spp.  and  Trypanosoma  cruzi  cause  the 

 diseases  Leishmaniasis  and  Chagas  disease,  respectively,  whilst  Trypanosoma  brucei 

 subspecies  are  the  causative  agents  of  human  African  Trypanosomiasis  (HAT)  and  Animal 

 African  Trypanosomiasis  (AAT).  Monoxenous  and  dixenous  species  are  polyphyletic,  as 

 monoxenous  species  that  commonly  infect  invertebrates  can  opportunistically  infect 

 vertebrate  hosts  (Kaufer  et  al.,  2017)  whilst  some  dixenous  species  have  lost  their  ability  to 

 infect the invertebrate host  (Frolov et al., 2016;  Schnaufer et al., 2002)  . 
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 Figure  1.1:  Trypanosomatids,  represented  by  Excavates  as  part  of  the  Clade  Discoba, 

 are an early branching group of eukaryotes.  Adapted  from  (Burki et al., 2020)  . 

 1.1.2.  Trypanosoma brucei 

 T.  brucei  is  part  of  the  salivarian  trypanosome  group  which,  if  developmentally  competent,  is 

 transmitted  via  the  Tsetse  fly  (  Glossina  sp.  )  between  mammals.  To  facilitate  the  transition 

 from  the  mammalian  bloodstream  through  their  insect  vector,  T.  brucei  undergoes  a  complex 

 life  cycle  which  involves  altering  its  intracellular  organisation  and  cell  shape.  In  the 

 mammalian  bloodstream,  long  slender  forms  progress  through  poorly  characterised 

 intermediate  forms  to  short  stumpy  forms,  preadapted  for  uptake  by  the  tsetse  fly  (Fig.  1.2) 

 (Bruce  et  al.,  1910;  Gull,  1999;  Sharma  et  al.,  2009;  Vickerman,  1969)  .  As  such,  the 

 geographic  range  of  developmentally  competent  T.  brucei  is  restricted  to  the  African  Tsetse 

 belt. 

 Some  subspecies  of  T.  brucei  are  unable  to  undergo  developmental  changes  in  the 

 mammalian  bloodstream,  and  due  to  this,  have  simplified  their  complex  life  cycle  and 
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 escaped  the  geographic  range  of  their  vector.  These  subspecies  provide  a  chance  to  study 

 multiple  independent  reversions  from  a  complex  to  a  simple  life  cycle,  and  the  life  history 

 changes that are associated with this transition. 

 1.1.3. Human African trypanosomiasis 

 T.  b.  gambiense  and  T.  b.  rhodesiense  are  developmentally  competent  subspecies  that 

 cause  diseases  in  mammals,  including  humans.  Animal  infective  subspecies,  such  as  T.  b. 

 brucei  ,  are  unable  to  infect  humans,  baboons  and  gorillas  as  they  are  susceptible  to  innate 

 immune  response  trypanosome  lytic  factors  (TLF)  1  and  2  (Hajduk  et  al.,  1989;  Lugli  et  al., 

 2004;  Raper  et  al.,  2001;  Seed  et  al.,  1990)  .  TLF1  and  TLF2  are  complexes  of  high-density 

 lipoprotein  containing  apolipoprotein  L-1  (ApoL1)  (Vanhamme  et  al.,  2003)  and 

 haptoglobin-related  protein  (Smith  et  al.,  1995)  .  T.  b.  gambiense  and  T.  b.  rhodesiense  have 

 independently  evolved  mechanisms  to  circumvent  these  trypanolytic  factors  (Wheeler, 

 2010)  .  T.  b.  rhodesiense  utilises  the  serum  resistance-associated  (SRA)  gene  which  is 

 predicted  to  interfere  with  lytic  factor  action  within  the  cell  and/or  uptake  of  the  lytic  factors 

 (Van  Xong  et  al.,  1998)  .  T.  b.  gambiense  uses  a  modified  VSG,  TgsGP  to  interfere  with  lytic 

 factors  alongside  reduced  ApoL1  uptake  via  a  haptoglobin  haemoglobin  receptor  (HbHpR) 

 caused  by  a  mutation  (Capewell  et  al.,  2013;  Uzureau  et  al.,  2013)  and  lower  transcript 

 levels  than  T.  b.  brucei  and  T.  b.  rhodesiense  (Kieft  et  al.,  2010)  .  However,  the  expression  of 

 HpHbR  is  beneficial  to  the  fitness  of  T.  b.  brucei  in  its  mammalian  host  (Higgins  et  al.,  2017)  . 

 A  recent  study  highlighted  that  the  deletion  of  HpHbR  prevents  the  uptake  of  heme  and 

 reduces  the  ability  of  the  parasite  to  develop  from  the  slender  form  to  the  stumpy  form. 

 Expression  of  a  T.  b.  brucei  HpHbR  in  poorly  developmentally  competent  T.  b.  gambiense 

 improves  the  ability  to  generate  stumpy  forms,  providing  insight  into  the  evolutionary 

 tradeoffs of evolving human infectivity  (Horáková  et al., 2022)  . 

 4 



 Figure  1.2:  In  the  mammalian  bloodstream,  Trypanosoma  brucei  develop  through 

 intermediate  stages  during  the  transition  from  slender  to  stumpy  form.  The  transition 

 includes a diverse range of intermediate stages. Adapted from  (Bruce et al., 1910)  . 
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 T.  b.  rhodesiense  is  transmitted  by  the  Morsitans  group  of  tsetse  flies  and  is  found  in  Eastern 

 and  Southern  Africa  (Fig.  1.3a).  T.  b.  rhodesiense  is  zoonotic,  spilling  over  from  reservoirs  of 

 livestock  and  wildlife  (Fèvre  et  al.,  2001)  and  often  producing  acute  symptoms  leading  to 

 rapid  death  (Kennedy,  2013)  .  In  contrast,  T.  b.  gambiense  is  found  in  Western  and  Central 

 Africa  and  is  transmitted  by  the  Papalis  clade  of  the  tsetse  fly  (Fig.  1.3b).  T.  b.  gambiense  is 

 largely  anthroponotic,  accounting  for  93%  of  human  infections  in  2021  (Franco  et  al.,  2022)  , 

 which  are  often  chronic  (Büscher  et  al.,  2018)  .  T.  b.  gambiense  and  T.  b.  rhodesiense  are  the 

 causative agents of human African trypanosomiasis (HAT). 

 In  general,  HAT  begins  as  an  early  hemolymphatic  stage  with  parasite  replication  in  the 

 blood,  subcutaneous  tissue,  and  lymph,  accompanied  by  mild  symptoms  such  as  headaches 

 and  malaise.  As  the  disease  progresses  to  the  neurological  stage,  the  parasites  cross  the 

 blood-brain  barrier  and  infect  the  central  nervous  system.  Symptoms  progress  to  severe 

 sensory  and  neurological  disturbances  such  as  a  loss  of  coordination  and  a  disruption  of 

 sleeping  patterns.  Left  to  progress,  T.  b.  rhodesiense  HAT  is  fatal  (Kennedy,  2013)  .  Likewise, 

 T.  b.  gambiense  can  be  fatal,  although  a  study  of  untreated  human  T.  b.  gambiense  infected 

 patients  discovered  that  12/53  patients  maintained  asymptomatic  infections  (Jamonneau  et 

 al., 2012)  . 

 HAT  has  seen  epidemics  in  the  20  h  century,  with  35,000  cases  reported  between 

 1997-1998.  Cases  have  severely  reduced  since  then  due  to  vector  control  efforts  and  the 

 development  of  fixed  health  facilities,  with  HAT  diagnosis  and  treatment  capacity,  near 

 populations  which  are  at  risk.  HAT  is  on  the  brink  of  elimination  as  a  public  health  problem, 

 emphasised  by  just  992  and  663  reported  cases  of  HAT  in  2019  and  2020,  respectively 

 (Franco  et  al.,  2022)  .  Elimination  is  now  in  sight,  with  the  development  of  the  drug 

 acoziborole,  which  displays  an  efficacy  of  95%  in  patients  with  T.  b.  gambiense  HAT  from  a 

 single  oral  dose  (Betu  Kumeso  et  al.,  2022)  .  However,  reservoirs  of  asymptomatic  human 

 carriers  and  the  zoonotic  potential  from  livestock  and  wild  animals  threaten  the  final 
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 elimination  of  HAT  (Büscher  et  al.,  2018)  .  Likewise,  global  climate  change  is  altering  the 

 geographic  distribution  of  the  tsetse  vector,  humans,  wildlife,  and  livestock.  In  2019-2020, 

 the  Vwaza  Marsh  Game  Reserve  and  Nkhotakota  Wildlife  Reserve  Park  (Malawi) 

 experienced  the  most  severe  drought  in  24  years.  The  drought  has  been  linked  to  an 

 outbreak  of  T.  b.  rhodesiense  cases  due  to  contact  pattern  alterations  of  vectors,  humans, 

 wildlife, and livestock  (Hulsman et al., 2021)  . 
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 1.1.4. Animal African trypanosomiasis (AAT) 

 Whilst  the  human  infective  subspecies  have  largely  been  eradicated  in  tsetse  endemic 

 regions,  animal  infective  subspecies  continue  to  cause  devastating  damage  to  agricultural 

 production,  with  120  million  livestock  at  risk  of  AAT  and  over  3  million  livestock  deaths 

 annually  (Auty  et  al.,  2015;  Ebhodaghe  et  al.,  2018;  Giordani  et  al.,  2016;  Shaw  et  al.,  2014)  . 

 Losses  caused  by  AAT  equate  to  ~7%  of  agricultural  GDP  in  Nigeria,  with  the  impact 

 predicted  to  rise  unless  AAT  intervention  strategies  are  employed  (Odeniran  et  al.,  2021)  . 

 AAT  exacerbates  food  insecurity  and  poverty,  leading  to  widespread  health  implications  that 

 stretch  further  than  the  impacts  of  the  human  infective  subspecies  (Giordani  et  al.,  2016)  . 

 AAT  is  caused  by  T.  congolense  ,  T.  vivax  and  to  a  lesser  extent  T.  brucei  subspecies,  T.  b. 

 brucei  ,  T.  b.  evansi  and  T.  b.  equiperdum  .  Whilst  T.  b.  evansi  and  T.  b.  equiperdum  are  found 

 in  African  countries,  mechanical  transmission  (without  tsetse  involvement)  has  enabled  them 

 to  spread  outside  of  tsetse  endemic  regions  and  will  be  discussed  in  detail  below.  T. 

 congolense  and  T.  vivax  present  the  greatest  burden  to  agriculture  but  are  often 

 understudied by researchers in favour of  T. brucei  (Morrison et al., 2016)  . 

 AAT  clinical  presentation  often  converges  on  similar  symptoms,  even  though  the  disease  is 

 caused  by  different  subspecies  or  species.  Animals  display  weight  loss,  pyrexia  and  ataxia, 

 which  can  lead  to  death  within  weeks  in  acute  infections  (Maudlin  et  al.,  2004)  .  The  vast 

 majority  of  cases  are  chronic,  characterised  by  weakness  and  infertility.  Control  of  AAT 

 largely  involves  vector  control  and  drug  administration.  The  diverse  species  which  cause 

 AAT  (Morrison  et  al.,  2016)  exhibit  divergent  life  cycles  (Matthews,  2021;  Rotureau  and  Van 

 Den  Abbeele,  2013)  ,  metabolism-related  sensitivity  to  drugs  (Morrison  et  al.,  2016;  Steketee 

 et  al.,  2021)  and  contrasting  mechanisms  of  antigenic  variation  (Morrison  et  al.,  2016)  ,  which 

 complicates  control  of  the  diseases.  Even  within  the  species  T.  brucei  and  T.  congolense  , 

 different  isolates  display  contrasting  virulence  levels  (  T.  congolense  Savannah  and  Forest 
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 types,  and  the  T.  brucei  subspecies  T.  b.  evansi  and  T.  b.  brucei  )  (Auty  et  al.,  2015;  Gibson, 

 2007)  .  Different  trypanosome  species  and  subspecies  are  also  capable  of  coinfecting  their 

 hosts.  Concomitant  infections  with  virulent  and  less  virulent  strains  of  T.  congolense 

 suppressed  the  pathology  of  the  virulent  strain  (Morrison  et  al.,  1982)  whilst  field-based 

 surveys  predict  that  there  is  an  increase  in  the  risk  of  severe  disease  when  animals  are 

 coinfected  (Savage  et  al.,  2021)  ,  complicating  host-parasite  interactions  (Silvester  et  al., 

 2017b; Venter et al., 2022)  . 

 1.1.5. Adaptations to parasitism 

 Mammalian  immune  system  evasion  by  T.  brucei  has  been  the  focus  of  intense  cytological 

 and  molecular  study.  Each  bloodstream-form  cell  is  covered  with  a  coat  of  variant  surface 

 glycoproteins  (VSGs).  VSGs  prevent  the  adhesion  of  host  antibodies  to  non-variant  surface 

 antigens  buried  beneath  the  densely  packed  VSG  coat  (Cross,  1975;  Vickerman,  1969)  . 

 VSG  switching  allows  T.  brucei  to  maintain  infections  in  its  mammalian  hosts.  Once  the  VSG 

 has  been  recognised  and  the  host  mounts  an  effective  antibody  response  to  a  specific  VSG, 

 a  sub-population  of  T.  brucei  expressing  a  different  VSG  will  outgrow  to  drive  the  next  wave 

 of  parasitaemia  (Vickerman,  1985)  .  However,  it  is  not  as  simple  as  a  single  VSG  being 

 expressed  in  each  wave  of  parasitaemia;  several  VSGs  are  expressed  by  subpopulations  at 

 the  same  time  during  infection,  highlighting  that  a  switched  VSG  does  not  always  dominate 

 the  next  wave  of  infection  (Mugnier  et  al.,  2015).  RNA  Pol1  is  responsible  for  the 

 transcription  of  VSGs  from  a  single  expression  site  (ES)  per  cell,  producing  mono-allelic 

 expression  (Navarro  and  Gull,  2001)  .  The  ES  is  in  telomeric  regions  and  is  accompanied  by 

 expression  site-associated  genes  (ESAGs)  (Cully  et  al.,  1985)  .  VSG  switching  occurs  via 

 alteration  of  the  active  ES  or  through  homologous  recombination,  or  gene  conversion,  to 

 insert a new VSG into the active ES. 
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 The  extensive  repertoire  of  VSGs  (Berriman  et  al.,  2005;  De  Lange  and  Borst,  1982; 

 Wickstead  et  al.,  2004)  along  with  the  ability  to  assemble  mosaic  VSG  sequences,  whereby 

 the  combination  of  multiple  VSG  sequences  generates  an  entirely  novel  sequence,  creates 

 an  almost  infinite  repertoire  of  VSG  coats  (Hall  et  al.,  2013;  Mugnier  et  al.,  2015)  .  The  VSG 

 repertoire  helps  the  parasite  to  establish  chronic  infections.  In  addition  to  the  bloodstream, 

 VSG  diversity  could  be  generated  in  the  tissues  of  the  mammalian  host,  which  are  predicted 

 to  act  as  a  reservoir  to  seed  the  bloodstream  (Beaver  et  al.,  2022)  .  Developmentally 

 competent  T.  brucei  found  in  gonadal  adipose  tissue  have  a  lower  percentage  of  stumpy 

 forms  and  divide  at  roughly  half  the  rate  of  parasites  in  the  bloodstream  (Trindade  et  al., 

 2022)  .  Separate  experiments  with  a  developmentally  incompetent  T.  brucei  found  that  lower 

 proliferation  is  associated  with  a  reduction  in  protein  synthesis  (Trindade  et  al.,  2022)  .  Nests 

 of  parasites  have  also  been  found  to  colonise  lung  tissue.  Infected  mice  do  not  display 

 reduced  pulmonary  dysfunction,  however,  the  increased  stress  placed  on  the  immune 

 system  did  leave  mice  more  vulnerable  to  coinfection  with  a  respiratory  virus  (Mabille  et  al., 

 2022)  . 

 T.  brucei  VSG  diversity  is  not  shared  amongst  other  trypanosome  species.  For  instance,  T. 

 vivax  does  not  employ  the  same  diverse  repertoire  of  VSG  genes,  resulting  in  geographically 

 distinct  isolates  often  expressing  more  similar  VSGs.  The  reduction  of  antigenic  diversity 

 could  cause  exhaustion  of  VSG  variants,  limiting  chronic  infections,  as  has  been  observed  in 

 animals that self-cure  T. vivax  infections  (Barry,  1986; Silva Pereira et al., 2020)  . 

 Based  on  subcellular  protein  localisation  data,  kinetoplastids  have  a  disproportionate  gain  in 

 the  complexity  of  their  mitochondrion  (Billington  et  al.,  2022)  (Fig.  1.4).  The  increase  in 

 complexity  is  likely  due  to  the  divergent  evolution  of  the  unique  mitochondrial  genome,  the 

 kinetoplast  (kDNA).  However,  the  complexity  of  the  mitochondrion  is  not  associated  with 

 parasitism  as  the  complexity  is  seen  for  all  kinetoplastids,  including  free-living  species 

 (Lukeš  et  al.,  2014)  .  A  T.  brucei  cell  contains  a  single  mitochondrion  and,  alongside  its 
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 well-documented  function  in  energy  generation  through  oxidative  phosphorylation,  the 

 mitochondrion  is  associated  with  cell  death,  proliferation  and  signalling  (McBride  et  al., 

 2006)  .  The  size  and  shape  of  the  mitochondrion  depend  on  the  life  cycle  stage  (Priest  and 

 Hajduk, 1994; Vickerman, 1965)  . 

 In  the  mammalian  bloodstream  form,  the  mitochondrion  stretches  the  length  of  the  cell  body 

 and  lacks  the  cristae  required  for  oxidative  phosphorylation.  Development  into  the  insect 

 stage  promotes  the  enlargement  of  the  organelle  to  produce  a  mitochondrial  network 

 throughout  the  cell.  The  inner  mitochondrial  membrane  has  enlarged  cristae  required  for 

 oxidative  phosphorylation  (Priest  and  Hajduk,  1994)  .  As  the  cell  contains  one  mitochondrion 

 harbouring  a  single  unit  of  kDNA  (Jensen  and  Englund,  2012;  Verner  et  al.,  2015)  , 

 trypanosomes  require  precise  machinery  for  the  segregation  of  kDNA  to  guarantee  binary 

 fission  leaves  two  daughter  cells  with  one  kDNA  copy  each  (Chanez  et  al.,  2006)  .  The 

 precise  segregation  is  achieved  by  coupling  kDNA  to  the  segregation  of  the  basal  body  of 

 the  flagellum  (Robinson  and  Gull,  1991)  .  The  structures  are  physically  connected  via  the 

 tripartite  attachment  complex  (TAC).  Disruption  of  the  TAC  is  lethal,  causing  over-replicated 

 kDNA  which  cannot  be  segregated  (Povelones,  2014;  Schneider  and  Ochsenreiter,  2018)  . 

 Precise  mitochondrial  genome  segregation  via  the  TAC  is  unique  to  trypanosomes  and  their 

 relatives,  however,  the  TAC  shares  features  with  the  mitotic  spindle  which  segregates 

 chromosomes during cell division in mammals  (Blanco-Ameijeiras  et al., 2022)  . 

 Alongside  morphogenesis,  the  flagellum  is  vital  for  motility  which  is  essential  for  sustaining 

 infections  in  mammalian  hosts  and  development  in  the  insect  host  (Griffiths  et  al.,  2007; 

 Rotureau  et  al.,  2014)  .  Each  cell  contains  a  single  flagellum  that  moves  the  cell  body  in  a 

 bihelical  motion  (Rodríguez  et  al.,  2009)  .  The  flagellum  is  composed  of  a  paraflagellar  rod 

 (PFR)  and  an  axoneme,  enclosed  in  a  membrane  and  attached  to  the  cell  body  via  the 

 flagellum  attachment  zone  (FAZ).  The  distal  FAZ  corresponds  to  the  localisation  of  key  cell 
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 cycle  regulators  (Billington  et  al.,  2022;  McAllaster  et  al.,  2015;  Zhou  et  al.,  2016;  Zhou  et  al., 

 2018)  . 

 Other  organelles  with  a  T.  brucei  specific  gain  in  complexity,  and  therefore  linked  with 

 parasitism,  include  the  plasma  membrane  domains  and  mitotic  spindle  (Billington  et  al., 

 2022)  ,  supporting  the  suggestion  that  the  cytoskeleton  is  a  mediator  of  generating  parasitism 

 (Engstler  et  al.,  2007;  Lacomble  et  al.,  2009;  Olego-Fernandez  et  al.,  2009;  Portman  and 

 Gull, 2014; Sunter et al., 2019; Wheeler et al., 2013a)  . 

 Figure  1.4:  T.  brucei  organelles  can  be  unique  or  display  species  specific  elaboration. 

 Unique  organelles  or  organelles  which  display  considerable  elaborations  in  T.  brucei  are 

 highlighted  in  bold.  The  figure  was  adapted  from  Billington  et  al.,  (2022).  Abbreviations: 

 tripartite  attachment  complex  (TAC),  endoplasmic  reticulum  (ER),  intraflagellar  transport 

 (IFT), flagellum attachment zone (FAZ) and paraflagellar rod (PFR). 

 1.1.6. Genome architecture 

 kDNA  consists  of  a  network  of  concatenated  circular  DNA,  minicircles  and  maxicircles 

 (Jensen  and  Englund,  2012)  .  There  are  20-50  copies  of  ~23kb  maxicircles  encoding  genes 
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 for  the  respiratory  chain  and  ribosomal  RNAs  (Borst  and  Fase-Fowler,  1979;  Maslov  et  al., 

 2019;  Schnaufer  et  al.,  2002;  Simpson,  1979)  .  Minicircles  are  ~1kb  and  have  1000s  of 

 copies  which  encode  guide  RNAs  required  for  editing  mitochondrial  mRNA  transcripts 

 (Hajduk  and  Ochsenreiter,  2010;  Jensen  and  Englund,  2012;  Kleisen  and  Borst,  1975; 

 Steinert,  1960;  Vickerman,  1965)  .  The  kinetoplast  is  essential  for  the  insect  stage  of  the 

 parasite's  life  cycle  as  the  encoded  respiratory  components  are  required  for  viability  in  the 

 tsetse  fly  (Schnaufer  et  al.,  2002;  Vickerman,  1965)  .  Some  T.  brucei  subspecies  have 

 reduced  or  removed  their  kDNA,  rendering  them  unviable  in  the  insect  vector  (Schnaufer  et 

 al., 2002)  . These are called dyskinetoplastic or akinetopastic  forms, respectively. 

 The  T.  brucei  nuclear  genome  encompasses  11  megabase  chromosomes  along  with  ~5 

 intermediate  and  ~100  mini  chromosomes  (Daniels  et  al.,  2010;  Wickstead  et  al.,  2004)  . 

 Chromosomal  fusion  led  to  a  reduced  chromosome  number  in  T.  brucei  ,  compared  to  other 

 trypanosomatids  (El-Sayed  et  al.,  2005)  .  The  nuclear  genome  is  tightly  packed  with  genes 

 organised  into  co-transcribed  polycistronic  units.  Mature  mRNA  is  resolved  through 

 trans-splicing  and  polyadenylation  of  primary  transcripts  (Clayton,  2019;  Parsons  et  al., 

 1984)  . Polycistronic transcription is universal amongst  kinetoplastids  (Jackson et al., 2008)  . 

 Genome  expansion  events  have  been  well  documented  amongst  diverse  Trypanosoma  , 

 such  as  the  expansion  of  T.  theileri  specific  surface  proteins  (TTPSPs)  in  T.  theileri  ,  in 

 comparison  to  the  closely  related  T.  melophagium  (Kelly  et  al.,  2017;  Oldrieve  et  al.,  2022)  . 

 Likewise,  T.  brucei  has  facilitated  the  expansion  of  hexose  transporters  (Bringaud  and  Baltz, 

 1994)  ,  a  gene  array  of  phosphoglycerate  kinases  (Le  Blancq  et  al.,  1988)  and  elaborated  the 

 VSG  repertoire  (Taylor  and  Rudenko,  2006)  which  arose  via  duplication  and  gene 

 conversion  (Jackson,  2007a;  Jackson,  2007b)  .  Sexual  reproduction  between  subspecies  of 

 T.  brucei,  T.  b.  rhodesiense  and  T.  b.  brucei  ,  caused  alterations  in  chromosome  size,  and 

 trisomy  has  been  observed  in  laboratory  studies  (Gibson  et  al.,  1992)  .  The  last  common 

 ancestor  of  the  T.  brucei  clade  underwent  a  segmental  duplication  event  which  gave  rise  to 
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 parts  of  chromosomes  4  and  8.  The  duplication  is  absent  from  T.  congolense  but  observed  in 

 subspecies  of  T.  brucei  ,  such  as  T.  b.  rhodesiense  ,  T.  b.  gambiense  and  T.  b.  evansi  .  Post 

 duplication,  the  chromosomes  selectively  conserved  47%  of  duplicated  genes,  enriching 

 glycosyltransferases,  amino  acid  transporters  and  adenylate  cyclases,  along  with  genes 

 containing  transmembrane  helicases  and  signal  peptides.  The  duplication  provided  a 

 “double  dose”  of  some  genes  and  there  is  evidence  of  functional  innovation  facilitated  by  the 

 duplication  (Jackson,  2007b)  .  A  protein  serine-threonine  kinase  (NRK)  was  part  of  this 

 duplication  event.  NRK  A/B  are  associated  with  the  control  of  development  from  the 

 bloodstream  form  to  the  insect  midgut  procyclic  forms  (Domingo  Sananes  et  al,  2015).  It  is 

 not  known  if  the  duplication  of  NRK  confers  functional  innovation  along  with  a  double  dose, 

 but  highlights  the  potential  role  of  genome  architecture  in  the  developmental  competence  of 

 T. brucei  (Gale et al., 1994; Jackson, 2007b)  . 
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 1.2.  T. brucei  developmental competence (pleomorphism) 

 1.2.1.  T. brucei  life cycle 

 T.  brucei  undergoes  a  complex  life  cycle,  including  transmission  between  mammals  via  an 

 insect  vector,  the  tsetse  fly  (MacGregor  et  al.,  2012)  .  To  facilitate  the  transition  between  the 

 stages  of  its  life  cycle,  T.  brucei  undergoes  morphological  and  cytological  changes.  In  its 

 mammalian  stage,  developmentally  competent  T.  brucei  proliferates  in  its  host  as  a  slender 

 form.  Slender  forms  are  characterised  by  a  slim  cell  which  contains  a  posterior,  terminal, 

 kDNA  and  a  central  nucleus  (Vickerman,  1985)  .  Slender  forms  have  a  flagellum  which 

 stretches  the  length  of  the  cell  body  and  extends  beyond  it.  The  flagellum  facilitates  the 

 highly  mobile  cells  to  move  in  a  spiral  pattern  (Hill,  2003)  .  Due  to  the  abundance  of  blood 

 glucose,  the  parasite  mitochondrion  is  tubular,  lacks  cristae  and  does  not  have  an 

 operational  electron  transport  chain,  instead  relying  on  the  glycolysis  of  blood  glucose  (Smith 

 et al., 2017)  . 

 Chronic  mammalian  infections  with  T.  brucei  entail  waves  of  parasitaemia.  The  proliferative 

 slender  forms  increase  in  population  density  via  binary  fission  (Benz  et  al.,  2017;  Wheeler  et 

 al.,  2013b)  .  Similarly  to  other  eukaryotes,  they  progress  through  the  cell  cycle  from  G1,  S, 

 G2  and  M  and  cytokinesis.  The  timing  of  the  nucleus  and  kinetoplast  division  occurs  at 

 different  rates.  Therefore,  cells  can  be  observed  with  1  kinetoplast  and  1  nucleus  (1K1N 

 (G1)),  2K1N  (S)  and  2K2N  (G2/M)  (Woodward  and  Gull,  1990)  .  The  transcriptional  profile  of 

 the  cell  cycle  in  the  bloodstream  and  the  procyclic  form  of  T.  brucei  have  recently  been 

 profiled  using  single-cell  RNA-seq  (scRNA-seq)  (Briggs  et  al.,  2023)  .  In  the  bloodstream,  as 

 the  population  density  increases,  the  cells  transition  through  morphologically  intermediate 

 forms  to  a  cell  cycle-arrested  stumpy  form  (Matthews  and  Gull,  1994;  Ziegelbauer  et  al., 

 1990)  .  The  stumpy  form  contains  one  kinetoplast  and  one  nucleus  (1K1N)  and  is  arrested  in 
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 G0/G1.  The  T.  brucei  stumpy  cell  is  morphologically  distinct  from  the  slender  form,  being 

 broader,  along  with  a  defined  undulating  membrane  between  the  cell  body  and  the  flagellum 

 (Fig.  1.2)  (Bruce  et  al.,  1910)  .  In  comparison  to  the  slender  form,  the  stumpy  form  has  a 

 rounder  nucleus  which  moves  to  the  posterior  of  the  cell.  The  kinetoplast  can  be  displaced, 

 due  to  an  enlargement  of  the  flagellar  pocket  (Engstler  et  al.,  2007)  .  Stumpy  forms  have  an 

 elaborated  mitochondrial  structure  to  facilitate  the  increase  of  mitochondrial  activity  and 

 utilisation  of  α-ketoglutarate  (Dewar  et  al.,  2018)  .  Using  scRNA-seq,  the  population-wide 

 transcriptome  pattern  during  the  transition  from  slender  to  stumpy  forms  has  been  mapped. 

 Despite  their  description  from  morphological  data  (Fig.  1.2),  intermediate-form  clusters  of 

 cells were not identified  (Briggs et al., 2021)  . 

 Stumpy  forms  are  preadapted  for  uptake  by  the  tsetse  fly  (Fig.  1.5),  via  resistance  to 

 antibody-mediated  lysis  (McLintock  et  al.,  1993)  ,  resistance  to  the  complement  pathway  via 

 the  expression  of  a  factor  H  receptor  (Macleod  et  al.,  2020)  and  tolerance  of  pH  stresses 

 and  proteases  (Nolan  et  al.,  2000)  .  While  slender  forms  can  establish  tsetse  fly  infections  in 

 a  laboratory  setting,  stumpy  form  preadaptation  suggests  they  produce  the  majority  of  tsetse 

 infections  in  the  field  (Matthews  and  Larcombe,  2022;  Schuster  et  al.,  2021)  .  Stumpy  forms 

 express  two  members  of  the  PAD  family  (proteins  associated  with  differentiation).  These 

 membrane  transporters,  PAD1  and  PAD2,  sensitise  the  parasites  to  physiologically  relevant 

 levels  of  citrate  in  the  blood  meal.  In  turn,  this  stimulates  the  development  of  the  stumpy 

 forms  into  procyclic  forms,  upon  reduction  in  temperature  associated  with  transmission  from 

 the  mammalian  bloodstream  to  the  insect  vector  (Dean  et  al.,  2009)  ,  via  a  phosphatase 

 signalling  cascade  (Szöőr  et  al.,  2006;  Szöor  et  al.,  2010;  Szöőr  et  al.,  2019)  .  The  transition 

 from  the  mammal  to  the  insect  involves  changes  in  the  temperature,  tissues,  host  defence 

 mechanism  and  nutrient  availability.  Procyclic  forms  re-enter  the  cell  cycle,  after  arrest  as  a 

 stumpy form which involves global gene expression changes  (Walsh and Hill, 2021)  . 
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 Early  procyclic  forms  in  the  gut  lumen  and  proventriculus  express  a  surface  coat  of  GPEET 

 procyclin  and  EP  procyclin.  Late  procyclic  forms  repress  GPEET  expression  and  cross  the 

 peritrophic  matrix  into  the  ectoperitrophic  space  (Acosta-Serrano  et  al.,  2001;  Rose  et  al., 

 2020;  Vassella  et  al.,  1997)  .  Entry  into  the  ectoperitrophic  space  was  thought  to  involve 

 penetration  of  a  mature  peritrophic  matrix  (Ellis  and  Evans,  1977;  Evans  and  Ellis,  1978; 

 Gibson  and  Bailey,  2003)  .  However,  recent  work  suggests  this  is  achieved  when  the  new 

 peritrophic  matrix  is  made  by  the  proventriculus  (Rose  et  al.,  2020)  .  Procyclic,  long  procyclic 

 and  mesocyclic  forms  are  found  in  the  ectoperitrophic  space.  Parasites  cross  the  peritrophic 

 membrane  a  second  time,  into  the  proventriculus  lumen,  where  they  progress  from 

 long-dividing  epimastigotes  into  short-nondividing  epimastigotes  (Rotureau  and  Van  Den 

 Abbeele,  2013;  Shaw  et  al.,  2019)  .  Short  epimastigotes  finish  their  journey  through  the 

 insect  vector  in  the  salivary  gland,  where  they  attach  to  the  epithelium  (Rotureau  and  Van 

 Den Abbeele, 2013; Rotureau et al., 2012)  . 

 The  epimastigotes  re-enter  the  cell  cycle  and  differentiate  into  metacyclic  trypomastigotes, 

 capable  of  infecting  mammals  and  developing  into  slender  bloodstream  forms.  The  process 

 of  metacyclogenesis  in  the  salivary  gland  has  been  characterised  by  scRNA-Seq  which 

 highlighted  three  distinct  clusters  of  cells  that  represent  epimastigote,  pre  and  mature 

 metacyclic  parasites.  The  transcriptomic  and  metabolic  profile  reflected  preadaptation  for 

 survival  in  the  mammalian  host  (Vigneron  et  al.,  2020)  .  A  successful  infection  establishment 

 in  the  tsetse  salivary  gland  modifies  the  saliva  composition  and  alters  the  feeding  behaviour 

 of  the  fly  to  enhance  transmission  (Van  Den  Abbeele  et  al.,  2010)  .  RNA  binding  proteins  are 

 essential  regulators  of  developmental  progression  through  the  insect  stages.  For  example, 

 RBP6  overexpression  induces  metacyclic  generation  in  vitro  (Kolev  et  al.,  2012)  . 

 Progression  through  the  insect  is  thought  to  be  assisted  via  social  motility  (SOMO).  The 

 behaviour  has  been  observed  in  vitro  (Imhof  et  al.,  2015;  Lopez  et  al.,  2015;  Oberholzer  et 

 al.,  2010)  and,  potentially,  in  vivo  (Shaw  et  al.,  2019)  in  early  procyclic  form  cells  which 

 express GPEET  (Imhof et al., 2014)  . 
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 The  time  taken  to  produce  mammalian  infectious  metacyclic  forms  varies  by  parasite  strain, 

 but  takes  at  least  12  days,  often  considerably  longer,  and  entails  passing  major  bottlenecks 

 (Dyer  et  al.,  2013)  .  Single  trypanosomes  were  tagged  with  synthetic  DNA,  and  then  a 

 population  containing  a  mixture  of  tagged  cells  was  used  for  infections.  Transmission  from 

 mouse  to  tsetse  fly  or  tsetse  fly  to  mouse  allowed  the  survival  of  hundreds  of  cells  which 

 contributed  to  the  infection.  However,  differentiation  and  migration  through  the  tsetse  fly 

 produced  major  bottlenecks,  with  a  single  cell  often  producing  99%  of  the  subsequent 

 population  (Oberle  et  al.,  2010)  .  The  major  bottlenecks  highlight  the  importance  of  clonal 

 expansion  from  a  few  genotypes  within  a  region,  and  the  importance  of  recombination 

 between these strains. 

 T.  brucei  sexual  reproduction  occurs  in  the  salivary  gland,  involving  meiotic  division  and  the 

 production  of  haploid  gametes  (Peacock  et  al.,  2011;  Peacock  et  al.,  2014)  .  Sexual 

 reproduction  between  different  strains  of  T.  brucei  can  occur  if  a  tsetse  fly  is  co-infected  with 

 multiple  species  at  the  same  time  (Kay  et  al.,  2022)  .  Tsetse  flies  produce  a  robust  immune 

 response  after  the  first  infection  (Jannin,  1999;  Weiss  et  al.,  2013;  Weiss  et  al.,  2014)  and 

 infection  chance  decreases  with  age  (Walshe  et  al.,  2011;  Welburn  and  Maudlin,  1992; 

 Wijers,  1958)  ,  reducing  the  chance  of  a  secondary  infection  in  the  flies.  However,  tsetse  flies 

 can  become  co-infected  through  multiple  feeds  which  are  18  days  apart  (Peacock  et  al., 

 2016)  and  hybrids  have  been  observed  13  days  post-infection  (Gibson  et  al.,  2008)  .  Analysis 

 of  field  samples  showed  that  hybridisation  events  have  occurred  between  T.  brucei 

 subspecies.  Critically,  these  events  were  between  human  and  non-human  infective 

 subspecies  (Kay  et  al.,  2022)  supporting  experimental  evidence  of  recombination  in  a 

 laboratory  setting  (Gibson  et  al.,  1992)  .  Therefore,  sexual  reproduction  facilitates  genetic 

 exchange,  which  maintains  the  genetic  diversity  required  to  withstand  environmental  and 

 host-based pressures, presenting the threat of new human infective subspecies. 
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 Figure  1.5:  The  complex  T.  brucei  life  cycle  involves  transitions  between  multiple  cell 

 morphologies,  each  adapted  for  life  within  either  the  insect  or  mammal  host.  Adapted 

 from  (Silvester et al., 2017a)  . 

 1.2.2.  Quorum sensing 

 Quorum  sensing  (QS),  the  ability  of  a  microbial  population  to  communicate  via  secreted 

 signalling  molecules  to  synchronise  the  behaviour  of  individuals,  is  often  associated  with 

 bacteria  (Waters  and  Bassler,  2005)  .  In  the  mammalian  host,  the  slender  form  of  T.  brucei 

 proliferates  in  waves  of  parasitaemia  (Matthews  and  Gull,  1994;  Ziegelbauer  et  al.,  1990)  . 
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 The  waves  of  parasitaemia  represent  an  initial  increase  in  the  population  density  of  the 

 slender  proliferative  form  (Reuner  et  al.,  1997;  Waters  and  Bassler,  2005)  .  T.  brucei  releases 

 peptidases  which  hydrolyse  host  proteins  to  produce  oligopeptides,  acting  as  the  QS  signal 

 when  the  parasite  density  reaches  a  specific  threshold  (Tettey  et  al.,  2022)  .  Oligopeptides 

 are  transported  via  GPR89  (Tb927.8.1530),  which  initiates  a  signalling  cascade,  ending  in 

 the  initiation  of  stumpy  induction  and  PAD1  expression  via  a  complicated  molecular  pathway 

 (Mony  et  al.,  2014)  .  The  QS  pathway  causes  the  transformation  of  the  slender  form  into  a 

 stumpy  form  (Rojas  et  al.,  2019;  Vassella  et  al.,  1997)  .  Stumpy  forms  are  cell  cycle  arrested 

 and  so  arrest  the  increase  in  parasitaemia  in  the  mammalian  host,  controlling  virulence  and 

 promoting  transmission  to  the  insect  vector  (Matthews,  2021;  Rojas  and  Matthews,  2019)  . 

 QS  can  be  mirrored  in  vitro  ,  suggesting  independence  from  the  mammalian  immune  system 

 (Balber,  1972;  Rojas  et  al.,  2019;  Rojas  et  al.,  2021)  .  However,  the  immune  system  could  still 

 influence  stumpy  formation,  for  example,  the  release  of  proteases  by  macrophages  may 

 accelerate stumpy formation. 

 Whilst  oligopeptide-based  QS  accounts  for  most  of  the  generation  of  stumpy-form  cells, 

 parasites  which  are  naturally  unable  to  perform  QS  can  sporadically  generate  stumpy-form 

 parasites  (Hoare,  1972;  Yorke  and  Blacklock,  1912)  .  Modelling  of  the  transition  from  slender 

 to  stumpy  form  fits  a  model  whereby  QS-independent  differentiation  is  possible  (Dewar  et 

 al.,  2018)  .  In  support  of  these  findings,  (Zimmermann  et  al.,  2017)  showed  that  artificial 

 ectopic  expression  of  a  second  VSG  gene  promoted  stumpy  formation  through 

 transcriptional attenuation of the VSG expression site. 

 1.2.3.  The molecular basis of quorum sensing 

 Combining  RITseq  technology,  a  high-throughput  genome-wide  gene  phenotyping  screen, 

 with  selection  using  an  in  vitro  mimic  of  the  QS  signal,  cell-permeable  cAMP  analogue 
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 8-pCPTcAMP/AMP,  allowed  identification  of  positive  regulators  of  the  QS  pathway  in  a 

 monomorphic  cell  line  (Mony  et  al.,  2014;  Vassella  et  al.,  1997)  .  8-pCPTcAMP/AMP  in 

 uninduced  monomorphic  populations  caused  cell  cycle  arrest  and  eventual  cell  death.  With 

 RNAi  induced,  cells  which  silenced  genes  involved  in  the  QS  pathway  (and  so  unresponsive 

 to  8-pCPTcAMP/AMP)  continue  to  grow  and  become  enriched.  Sequencing  of  the  selected 

 population highlighted genes involved in the quorum sensing pathway  (Mony et al., 2014)  . 

 The  screen  identified  genes  linked  to  the  signalling  cascade,  which  highlighted  the  likely  role 

 of  phosphatases  and  kinases  in  regulating  the  transition  from  slender  to  stumpy  form,  both 

 as  effector  and  signalling  molecules.  Protein  phosphorylation  has  a  major  post-translational 

 modification  role  in  eukaryotes.  This  modification  acts  on  diverse  cellular  functions  and  in  T. 

 brucei  a  dual  specificity  phosphatase  (DsPhos)  and  a  protein  phosphatase  type  1  (PP1) 

 were  implicated  in  the  transition  from  slender  to  stumpy  form  (Mony  et  al.,  2014)  .  Also, 

 protein  kinases  contribute,  with  a  MEK  kinase  (MEKK1),  a  5'  adenosine 

 monophosphate-activated  protein  kinase  (AMPKα2),  NEK17  and  DYRK  identified  (Mony  et 

 al.,  2014)  .  Subsequent  work  demonstrated  that  DYRK  acts  to  phosphorylate  and  inhibit 

 molecules  that  retain  trypanosomes  in  the  slender  form  (‘slender  retainers’),  such  as  NOT5 

 whilst  also  phosphorylating,  and  activating,  stumpy  inducers,  such  as  the  zinc  finger  protein, 

 ZC3H20  (Cayla  et  al.,  2020)  .  scRNA-seq  of  a  ZC3H20  null  mutant  cell  line  identified  early 

 transcripts  which  began  to  alter  before  the  pathway  was  ‘blocked’  by  the  absence  of  ZC3H20 

 (Briggs  et  al.,  2021)  .  These  genes  provide  interesting  targets  to  identify  early  molecular 

 alterations which initiate the progression towards stumpy forms. 

 Other  post-translational  modifiers  were  identified,  such  as  the  NEDD8  activating  enzyme 

 APPBP1  (Mony  et  al.,  2014)  .  Ubiquitin  and  ubiquitin-like  proteins,  such  as  NEDD8,  are 

 essential  cellular  regulators  from  eukaryotes  to  bacteria.  NEDD8,  UBA3  and  APPBP1  initiate 

 a  neddylation  cascade  (Walden  et  al.,  2003)  which  is  essential  for  signal  transduction  (Amir 

 et  al.,  2002;  Read  et  al.,  2000)  ,  cytokinesis  (Kurz  et  al.,  2002)  ,  cell  division  (Osaka  et  al., 
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 2000)  ,  and  development  (Pozo  et  al.,  1998)  .  The  protein  neddylation  pathway  has  been 

 dissected  in  T.  brucei  which  highlighted  that  another  QS  gene,  KRIPP14  (HYP13) 

 (Tb927.11.11470)  is  Nedd8-conjugated  or  associated  (Liao  et  al.,  2017)  .  KRIPP14  is  a 

 putative mitochondrial SSU ribosomal protein  (Mony  and Matthews, 2015)  . 

 Gene  regulators  in  the  QS  cascade  ultimately  cause  changes  in  transcript  abundance  or 

 translational  changes,  which  enact  the  transition  from  slender  to  stumpy  form.  RNA  binding 

 proteins,  such  as  ZC3H20  (Briggs  et  al.,  2021;  Cayla  et  al.,  2020;  Liu  et  al.,  2020)  and 

 RBP7A/B  are  essential  for  the  transition  between  life  stages  in  T.  brucei  .  Knockdown  of 

 RBP7A/B  causes  unresponsiveness  to  oligopeptides  and  overexpression  of  RBP7B  drives 

 stumpy  formation  (Mony  et  al.,  2014)  .  Other  RNA  binding  proteins,  such  as  RBP6  are 

 essential  for  development  in  the  insect  vector  (Kolev  et  al.,  2012)  whereas  RBP10  is 

 essential  in  promoting  the  differentiation  state  of  bloodstream-form  slender  cells  to  the 

 procyclic  form.  Depletion  of  RBP10  causes  the  transition  of  slender  forms  to  procyclic  forms, 

 although  the  role  of  RBP10  in  transitioning  directly  to  the  stumpy  form  has  not  been  directly 

 investigated  (Mugo  and  Clayton,  2017)  .  Whilst  downstream  validation  of  the  QS  pathway 

 has  focussed  on  RNA  binding  proteins,  a  transcriptional  silencer  imitation  switch  (ISWI) 

 protein  was  also  identified  as  a  putative  stumpy  inducer  (Hughes  et  al.,  2007;  Mony  et  al., 

 2014; Stanne et al., 2011)  . 

 A  screen  for  post-transcriptional  regulators  correlated  with  the  identification  of  stumpy 

 formation  regulators  to  highlight  the  importance  of  several  hypothetical  proteins  in  gene 

 regulation,  for  example,  HYP1  (Tb927.11.6600),  HYP2  (Tb927.9.4080)  and  HYP12 

 (Tb927.11.2250)  (Erben  et  al.,  2014;  Mony  and  Matthews,  2015;  Mony  et  al.,  2014)  .  HYP1  is 

 proposed  to  destabilise  molecules  that  act  as  slender  retainers  and  inhibitors  of  stumpy 

 formation  whilst  HYP2  likely  stabilises  genes,  by  binding  to  mRNAs,  which  drives  stumpy 

 formation  (Mony  and  Matthews,  2015)  .  A  long  non-coding  RNA  regulator,  SnoGRUMPY,  has 

 also been implicated in differentiation promotion  (Guegan et al., 2022)  . 
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 Oligopeptide-based  quorum  sensing  initiates  a  cascade  which  ultimately  ends  in  the 

 generation  of  stumpy  form  parasites  (Vassella  et  al.,  1997)  .  The  dependency  relationships 

 between  components  of  the  QS  pathway  have  been  dissected,  which  highlighted  that  the 

 pathway  is  non-linear  (McDonald  et  al.,  2018)  .  However,  the  early  events  which  link  the 

 reception  of  the  oligopeptide  signal  to  the  QS  pathway  are  currently  unknown  as  the  initial 

 study  used  a  monomorphic  strain  and  bypassed  the  signal  reception  with  the  use  of  a 

 cell-permeable cAMP analogue  (Mony et al., 2014)  . 

 1.2.4. Developmental competence in  T. congolense  and  T. vivax 

 The  stumpy  form  is  unique  to  T.  brucei  ,  with  closely  related  species  T.  congolense  and  T. 

 vivax  displaying  morphological  uniformity  in  the  mammalian  bloodstream.  However, 

 orthologues  of  the  QS  regulators  exist  in  both  T.  congolense  and  T.  vivax  genomes,  and  the 

 cells  arrest  their  cell  cycle  in  G1  at  high  population  parasitaemia  (Shapiro  et  al.,  1984; 

 Silvester  et  al.,  2017a)  .  Critically,  tsetse  flies  can  become  infected  with  T.  congolense  at  any 

 stage  during  an  infection.  However,  maturation  of  the  parasite  in  the  tsetse  is  more  efficient 

 when  the  blood  meal  is  taken  later  in  the  infection,  suggesting  development  into  a 

 preadapted  form  as  the  mammalian  infection  progresses  (Akoda  et  al.,  2008)  .  Replacing 

 HYP2  with  the  T.  congolense  (TcIL3000.0.19510)  restored  stumpy  formation  in  an  HYP2  null 

 mutant,  suggesting  at  least  one  of  the  QS  pathway  genes  displays  the  same  function  in  the 

 two species  (Silvester et al., 2017a)  . 

 Developmentally  incompetent  isolates  of  T.  brucei  exist  which  are  unable  to  generate  the 

 stumpy  form,  and  therefore,  likely  have  disrupted  QS  pathways.  Utilising  genomic  data  from 

 these  clades  might  provide  further  insight  into  the  molecular  basis  of  QS,  and  how  it  can  be 

 disrupted. 
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 1.3.  T. brucei  developmental incompetence (monomorphism) 

 1.3.1. Dourine 

 Dourine  is  a  sexually  transmitted  disease  of  equids.  Conventionally,  it  is  described  as  being 

 caused  by  T.  equiperdum  .  Typical  clinical  presentations  include  but  are  not  limited  to, 

 pyrexia,  anaemia,  urticarial  plaques,  and  keratitis.  Ultimately,  the  disease  enters  the 

 neurological  phase,  leading  to  ataxia  and  paralysis  which  precede  death  (Büscher  et  al., 

 2019)  .  The  incubation  period  can  vary  from  weeks  to  years,  depending  on  the  strain  of  the 

 parasite and the host's immune status  (Constable et  al., 2017)  . 

 As  the  causative  agents  of  Dourine  are  no  longer  restricted  to  tsetse  endemic  regions,  the 

 prevalence  and  presence  of  the  causative  agents  are  often  underreported  by  the  World 

 Organisation  for  Animal  Health  (WOAH)  (Aregawi  et  al.,  2019)  .  Although  a  systematic 

 approach  has  not  been  performed  (Desquesnes  et  al.,  2022a)  ,  descriptive  studies  have 

 noted  the  presence  of  T.  equiperdum  in  Ethiopia  (Gizaw  et  al.,  2021)  ,  Iran  (Sazmand  et  al., 

 2020)  ,  and  Mongolia  (Suganuma  et  al.,  2016)  .  In  total,  16  countries  reported  cases  of 

 Dourine  to  WOAH  between  2005-2022  (Fig.  1.6a).  The  distribution  highlights  outbreak 

 events,  such  as  the  spread  of  Dourine  in  Italy  in  2011  (Calistri  et  al.,  2013;  Pascucci  et  al., 

 2013)  (Fig. 1.6a). 

 Similarly  to  AAT,  vaccines  are  not  available  for  Dourine,  however,  chemotherapeutic 

 treatment  with  suramin,  quinapyramine  chloride,  melarsomine  hydrochloride,  isometamidium 

 chloride  and  diminazene  diaceturate  can  be  effective  (Büscher  et  al.,  2019)  .  However, 

 strains  can  display  innate  or  acquired  resistance  to  chemotherapies  (Mekonnen  et  al.,  2018)  . 
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 Chemotherapy  can  be  ineffective  during  the  acute  phase  of  infection  since  the  drugs  are 

 unable  to  penetrate  tissues,  and  therefore  unable  to  kill  parasites  which  have  crossed  the 

 blood-brain  barrier  during  the  neurological  stage  (Auty  et  al.,  2008;  Cauchard  et  al.,  2016; 

 Hébert  et  al.,  2018;  Ranjithkumar  et  al.,  2014)  .  Outbreaks  are  caused  by  negligence  when 

 screening  animals  that  are  imported  from  a  Dourine  endemic  country  such  as  the  import  of 

 Dromedary  camels  from  Gran  Canaria  into  Spain  (Gutierrez  et  al.,  2010;  Tamarit  et  al., 

 2010)  ,  the  importation  of  a  horse  into  Italy  (Calistri  et  al.,  2013)  and  artificial  insemination 

 with  contaminated  semen  (Ahmed  et  al.,  2018)  .  The  most  successful  control  of  Dourine 

 remains to screen animals from endemic countries. 

 Diagnosing  Dourine  is  difficult  due  to  an  absence  of  specific  clinical  symptoms,  and  an  often 

 extremely  low  parasitaemia,  below  that  of  even  PCR-based  assays  (Calistri  et  al.,  2013)  . 

 Diagnosis  with  Dourine,  therefore,  often  relies  upon  a  combination  of  epidemiological 

 context,  serological,  molecular,  parasitological  and  clinical  evidence  (Büscher  et  al.,  2019; 

 Desquesnes et al., 2022a)  . 

 1.3.2. Surra 

 Surra,  historically  thought  to  be  caused  by  T.  evansi  ,  is  found  in  a  diverse  repertoire  of 

 domestic  animals  such  as  bovines,  camels,  dogs  and  goats  alongside  wild  animals  such  as 

 gazelle  and  elephants.  It  is  mechanically  transmitted,  largely  via  tabanids,  stomoxys,  which 

 are  globally  distributed,  and  tsetse  (Gingrich  et  al.,  1983;  Mihok  et  al.,  1995;  Roberts  et  al., 

 1989)  .  Whilst  Surra  is  thought  of  as  a  blood-borne  disease,  the  parasite  can  invade  tissues 

 such  as  the  central  nervous  system  (Holland  et  al.,  2003)  .  The  disease  presentation  varies 

 between  the  host,  geographic  region  and  genotype  of  infecting  parasite.  However,  general 

 signs  include  anaemia,  weight  loss,  fever,  chronic  wasting  and  abortion.  Surra  also  reduces 

 milk production, increasing the economic burden of the disease  (Desquesnes et al., 2013)  . 
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 Aregawi  et  al.,  (2019)  highlighted  the  distribution  of  T.  evansi  across  the  globe,  far  beyond 

 the  tsetse  endemic  regions  of  T.  brucei  .  For  comparison  to  the  range  of  T.  b.  equiperdum  ,  we 

 have  plotted  the  presence  of  reported  Surra  cases  reported  to  WAHIS  between  2005-2022. 

 Out  of  241  countries,  Surra  is  more  widespread  than  Dourine,  with  44  countries  reporting  the 

 disease, corroborating the global distribution of the causative agents of Surra (Fig. 1.6b). 

 Treatment  of  Surra  with  chemotherapy  largely  relies  on  diminazene  aceturate,  whilst 

 isometamidium  chloride,  cymelarsan,  suramin  and  quinapyramine  are  used  infrequently 

 (Desquesnes  et  al.,  2013)  .  However,  there  are  inefficiencies  with  each  of  these  drugs  in 

 treating  Surra  (Desquesnes  et  al.,  2012;  Peregrine  et  al.,  1995;  Toro  et  al.,  1983;  Tuntasuvan 

 et  al.,  2003)  .  Preventative  measures  are  also  used  to  control  the  vector.  However,  unlike  a 

 parasite  which  relies  upon  a  single  vector  for  cyclical  transmission,  monomorphic  T.  brucei 

 are  mechanically  transmitted  via  biting  insects,  or  even  larger  animals  such  as  vampire  bats 

 (Hoare,  1965)  .  Therefore,  whilst  nets  and  insect  control  strategies  could  be  employed,  it  has 

 been  proposed  that  it  is  likely  futile  as  another  vector  will  replace  the  one  under  control 

 (Desquesnes  et  al.,  2013)  .  Instead,  it  is  preferable  to  attempt  to  control  the  importation  of 

 Surra-causing  agents  into  non-endemic  regions  via  quarantine  and  screening  of  animals  that 

 are transported from endemic regions  (Desquesnes et  al., 2013)  . 
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 Figure  1.6:  The  causative  agents  of  Dourine  and  Surra  display  a  geographical 

 distribution  beyond  tsetse  endemic  regions.  Presence  of  (a)  Dourine  and  (b)  Surra  cases 

 submitted  to  OIE-WAHIS  between  2005-2022.  The  presence  of  each  disease  was  compared 

 to  a  list  of  241  countries  in  the  rnaturalearth  package  (available  at 

 https://github.com/ropensci/rnaturalearth  )  plotted  on  a  world  map  using  ggplot,  sf  and 

 rnaturalearth  (Pebesma,  2018;  Wickham,  2016)  .  Presence  data  were  extracted  from  the 

 WAHIS  disease  situation  dashboard 

 (  https://wahis.woah.org/#/dashboards/country-or-disease-dashboard  ). 
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 1.3.3. Phylogeny of developmentally incompetent  T.  brucei 

 Developmentally  incompetent  T.  brucei  subspecies  are  less  able  to  transition  between  the 

 slender  proliferative  form  and  the  cell  cycle-arrested  stumpy  form.  Instead,  they  rely  upon 

 mechanical  transmission  between  mammalian  hosts,  either  via  an  infected  blood  meal  or 

 venereal  transmission  between  equids  (Schnaufer  et  al.,  2002)  .  Monomorphic  T.  brucei  have 

 escaped  the  tsetse  fly's  geographic  range,  expanding  to  most  continents.  As  they  no  longer 

 undergo  cyclical  development  in  their  insect  host,  they  do  not  require  the  respiratory 

 components  required  for  metabolism  in  the  arthropod  vector  (Schnaufer  et  al.,  2002; 

 Vickerman,  1965)  .  This  allowed  for  a  secondary  reduction  or  removal  of  their  mitochondrial 

 genome,  the  kinetoplast  (Dewar  et  al.,  2018)  .  They  infect  wild  animals  and  livestock,  causing 

 the  diseases  Surra  and  Dourine  (Büscher  et  al.,  2019)  .  Developmentally  incompetent  T. 

 brucei  can also be generated in the laboratory  (McWilliam  et al., 2019; Turner, 1990)  . 

 Historically,  monomorphic  T.  brucei  were  defined  as  two  separate  species,  T.  evansi  and  T. 

 equiperdum  (Hoare,  1972)  .  They  were  largely  defined  by  morphology  and  disease 

 presentation.  T.  evansi  was  associated  with  mechanical  transmission  via  biting  flies  between 

 cattle,  causing  Surra,  and  T.  equiperdum  was  defined  as  a  sexually  transmitted  parasite  of 

 equines,  causing  Dourine  (Büscher  et  al.,  2019)  .  Historical  papers  describe  a  3rd  species  of 

 monomorphic  T.  brucei,  T.  equinum  .  T.  equinum  was  first  described  in  1901  in  South 

 America.  It  was  described  as  a  parasite  of  equines  and  appeared  to  lack  a  kinetoplast  but 

 otherwise,  it  was  morphologically  indistinguishable  from  T.  evansi  .  It  was  hypothesised  that 

 T.  equinum  evolved  from  T.  evansi  upon  arrival  in  South  America  (Hoare,  1954)  .  However, 

 without  molecular  data,  this  was  not  confirmed.  Subsequently,  T.  equinum  was  synonymised 

 with  T.  equiperdum  (Gibson,  2007;  Ventura  et  al.,  2000)  .  T.  equinum  highlights  the  difficulty 

 in defining species, subspecies and types of protozoa without molecular data. 
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 Since  1972,  Hoare  acknowledged  the  phenotype  associated  with  monomorphism  is  likely 

 unassociated  with  a  specific  clade  or  genotype.  “If  animals  infected  with  T.  b.  brucei  had 

 been  introduced  from  an  enzootic  area  of  Nagana  to  a  new  locality  free  of  tsetse  flies,  where 

 the  trypanosome  was  subsequently  transmitted  by  mechanical  inoculators,  especially 

 tabanid  flies  loss  of  contact  with  Glossina  would  eventually  have  brought  about  the 

 transformation  of  T.  b.  brucei  into  a  monomorphic  race  indistinguishable  from  the  species 

 now known as  T. evansi  ”  (Hoare, 1972)  . 

 More  recent  genomic  analysis  of  diverse  isolates  described  as  T.  evansi  and  T.  equiperdum 

 highlighted  that  not  only  were  these  isolates  subspecies  of  T.  brucei  ,  but  the  subspecies  are 

 polyphyletic,  with  each  clade  separated  by  a  pleomorphic  subspecies  (Carnes  et  al.,  2015; 

 Cuypers  et  al.,  2017;  Lai  et  al.,  2008)  .  It  was  suggested  that  monomorphic  clades  are  most 

 accurately  described  as  ‘types’;  T.  b.  equiperdum  type  BoTat,  T.  b.  equiperdum  type  OVI,  T. 

 b.  evansi  type  A  and  T.  b.  evansi  type  B  (Cuypers  et  al.,  2017)  .  Out  of  species,  subspecies 

 and  type,  type  is  the  lowest  rank  and,  informed  by  genotypic  relationship,  illustrates  trait(s) 

 that  distinguish  it.  A  recent  paper  has  built  on  the  arguments  surrounding  the  phylogeny  of  T. 

 brucei  to  propose  a  new  definition  based  on  ecotypes  (Lukeš  et  al.,  2022)  .  Under  the 

 ecotype  proposition,  the  clades  of  T.  brucei  would  not  be  defined  by  genotypic  data.  They 

 would  be  split  into  five  ecotypes,  T.  brucei  f.  brucei,  T.  b.  f.  gambiense,  T.  b.  f.  rhodesiense, 

 T. b. f. equiperdum  , and  T. b. f. evansi. 

 1.3.4. Surra, Dourine and parasite genotype 

 Due  to  the  polyphyletic  origins  of  monomorphic  T.  brucei  isolates  currently  described  under 

 the  T.  evansi  and  T.  equiperdum  species,  it  is  impossible  to  designate  a  causative  species  to 

 the  diseases  Surra  and  Dourine.  The  situation  is  complicated  further  as  isolates  which  are 

 genotypically  related  to  T.  b.  evansi  isolates  cause  a  disease  which  was  diagnosed  as 
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 Dourine,  historically  associated  with  T.  b.  equiperdum  (Oldrieve  et  al.,  2021;  Suganuma  et 

 al.,  2016)  .  Whilst  whole  genome  sequencing  can  provide  enough  detail  to  disentangle  the 

 phylogenetic  origins  of  an  infecting  monomorphic  isolate,  it  is  currently  not  viable  in  a  field 

 setting.  Therefore,  we  suggested  that  the  diseases  Surra  and  Dourine  be  described  as  the 

 clinical  presentation  of  a  disease  with  monomorphic  T.  brucei  subspecies,  without  the  use  of 

 T. evansi  or  T. equiperdum  (Oldrieve et al., 2021)  . 

 The  parasite  genotype  descriptors  may  become  an  ever  more  complicated  topic  as  climate 

 change  continues  to  alter  the  range  of  the  tsetse  fly  vector  (de  Clare  Bronsvoort  et  al.,  2013; 

 Lord  et  al.,  2018;  Pagabeleguem  et  al.,  2016)  .  Once  areas  have  a  reduced,  or  absent,  tsetse 

 presence,  there  will  be  evolutionary  pressure  for  pleomorphic  T.  brucei  to  adopt  adaptations 

 for  mechanical  transmission,  such  as  the  increased  parasitaemia  often  associated  with 

 monomorphic  T.  brucei  .  Hence,  climate  change  will  likely  lead  to  the  emergence  of  new 

 monomorphic  clades,  which  will  not  fit  in  the  current  taxonomy  and  which  have  distinct 

 origins from the currently identified clades. 

 1.3.5. Virulence 

 In  the  context  of  trypanosomes,  virulence,  the  ability  to  cause  disease  in  a  host,  is  influenced 

 by  diverse  factors  from  the  genotype  of  the  parasite  to  the  host's  immune  status  (Morrison  et 

 al.,  2022)  .  Virulence  is  often  measured  by  the  parasite  proliferation  rate  in  a  host,  but  can 

 also  focus  on  host  infectivity  and  transmissibility  in  the  insect  vector.  In  the  mammalian  host, 

 Trypanosoma  species  undergo  cell  cycle  arrest  upon  reaching  a  high  parasitaemia, 

 preventing  the  overproduction  of  the  parasite  population.  This  directly  influences  virulence, 

 as  unlimited  parasite  proliferation  would  rapidly  prove  lethal  to  the  host.  Therefore,  there  is  a 

 fine  balance  between  increasing  the  chance  of  transmission,  through  increased  population 

 size  and  maintaining  the  host's  viability  (Black  et  al.,  1983)  .  As  monomorphic  T.  brucei 
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 isolates  are  unable  to  generate  stumpy  forms,  they  presumably  have  uncontrolled  population 

 growth  to  facilitate  transmission,  which  increases  their  virulence.  This  description  is  usually 

 made  after  studying  T.  b.  evansi  type  A  but  is  often  generalised  to  monomorphic  isolates  as 

 a  whole  (Auty  et  al.,  2015;  Schnaufer,  2010)  .  T.  b.  equiperdum  clades  have  also  lost  the 

 ability  to  generate  stumpy  forms,  however,  the  infection  displays  tropism  for  the  genital 

 mucosa,  where  it  can  persist  for  years  before  developing  a  neurological  stage,  and  the 

 associated lethal symptoms  (Constable et al., 2017)  . 

 1.3.6. Life without a kinetoplast and the cause of monomorphism 

 Monomorphic  T.  brucei  are  often  associated  with  a  reduced  or  absent  kinetoplast.  T.  b, 

 equiperdum  type  OVI  and  T.  b,  equiperdum  type  BoTat  isolates  often  lack  minicircles,  whilst 

 retaining  some  maxicircles.  T.  b.  evansi  type  A  and  T.  b.  evansi  type  B  have  generally  lost 

 their  maxicircle  DNA  and  have  either  completely  removed  their  minicircles,  or  retained 

 homogenous  sequences  (Lai  et  al.,  2008;  Schnaufer  et  al.,  2002)  .  Moreover,  the  presence  of 

 kDNA  in  monomorphic  isolates  can  be  extremely  unstable  (Suganuma  et  al.,  2016)  .  Due  to 

 the  absence,  or  reduction,  of  kDNA  in  monomorphic  isolates,  they  are  unable  to  develop  in 

 the  tsetse  fly  insect  vector.  ATP  production  requires  oxidative  phosphorylation  in  the  tsetse 

 fly,  whilst  bloodstream  forms  produce  ATP  via  glycolysis,  due  to  the  abundance  of  blood 

 glucose  (Bringaud  et  al.,  2006)  .  However,  the  mitochondrion  is  still  required  in  all  life  cycle 

 stages  to  facilitate  other  cellular  processes,  such  as  fatty  acid  synthesis  (Stephens  et  al., 

 2007)  . 

 Mitochondrial  ATP  synthesis  is  maintained  via  an  electrochemical  potential  across  the  inner 

 mitochondrial  membrane  (Chacinska  et  al.,  2009)  .  Bloodstream  form  T.  brucei  generates 

 membrane  potential  via  the  mitochondrial  F  1  F  O  –ATP  synthase  complex,  which  functions  in 

 reverse  to  pump  protons  to  the  intermembrane  space  (Nolan  and  Voorheis,  1992;  Schnaufer 
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 et  al.,  2005;  Vercesi  et  al.,  1992)  .  This  process  is  normally  completed  by  the  proton  pumping 

 complexes  III  and  IV  and  proton  translocation  is  achieved  via  subunit  a  of  the  F  O  part  of  this 

 complex.  This  subunit  is  kDNA  encoded  and  requires  RNA  editing  (Bhat  et  al.,  1990)  . 

 Monomorphic  T.  brucei  cannot  express  the  a  subunit,  as  they  lack  either  the  gene  or  the 

 guide  RNAs  required  to  edit  the  mRNA.  However,  the  loss  of  kDNA  can  be  entirely 

 compensated  for  by  a  single  point  mutation  in  the  γ  subunit  (Dean  et  al.,  2013)  . 

 Akinetoplastic  parasites  are  unable  to  infect  the  tsetse  fly  (Dewar  et  al.,  2022)  .  However, 

 monomorphism  and  the  loss  of  kDNA  have  been  uncoupled.  In  the  laboratory,  akinetoplastic 

 parasites  were  able  to  differentiate  from  slender  to  stumpy  forms  at  the  same  rate  as 

 wild-type parasites  (Dewar et al., 2018; Timms et  al., 2002)  . 

 T.  b.  evansi  (unknown  type)  secrets  orthologues  of  peptidases,  Tb927.11.12850 

 (TevSTIB805.11_01.13260)  Tb927.11.2500  (TevSTIB805.11_01.2570),  which  generate  the 

 oligopeptide  signal  (Moreira  et  al.,  2022;  Tettey  et  al.,  2022)  .  This  suggests  that  in  at  least 

 one  clade  of  T.  b.  evansi  ,  the  parasites  maintain  the  production  of  oligopeptides  but  there  is 

 a  breakdown  in  the  reception,  or  signal  transmission  in  the  QS  pathway,  which  renders  the 

 parasites  monomorphic.  The  occurrence  of  multiple  monomorphic  clades  allows  us  to  probe 

 the  consequences  of  a  transition  from  a  complex  to  a  simple  life  cycle,  along  with  the  change 

 in  its  life  history.  The  transition  from  sexual  reproduction  to  asexual  reproduction  leaves  a 

 clade-specific  impact  on  genomic  features  (Jaron  et  al.,  2021)  which  have  been  observed  in 

 asexually  reproducing  T.  brucei  (Oldrieve  et  al.,  2021)  .  A  recent  study  highlighted  one  of 

 these  impacts.  Wen  et  al.,  (2022)  found  that  procyclin-associated  gene  3  (PAG3)  is  absent  or 

 contains  a  frameshift  in  multiple  naturally  occurring  monomorphic  clades.  Deletion  or 

 suppression of PAG3 produced developmentally incompetent  T. brucei  (Wen et al., 2022)  . 

 1.3.7. Laboratory-selected developmentally incompetent  T. brucei 
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 Laboratory  strains  of  T.  brucei  have  been  maintained  in  culture,  along  with  intermittent 

 infections  in  mice  and  other  mammals  (Gibson,  2012)  .  It  is  hard  to  track  down  the  true  origin 

 of  many  commonly  used  laboratory  strains  (discussed  here 

 https://tryps.rockefeller.edu/trypsru2_pedigrees.html).  Whilst  it  is  possible  to  freeze  parasite 

 cultures,  stopping  the  clock  on  the  accumulation  of  molecular  changes,  the  isolates  studied 

 today  have  undoubtedly  changed  from  their  wild  ancestors  (Mulindwa  et  al.,  2018)  .  The 

 absence  of  transmission  through  a  tsetse  fly  facilitates  rapid  proliferation  and  increased 

 virulence  in  bloodstream  form  parasites  (McWilliam  et  al.,  2019)  .  Ultimately,  continual  serial 

 passage  prevents  the  generation  of  the  cell  cycle-arrested  stumpy  forms  (Ashcroft,  1960; 

 Matthews  et  al.,  2004;  Turner,  1990)  .  Commonly  used  laboratory  lines,  such  as  Lister  427, 

 display  these  laboratory-adapted  monomorphic  features.  Laboratory-generated  monomorphs 

 are  unable  to  produce  the  stumpy  form  but  the  conditioned  medium  from  these  monomorphs 

 is  capable  of  inducing  stumpy  formation  in  pleomorphic  cell  lines  (Vassella  et  al.,  1997)  . 

 Similarly,  selected  monomorphic  T.  brucei  can  be  forced  to  differentiate  upon  exposure  to  the 

 cell-permeable  cAMP  analogue  pCPTcAMP  (Breidbach  et  al.,  2002)  suggesting  under 

 normal  circumstances  mutations  or  gene  regulation  prevents  signal  reception  or  transduction 

 through  the  QS  signalling  pathway,  rather  than  a  complete  inability  to  differentiate  (Silvester 

 et al., 2017a; Vassella et al., 1997)  . 

 Cell  cycle-arrested  stumpy  form  parasites  stop  switching  VSGs  and  laboratory-adapted  cell 

 lines  are  reported  to  be  more  antigenically  stable  than  pleomorphic  parasites  (Turner  and 

 Barry,  1989)  .  The  low  VSG  switch  rate  in  laboratory-adapted  parasites  is  far  lower  than  in 

 pleomorphic  isolates,  potentially  linking  antigenic  variation  with  transmissibility  (Hovel-Miner 

 et  al.,  2012;  Lamont  et  al.,  1986;  Turner,  1997)  .  However,  through  the  generation  of  inducible 

 and  serially  passaged  monomorphism,  switch  rate  frequency  and  developmental 

 competence  were  uncoupled  (McWilliam  et  al.,  2019)  .  Sequencing  RNA  from  selected 

 monomorphs  highlighted  genes  associated  with  the  transition  from  slender  to  stumpy  and 

 stumpy  to  procyclic  form.  Notably,  ZC3H20  was  significantly  downregulated  in  selected 
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 monomorphic  cells  (Nilsson  et  al.,  2010)  .  ZC3H20  is  a  key  developmental  regulator  in  the 

 quorum  sensing  pathway,  essential  in  stumpy  formation  (Cayla  et  al.,  2020;  Ling  et  al.,  2011; 

 Liu et al., 2020)  . 
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 1.4.  Aims 

 1.4.1. Significance and justification 

 We  aim  to  highlight  potential  early  and  late  events  in  the  evolution  of  monomorphism,  and 

 how  the  complex  QS  pathway  is  constructed  and  can  be  perturbed  and  broken.  The  study 

 also  has  the  potential  to  provide  molecular  predictors  for  increased  virulence  associated  with 

 monomorphic  T.  brucei  that  could  be  used  diagnostically  in  the  field.  Finally,  we  will  discuss 

 the evolutionary costs and benefits of monomorphism. 

 1.4.2. Aims 

 1)  Confirm  the  evolutionary  relationships  between  naturally  occurring  monomorphic 

 isolates and highlight features of monomorphism at the genome level. 

 2)  Identify  mutations  in  naturally  occurring  monomorphic  T.  brucei  isolate,  which  could 

 give  rise  to  developmental  incompetence,  and  validate  the  role  of  these  mutations  in 

 the laboratory. 

 3)  Identify  the  early  transcriptional  events  in  the  generation  of  monomorphism,  by 

 selecting  for  monomorphism  with  a  pleomorphic  cell  line.  Confirm  the  role  of  these 

 transcriptional modifications via manipulation of the target transcripts. 
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 2  Monomorphic  Trypanozoon:  towards  reconciling 
 phylogeny and pathologies 
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 2.1.  Preface 

 Identifying  the  genetic  relationship  between  monomorphic  T.  brucei  isolates  is  essential  to 

 identify  heritable  traits.  Specifically,  to  identify  the  genetic  basis  of  monomorphism,  we 

 needed  to  first  categorise  the  relationship  between  each  isolate  of  monomorphic  T.  brucei  for 

 which  we  had  genome  sequencing  data  (Oldrieve  et  al.,  2021)  .  This  work  led  to  the 

 following publication. 

 Our  paper  has  been  cited  in  publications  which  reviewed  the  diagnosis  of  animal 

 trypanosomes  (Desquesnes  et  al.,  2022a;  Desquesnes  et  al.,  2022b)  ,  designed  an 

 immunoassay  for  equine  trypanosomiasis  (Verney  et  al.,  2022)  ,  studied  the  impact  of 

 ivermectin  (Gupta  et  al.,  2022)  ,  compared  the  risk  factors  of  coinfection  with  T.  congolense 

 and  T.  brucei  (Savage  et  al.,  2021)  ,  identified  a  gene  (PAG3)  potentially  involved  in  the 

 generation  of  monomorphism  (Wen  et  al.,  2022)  ,  and  discussed  a  proposal  to  rename  the 

 phylogeny  of  T.  brucei  ,  utilising  ecotypes  (Lukeš  et  al.,  2022)  .  The  ecotype  proposal  will  be 

 discussed in detail in Chapter 3. 
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 2.2.  Monomorphic  Trypanozoon:  towards  reconciling  phylogeny 

 and pathologies 
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 3  Genomic features of monomorphic  T. brucei 
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 3.1.  Introduction 

 Categorising  T.  brucei  isolates  by  their  genetic  relationship  is  essential  for  downstream 

 functional  validation,  exemplified  by  the  misidentified  T.  b.  evansi  type  IVM-t1  isolate 

 (Oldrieve  et  al.,  2021;  Suganuma  et  al.,  2016)  .  We  were  kindly  gifted  whole  genome 

 sequencing  data  of  monomorphic  isolates  by  Frederik  Van  Den  Broeuk  (KMU,  Leuven) 

 which we used to extend our analysis from Chapter 2. 

 Recent  work  sequenced  the  transcriptomes  of  several  naturally  occurring  monomorphic  T. 

 brucei  isolates  and  found  that  “transcriptional  patterns  in  T.  evansi  and  T.  equiperdum  were 

 seen  to  be  diverse”  (Cai  et  al.,  2021)  .  In  the  analysis,  the  isolates  were  typed  as  “  T.  evansi  ” 

 or  “  T.  equiperdum  ”,  without  a  distinction  between  the  polyphyletic  monomorphic  clades. 

 Alongside  this,  a  recent  proposal  suggested  that  the  T.  brucei  subspecies  could  be  redefined 

 to  utilise  ‘ecotypes’  (Lukeš  et  al.,  2022)  .  In  the  context  of  T.  brucei  phylogeny,  they  define 

 ecotypes  as  “a  group  of  organisms  within  a  species  that  is  adapted  to  particular 

 environmental  conditions  and  therefore  exhibit  genetic  and  often  behavioural,  structural,  or 

 physiological  differences  from  other  species  members”  (Lukeš  et  al.,  2022)  .  Under  this 

 proposition,  T.  b.  evansi  type  A  and  T.  b.  evansi  type  B  would  be  defined  as  T.  b.  f.  evansi, 

 whereas  T.  b.  evansi  type  IVM-t1,  T.  b.  equiperdum  type  BoTat  and  T.  b.  equiperdum  type 

 OVI would be defined as  T. b. f. equiperdum  . 

 Here,  we  aimed  to  identify  the  relationship  between  the  monomorphic  isolates  for  which  we 

 were  gifted  genome  data  and  the  monomorphic  isolates  which  had  diverse  mRNA  profiles 

 (Cai  et  al.,  2021)  .  Monomorphism  causes  a  reversion  to  an  obligate  monoxenous  asexual 

 life  cycle  which  is  predicted  to  reduce  the  efficacy  of  selection  and  genetic  diversity.  Informed 

 by  phylogeny,  we  aimed  to  identify  genome-wide  features  of  monomorphism.  Our  results  are 

 placed  in  the  context  of  the  ecotype  proposition,  challenging  its  use  in  the  context  of 
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 polyphyletic  clades.  Combining  these  insights,  we  highlight  the  presence  of  mutations  in 

 monomorphic  clades  and  prioritise  these  mutations  to  explore  the  putative  causes  of 

 monomorphism for each independent clade by experimental analysis. 
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 3.2.  Methods 

 Each  tool  used  in  the  following  analysis,  plus  the  version  and  its  optional  flags,  can  be  found 

 in  Table  3.1.  Unless  stated  otherwise,  all  figures  were  plotted  using  ggplot2  (Wickham,  2016) 

 and  ggrepel  (available  at  https://cran.r-project.org/web/packages/ggrepel/index.html  )  in  R  (R 

 Core Team, 2022)  . 

 3.2.1. Variant calling 

 Genome  data  from  31  isolates  were  gifted  by  Frederik  Van  Den  Broeuk  (KMU,  Leuven). 

 These  were  added  to  the  genome  data  used  in  Chapter  2.  Mutations  were  called  across  the 

 T.  b.  brucei  TREU927/4  reference  genome,  as  described  in  Chapter  2.  Briefly,  the  quality  of 

 the  raw  reads  was  analysed  with  fastqc  (Andrews  and  Others,  2010)  and  subjected  to  quality 

 trimming  with  trimmomatic  (Bolger  et  al.,  2014)  .  The  reads  were  trimmed  with  the  following 

 filters:  SLIDINGWINDOW  4 : 20;  ILLUMINACLIP  adapters.fa  2 : 40 : 15;  MINLEN  25.  The 

 trimmed  reads  were  aligned  to  the  T.  brucei  TREU927/4 V5  reference  genome  with 

 bwa-mem  (Li  and  Durbin,  2009)  .  The  reads  were  prepared  for  variant  calling  by  following  the 

 gatk4  best  practices  pipeline,  which  included  marking  duplicate  reads  (DePristo  et  al.,  2011; 

 Van  der  Auwera  et  al.,  2013)  .  The  read  recalibration  step  was  performed  by  initially  calling 

 variants  on  un-calibrated  reads  with  gatk4’s  haplotype  caller  (Poplin  et  al.,  2018)  .  The  top 

 20 %  highest  confidence  calls  from  the  first  round  were  used  as  the  confident  call  set  to 

 re-calibrate  the  raw  bam  files.  Variants  were  then  re-called  on  the  recalibrated  bam  files  with 

 gatk4’s haplotype caller  (Poplin et al., 2018)  . 

 The  variants  were  combined  and  filtered  with  the  following  stringent  cut-offs,  in  keeping  with 

 gatk’s  best  practices  pipeline  and  previous  studies  (Cuypers  et  al.,  2017)  .  SNPs  were  filtered 
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 by  quality  by  depth  (<2.0),  quality  score  (<500.0),  depth  (<5.0),  strand  odds  ratio  (>3.0), 

 Fisher’s  exact  (>60.0),  mapping  quality  (<40.0),  mapping  quality  rank  sum  (<−12.5),  read 

 position  rank  sum  (<−8.0),  window  size  (10)  and  cluster  size  (3).  Indels  were  filtered  on  their 

 quality  by  depth  (<2.0),  quality  (<500.0),  Fisher’s  exact  (>200.0)  and  read  position  rank  sum 

 (<−20.0).  The  complete  list  of  genomes  analysed  in  this  study,  including  their  accession  IDs, 

 is summarised in Table S3.1. 

 3.2.2. Phylogenetic analysis 

 A  phylogenetic  tree  was  generated  as  described  in  Chapter  2.  The  filtered  variants, 

 described  above,  were  filtered  again  to  retain  sites  where  a  genotype  had  been  called  in 

 every  sample,  using  VCFtools  (Danecek  et  al.,  2011)  .  SNPs  were  identified  across  all  of  the 

 sites  in  the  T.  brucei  TREU927/4 V5  reference  genome  (Berriman  et  al.,  2005)  .  A 

 concatenated  alignment  of  each  variant  was  extracted  using  VCF-kit  (Cook  and  Andersen, 

 2017)  .  IQ-TREE  (Nguyen  et  al.,  2015)  was  used  to  create  a  maximum-likelihood  tree  from 

 homozygous  variant  sites.  Within  the  IQ-TREE  analysis,  a  best-fit  substitution  model  was 

 chosen  by  ModelFinder  using  models  that  included  ascertainment  bias  correction 

 (MFP+ASC)  (Kalyaanamoorthy  et  al.,  2017)  .  ModelFinder  identified  TVM+F+ASC+R4  as  the 

 best  fit  for  both  of  the  alignments  which  were  subjected  to  1000  ultrafast  bootstraps 

 generated  by  UFBoot2  (Hoang  et  al.,  2018)  .  The  consensus  trees  were  visualized  and 

 annotated using iTOL  (Letunic and Bork, 2007)  . 

 3.2.3. Genome content 

 Genome  summary  statistics,  including  heterozygosity,  genome  repeat  length  and  genome 

 unique  length,  were  calculated  by  k-mer  counting  with  jellyfish  (Marçais  and  Kingsford,  2011) 
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 and  GenomeScope2  (Vurture  et  al.,  2017)  .  A  k-mer  length  of  21  was  used.  The  inbreeding 

 coefficient  (F)  was  calculated  for  each  isolate  using  vcftools  (Danecek  et  al.,  2011)  and  the 

 mutations  mentioned  above.  F  was  calculated  using  the  equation, 

 ,  where  O  is  the  observed  number  of  homozygous  sites,  E  is  𝐹    =    (    𝑂    −     𝐸    )    /    (    𝑁    −     𝐸    )

 the  expected  number  of  homozygous  sites  (given  population  allele  frequency),  and  N  is  the 

 total number of genotyped loci. 

 3.2.4.  Phylogenetic  analysis  of  published  monomorphic  T.  brucei 

 RNAseq data 

 Raw  RNA  reads  from  monomorphic  T.  brucei  were  downloaded  from  NCBI  GEO 

 GSE184265  (Cai  et  al.,  2021)  .  The  data  were  combined  with  the  raw  reads  from  3.2.1  and 

 Read2Tree  (Dylus  et  al.,  2022)  was  used  to  align  reads  to  trypanosomatid-specific  orthologs 

 identified  by  OMA  which  were  used  to  create  a  phylogenetic  tree  with  IQ-TREE  (Nguyen  et 

 al., 2015)  . The tree was visualised with iTOL  (Letunic  and Bork, 2007)  . 

 3.2.5. Variant calling and dN/dS calculation 

 Bcftools  was  used  to  create  a  variant  call  file  (VCF)  file  for  each  isolate  from  the  filtered 

 SNPs  in  section  3.2.1.  Non-variant  sites  were  removed  using  GATK4  SelectVariants 

 (DePristo  et  al.,  2011;  Van  der  Auwera  et  al.,  2013)  .  The  reverse  complement  of  each  VCF 

 file  and  sequence  was  generated  using  SNPGenie  (Nelson  et  al.,  2015)  .  The  diversity  of 

 synonymous  to  non-synonymous  mutations  (dN/dS)  was  calculated  using  SNPGenie 

 (Nelson  et  al.,  2015)  .  Within-pool  analysis  was  performed  for  each  isolate  using  SNPs  found 

 in  the  longest  CDS  of  each  gene,  excluding  pseudogenes,  on  the  11  megabase 
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 chromosomes  of  the  TREU927/4  reference  genome  (Berriman  et  al.,  2005)  .  Four  gene 

 categories  were  generated  based  on  their  identification  as  part  of  (a)  the  QS  pathway 

 (McDonald  et  al.,  2018;  Mony  and  Matthews,  2015;  Mony  et  al.,  2014;  Rojas  et  al.,  2019; 

 Tettey  et  al.,  2022)  ,  (b)  transition  from  the  midgut/proventriculus  (MG-PV)  stage 

 (Naguleswaran  et  al.,  2021)  ,  (c)  transition  from  the  proventriculus/salivary  gland  stage 

 (PV-SG)  (Naguleswaran  et  al.,  2021)  and  (d)  as  a  control,  a  random  subset  of  genes, 

 generated  by  picking  100  genes  from  a  list  of  the  11,832  annotated  transcripts  in  the 

 TREU927/4 reference genome using the sample function in R. 

 3.2.6. Target prediction 

 Mutations  from  section  3.2.1  were  assigned  to  annotated  genes  in  the  TRUE927/4  reference 

 genome  using  snpEFF  (Cingolani  et  al.,  2012)  .  We  created  a  snpEFF  database  from  the 

 TREU927/4  genome  using  the  methods  described  here 

 https://pcingola.github.io/SnpEff/se_buildingdb/  .  Protein  domains  and  putative 

 phosphorylation  sites  were  identified  in  target  genes  using  InterProScan  accessed  through 

 TriTrypDB  (Aslett  et  al.,  2010;  Blum  et  al.,  2021;  Jones  et  al.,  2014)  and  NetPhos  (Blom  et 

 al.,  1999;  Blom  et  al.,  2004)  ,  respectively.  snpSIFT  was  then  used  to  identify  mutations 

 which  occurred  in  a  monomorphic  clade  but  not  a  pleomorphic  clade  using  the  case-control 

 function  (Cingolani  et  al.,  2012)  .  Target  mutations  putatively  associated  with  monomorphism 

 were  then  filtered  and  prioritised  to  create  a  target  list  of  genes  with 

 ‘monomorphism-associated  mutations.  See  section  3.3.5  for  full  details  on  filtering  and 

 prioritisation. 

 Samtools  faidx  (Li  et  al.,  2009)  and  bcftools  consensus  were  used  to  generate  a  fasta  file  for 

 each  of  the  target  genes  for  each  isolate  (described  above).  The  alternative  allele  was  used 

 if  the  mutation  was  heterozygous  (Narasimhan  et  al.,  2016)  .  The  sequences  were  aligned 
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 with  Clustal  Omega  and  the  alignments  were  translated  from  nucleotide  to  amino  acid  in 

 Geneious Prime for visualisation. 

 3.2.7. Cellular localisation and protein modelling 

 Representative  monomorphic  mutant  and  pleomorphic  control  amino  acid  sequences  were 

 used  to  generate  a  protein  structure  model  with  ColabFold  (Mirdita  et  al.,  2022)  ,  which  uses 

 AlphaFold2  (Jumper  et  al.,  2021)  and  Alphafold2-multimer  (Evans  et  al.,  2022)  .  The  protein 

 models  were  created  using  default  settings  and  the  best  model  for  each  sequence,  based  on 

 a  predicted  local-distance  difference  test  (pLDDT),  was  aligned  and  visualised  with  PyMOL. 

 Protein  structure  similarity  searches  were  performed  with  Foldseek  using  the  TREU927/4 

 AlphaFold  model  (van  Kempen  et  al.,  2022)  .  Cellular  localisation  data  for  each  target  was 

 accessed  from  the  TrypTag  (Dean  et  al.,  2017)  database  (  http://tryptag.org/  )  and  visualised 

 with  FIJI  (Schindelin  et  al.,  2012)  .  The  transmembrane  domains  in  Tb927.5.2580  were 

 visualised with TOPCONS  (Tsirigos et al., 2015) 

 3.2.8. Computational tools 

 Table 3.1:  Computational tools and optional flags  used in this chapter. 

 Tool  Version  Optional flags 

 jellyfish  2.3.0  count  -C  -m  21  -s 

 1000000000 

 (Marçais and Kingsford, 2011) 

 jellyfish  2.3.0  histo  (Marçais and Kingsford, 2011) 
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 GenomeSc 

 ope2 

 2.0  -k 21  (Ranallo-Benavidez  et  al., 

 2020) 

 vcftools  0.1.16  –het  (Danecek et al., 2011) 

 Read2Tree  0.1.2  --tree  (Dylus et al., 2022) 

 IQ-TREE  2.2.0.3  -T auto -m MFP -B 1000  (Nguyen et al., 2015) 

 iTOL  6  Online tool  (Letunic and Bork, 2007) 

 snpEFF  5.0  -V Tb927  (Cingolani et al., 2012) 

 snpSIFT  4.3  filter  (Cingolani et al., 2012) 

 bcftools  1.9  view  (Danecek et al., 2021) 

 GATK4  4.1.4.1  SelectVariants 

 --exclude-non-variants 

 (DePristo  et  al.,  2011;  Van  der 

 Auwera et al., 2013) 

 bcftools  1.9  +split  (Danecek et al., 2021) 

 SNPGenie  2019.10 

 .31 

 vcf2revcom.pl  (Nelson et al., 2015) 

 SNPGenie  2019.10 

 .31 

 --vcfformat=1  (Nelson et al., 2015) 

 NetPhos  3.1  Residues to predict - all three  (Blom  et  al.,  1999;  Blom  et  al., 

 2004) 

 samtools  1.12  faidx  (Li et al., 2009) 

 bcftools  1.9  consensus -H A  (Danecek et al., 2021) 

 Clustal 

 Omega 

 1.2.3  -i -o --full --distmat-out  (Sievers et al., 2011) 

 Geneious  2022 

 1.1 

 https://www.geneious.com/ 
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 ColabFold  1.3.0  num_relax:  0  template_mode: 

 none 

 (Mirdita et al., 2022) 

 PyMOL  2.5.2  align  https://pymol.org/2/ 

 Foldseek  3-915ef 

 7d 

 (van Kempen et al., 2022) 

 FIJI  2.3.0/1. 

 53f 

 (Schindelin et al., 2012) 

 ggplot2  3.3.0  geom_density_ridges(rel_min 

 _height = 0.000005 

 (Wickham, 2016) 

 ggrepel  0.8.1  ttps://cran.r-project.org/web/pac 

 kages/ggrepel/index.html 

 R  3.6.1  (R Core Team, 2022) 

 TOPCONS  2.0  (Tsirigos et al., 2015) 

 fastqc  0.11.9  (Andrews and Others, 2010) 

 trimmomati 

 c 

 0.39  SLIDINGWINDOW  4 : 20; 

 ILLUMINACLIP  adapters.fa 

 2 : 40 : 15; MINLEN 25 

 (Bolger et al., 2014) 

 bwa-mem  0.7.17-r 

 1188 

 -t  (Li and Durbin, 2009) 
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 3.3.  Results 

 3.3.1.  Extended  phylogenetic  analysis  of  monomorphic  T.  brucei 

 identified at least four independent clades 

 Monomorphic  T. brucei  isolates form at least four  independent clades 

 As  in  Chapter  2,  analysis  of  42  monomorphic  genome  sequences  demonstrated  that  there 

 are  at  least  4  independent  clades,  each  separated  by  a  pleomorphic  isolate  (Fig.  3.1).  The 

 vast  majority  of  samples  incorporated  into  this  extended  analysis  are  from  the  T.  b.  evansi 

 type  A  clade.  However,  at  least  one  additional  sample  has  been  incorporated  from  each  of 

 the  four  monomorphic  clades,  increasing  our  confidence  in  their  independent  origin.  In 

 Chapter  2,  we  hypothesised  that  the  T.  b.  evansi  type  IVM-t1  isolate  could  represent  a  5  th 

 clade  of  monomorphic  T.  brucei  .  In  this  analysis  with  an  increased  number  of  isolates,  T.  b. 

 evansi  type  IVM-t1  diverges  with  T.  b.  evansi  type  B,  but  retains  a  long  phylogenetic  branch 

 length  (representing  the  number  of  nucleotide  substitutions  per  nucleotide  site),  highlighting 

 a  relatively  distant  evolutionary  relationship  between  T.  b.  evansi  type  IVM-t1  and  T.  b. 

 evansi  type  B.  The  IVM-t1  isolate  branch  length  (0.07109)  is  far  greater  than  the  mean 

 branch  length  between  isolates  within  the  other  monomorphic  clades  T.  b.  evansi  type  A 

 (0.002581),  T.  b.  equiperdum  type  OVI  (0.0011816)  and  T.  b.  equiperdum  type  BoTat 

 (0.001922).  Furthermore,  the  distance  between  the  two  T.  b.  evansi  type  B  (0.003144) 

 isolates  is  smaller  than  the  distance  between  these  isolates  and  IVM-t1.  Hence,  we  suggest 

 that IVM-t1 could represent a 5th independent monomorphic clade. 
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 Figure  3.1:  Monomorphic  T.  brucei  are  polyphyletic  and  form  at  least  four  independent 

 clades.  An  unrooted  phylogenetic  tree  was  created  with  235,571  homozygous  SNPs 

 (195,521  parsimony-informative  SNPs)  found  across  the  T.  brucei  TREU927/4  reference 

 genome.  Bootstrap  confidence  is  reported  by  the  size  of  grey  circles.  Monomorphic 

 genomes  form  at  least  four  distinct  clades  which  have  expanded  from  Eastern  (  T.  b. 

 equiperdum  type  OVI  and  T.  b.  equiperdum  type  BoTat)  and  Western/Central  Africa  (  T.  b. 

 evansi  type  A,  T.  b.  evansi  type  B  and  T.  b.  evansi  type  IVM-t1).  Monomorphic  isolates  are 

 highlighted  as  one  of  the  monomorphic  clades.  Pleomorphic  isolates  are  not  highlighted.  A 

 full  list  of  the  isolates  used  in  this  tree,  and  their  novelty  in  this  analysis,  is  found  in  Table 

 S3.1. 

 61 



 Orthologous protein clustering highlights misidentified monomorphic isolates 

 An  analysis  of  selected  and  naturally  occurring  monomorphic  T.  brucei  has  recently  been 

 published  which  reported  “transcriptional  patterns  in  T.  evansi  and  T.  equiperdum  were  seen 

 to  be  diverse”  (Cai  et  al.,  2021)  (Fig.  3.2).  However,  the  analysis  did  not  consider  the  genetic 

 basis  of  the  monomorphic  isolates  and  relied  upon  clinical  presentation  to  assign  a 

 (sub)species  to  each  isolate.  Therefore,  we  used  Read2Tree  to  build  a  phylogenetic  tree 

 which  incorporated  the  published  monomorphic  RNAseq  data  with  the  isolates  in  Fig.  3.1. 

 Read2Tree  bypasses  traditional  pipelines  for  orthogroup  comparisons,  which  typically 

 include  cleaning  raw  reads,  genome  assembly,  annotation,  and  orthologous  protein 

 clustering,  by  aligning  raw  reads  to  a  group  of  OMA  orthologous  proteins  (Altenhoff  et  al., 

 2021)  .  The  resultant  phylogenetic  tree  (Fig.  3.3)  largely  recreated  the  results  of  Fig.  3.1  and 

 previous  studies  (Cuypers  et  al.,  2017;  Oldrieve  et  al.,  2021)  .  However,  in  this  version,  T.  b. 

 evansi  type  IVM-t1  branches  with  the  pleomorphic  isolate  ABBA  (  T.  b.  gambiense  type  1) 

 rather  than  T.  b.  evansi  type  B,  supporting  our  suspicion  that  the  isolate  represents  a  5th 

 independent monomorphic clade. 

 The  naturally  occurring  monomorphic  T.  brucei  isolates  which  showed  diverse  mRNA  profiles 

 (Cai  et  al.,  2021)  ,  are  distantly  related  to  one  another  (Fig.  3.3).  The  isolates  typed  as  T. 

 equiperdum  are  genotypically  T.  b.  equiperdum  type  OVI  (STIB841  ),  T.  b.  equiperdum  type 

 BoTat  (STIB842)  and  T.  b.  evansi  type  A  (STIB818).  The  isolates  typed  as  T.  evansi  are  all  T. 

 b.  evansi  type  A  (CPOgz,  STIB805  and  STIB816).  The  two  genetically  closest  related 

 isolates,  CPOgz  and  STIB816  (Fig.  3.3)  have  the  closest  mRNA  profile  (Fig.  3.2).  STIB841 

 (  T.  b.  equiperdum  type  OVI)  is  closest  to  T.  b.  evansi  type  A  isolates  STIB816  and  CPOgz 

 (Fig.  3.3).  STIB805  (  T.  b.  evansi  type  A)  shows  a  similar  pattern  to  STIB818  (  T.  b.  evansi 

 type  A)  and  STIB842  (  T.  b.  equiperdum  type  BoTat).  Interestingly,  the  T.  b.  equiperdum  type 

 BoTat (STIB842) and OVI (STIB841) isolates display disparate mRNA profiles. 
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 Figure  3.2:  The  RNAseq  profiles  of  isolates  identified  by  phenotype  as  “  T.  evansi”  and 

 “  T.  equiperdum”  do  not  cluster  together.  The  figure  was  adapted  from  Cai  et  al  (2022) 

 and  represents  the  clustering  of  9,483  genes  using  mRNA  profiles  from  different 

 monomorphic  samples.  Although  not  explicitly  stated  in  the  original  paper,  we  presume  the 

 scale  bar  represents  the  rlog  of  each  gene.  Rlog  normalises  count  data  to  the  log2  scale  to 

 minimise  differences  between  samples  for  rows  with  small  counts  and  normalises  with 

 respect to library size. 
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 Figure  3.3:  Phylogenetic  analysis  of  isolates  from  Cai  et  al.,  (2021)  highlights 

 discrepancies  between  their  genetic  relationship  and  their  species  assignment. 

 Orthologous  kinetoplastid  proteins  were  downloaded  from  OMA  and  Read2Tree  was  used  to 

 extract  orthologues  from  the  monomorphic  isolates  used  in  Fig.  3.1  along  with  RNAseq  data 

 from  6  monomorphic  isolates  (Cai  et  al.,  2021)  .  The  isolates  sequenced  by  Cai  et  al.,  (2022) 

 have  been  highlighted  in  this  tree.  Green  represents  isolates  typed  as  “  T.  equiperdum”  and 

 blue  indicates  isolates  typed  as  “  T.  evansi”  by  Cai  et  al.,  (2021).  The  tree  was  initially  rooted 

 with  Bodo  saltans  and  then  this  leaf  was  pruned  from  the  tree  for  visualisation  purposes.  See 

 Fig. S3.1 for the untrimmed version. 
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 3.3.2.  Monomorphic  T.  brucei  display  clade-specific  genome  content 

 variation 

 To  identify  common  features  of  monomorphic  genomes,  we  utilised  a  k-mer  (a  string  of 

 nucleotides  of  any  given  length)  counting-based  tool  to  predict  the  unique  and  repeat 

 genome  length  and  the  genomic  heterozygosity.  K-mer  counting  allowed  us  to  rapidly  and 

 reliably  compare  genomic  features  without  any  prior  processing  of  the  raw  data,  such  as 

 genome  assembly  and  annotation.  The  pitfall  of  the  method  is  that  it  is  not  possible  to 

 identify  the  regions  of  the  genome  which  account  for  the  heterozygosity  or  variation  in  the 

 genome repeat/unique length. For the following analysis, we used isolates in Fig. 3.1. 

 The  five  monomorphic  T.  brucei  clades  have  a  similar  unique  genome  length,  with  no 

 obvious  divergence  from  the  three  pleomorphic  T.  brucei  clades  analysed  in  this  study  (Fig. 

 3.4a).  There  is  variation  in  the  T.  b.  rhodesiense  isolates,  with  one  isolate  (EATRO3) 

 presenting  a  unique  genome  length  of  11Mb  compared  to  26Mb  (STIB900)  and  27Mb 

 (EATRO2340).  EATRO3  also  had  the  lowest  model  fit  and  highest  read  error  count, 

 therefore,  this  discrepancy  could  be  caused  by  sequencing  errors.  EATRO3  was  treated  with 

 caution  in  the  following  analysis.  Regardless,  monomorphic  isolates  appear  to  have 

 relatively  uniform  unique  genome  content,  especially  in  comparison  to  pleomorphic  clades 

 such  as  T.  b.  brucei.  The  genome  of  T.  brucei  is  predicted  to  contain  ~20%  repetitive  DNA 

 (Pita  et  al.,  2019)  .  Monomorphic  T.  brucei  clades  have  the  lowest  repeat  genome  length, 

 especially  T.  b.  evansi  type  C,  T.  b.  equiperdum  type  OVI  and  T.  b.  equiperdum  type  BoTat. 

 The  repeat  length  is  lower  than  pleomorphic  T.  b.  rhodesiense  ,  T.  b.  gambiense  and  T.  b. 

 brucei  .  TREU927/4  (  T.  b.  brucei  )  has  the  lowest  T.  b.  brucei  repeat  genome  length,  7.2Mb, 

 which  creates  a  shoulder  in  the  T.  b.  brucei  curve  (Fig.  3.4b).  Whilst  the  read  error  is  not  low, 

 the  model  fit  was  87%,  below  the  T.  b.  brucei  model  fit  mean  of  96%,  potentially  producing 

 the lower repeat genome content prediction for this isolate. 
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 K-mer  counting  predicted  that  heterozygosity  is  reduced  in  monomorphic  T.  brucei  clades. 

 The  pattern  is  especially  clear  in  T.  b.  evansi  type  C,  although  T.  b.  evansi  type  B  is  an 

 exception  (Fig.  3.4c).  Finally,  we  calculated  the  inbreeding  coefficient  (F)  for  each  isolate 

 whilst  taking  population  parameters  into  account.  Monomorphic  T.  brucei  are  the  most  inbred 

 clades,  especially  T.  b.  evansi  type  C  and  T.  b.  equiperdum  type  OVI.  Isolates  within  T.  b. 

 gambiense  and  T.  b.  rhodesiense  also  appear  to  be  relatively  inbred,  potentially  indicating 

 clonal  isolates  within  these  clades  or  a  variable  length  of  time  in  culture  (Fig.  3.4d).  In  Fig. 

 3.4  there  are  multiple  peaks  within  clades,  highlighting  divergence  between  isolates  within 

 the clade. 

 Combined,  this  data  highlights  discrepancies  in  the  genome  content  of  monomorphic  and 

 pleomorphic  clades.  The  clade-specific  variation  could  easily  be  missed  if  monomorphic 

 isolates  were  analysed  without  first  considering  the  phylogenetic  relationships  between  the 

 isolates.  Therefore,  it  is  essential  to  analyse  each  monomorphic  clade  independently  in 

 future analysis. 
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 Figure  3.4:  Monomorphic  T.  brucei  display  clade  specific  reductions  in  heterozygosity 

 and  genome  repeat  content.  T.  brucei  genome-wide  (a)  percentage  of  unique  nucleotides 

 across  the  genome,  (b)  percentage  of  nucleotides  that  are  repetitive  across  the  genome,  (c) 

 genome-wide  heterozygosity  and  (d)  inbreeding  coefficient  (F).  Genome  summary  statistics 

 were  calculated  for  each  clade  of  T.  brucei  .  (a-c)  Were  calculated  based  on  k-mer  counting 

 using  a  k-mer  length  of  21  and  (d)  was  calculated  with  SNP  mutations  called  against  the 

 TREU927/4  reference  genome.  The  y-axis  represents  the  count  for  each  clade  ,  a  summary 

 of  isolates  used  for  each  clade  can  be  found  in  Table  S3.1.  The  figure  was  created  using 

 ggridges  which  first  estimates  data  densities  and  then  draws  the  ridge  profile  (available  at 

 https://cran.r-project.org/web/packages/ggridges/vignettes/gallery.html). 
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 3.3.3.  Fixed  mutations  are  not  overrepresented  in  monomorphic  T. 

 brucei  subspecies 

 Throughout,  we  use  mutations  to  describe  fixed  non-synonymous  and  synonymous 

 mutations  unless  explicitly  stated  otherwise.  We  searched  for  the  presence  of  synonymous 

 and  non-synonymous  mutations  in  each  clade  of  T.  brucei  in  groups  of  genes  in  the  quorum 

 sensing  pathway  (McDonald  et  al.,  2018;  Mony  et  al.,  2014;  Rojas  et  al.,  2019;  Tettey  et  al., 

 2022)  and  insect  stages  of  the  parasite’s  life  cycle  (Naguleswaran  et  al.,  2021)  .  These  genes 

 are  presumably  not  used  by  monomorphic  T.  brucei  ,  as  they  cannot  transition  from  the 

 slender  to  stumpy  form  or  undergo  cyclical  development  in  the  insect  vector.  As  a  control, 

 the  number  of  mutations  was  counted  for  a  random  subset  of  genes,  generated  by  picking 

 100  genes  from  a  list  of  the  11,832  annotated  transcripts  in  the  TREU927/4  reference 

 genome  using  the  sample  function  in  R.  The  number  of  mutations  was  also  counted  across 

 every gene in the TREU927/4 reference genome. 

 Mutations  are  not  overrepresented  in  monomorphic  T.  brucei  clades;  instead,  the  overall 

 presence  of  mutations  mirrors  the  phylogenetic  divergence  of  each  isolate  from  the 

 reference  genome,  TREU927/4.  For  instance,  the  monomorphic  clade  T.  b.  equiperdum  type 

 OVI  and  T.  b.  equiperdum  type  BoTat  are  the  closest  isolates  to  the  reference  genome  (Fig. 

 3.1).  They  also  have  the  least  mutations  across  the  whole  genome,  as  well  as  the  insect 

 stage  of  the  parasite's  life  cycle,  QS  genes  and  a  random  group  of  genes,  in  comparison  to 

 all other clades in this analysis (Fig. 3.5). 
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 Figure  3.5:  Mutations  are  not  overrepresented  in  monomorphic  T.  brucei  clades. 

 Heterozygous  and  homozygous  mutations  found  in  each  clade  as  a  percentage  of  the  total 

 number  of  mutations  found  across  all  isolates  used  in  this  analysis  (a)  for  the  whole  genome, 

 (b)  genes  in  the  QS  pathway,  (c)  genes  associated  with  the  insect  stage  of  the  parasite's  life 

 cycle  and  (d)  a  random  group  of  genes.  The  number  of  mutations  was  counted  for  each 

 clade  of  T.  brucei  .  The  y-axis  represents  the  count  for  each  clade  of  T.  brucei,  a  summary  of 

 isolates  used  for  each  clade  can  be  found  in  Table  S3.1.  The  figure  was  created  using 

 ggridges  which  first  estimates  data  densities  and  then  draws  the  ridge  profile  (available  at 

 https://cran.r-project.org/web/packages/ggridges/vignettes/gallery.html). 
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 3.3.4.  Monomorphic  T.  brucei  display  clade-specific  variation  in  selection 

 efficacy 

 Whilst  we  do  not  see  an  overrepresentation  of  mutations  in  monomorphic  T.  brucei  clades, 

 asexuality  is  expected  to  reduce  heterozygosity  (Jaron  et  al.,  2021)  .  Asexuality  can  also 

 reduce  the  efficacy  with  which  selection  can  act  (Otto,  2021)  .  The  efficacy  of  selection  can 

 be  estimated  by  calculating  the  ratio  of  nonsynonymous  to  synonymous  mutations  (dN/dS) 

 compared to a reference genome. 

 Across  the  whole  genome,  the  dS  value  was  well  below  one  for  all  isolates,  indicating  the 

 absence  of  inflation  which  can  saturate  and  inflate  dN/dS  calculations  (minimum  =  0.002460, 

 mean  =  0.009701  and  maximum  =  0.011523).  Focusing  on  groups  of  genes  associated  with 

 the  QS  pathway,  the  insect  stage  of  the  parasite's  life  cycle  and  a  random  subset  of  genes, 

 each  category  of  genes  has  a  dN/dS  ratio  below  one  for  every  T.  brucei  clade,  indicative  of 

 restrictive  selection  acting  to  maintain  the  integrity  of  gene  sequence  (Fig.  3.6).  This  pattern 

 was  seen  for  all  of  the  monomorphic  and  pleomorphic  clades.  Genes  associated  with  the  QS 

 pathway  and  the  midgut/proventriculus  stage  have  the  lowest  dN/dS  ratio.  The  value  is 

 almost  identical  for  each  clade.  The  random  group  of  genes,  and  genes  associated  with 

 expression  in  the  proventriculus  and  the  salivary  gland,  have  a  higher  dN/dS  ratio,  indicating 

 that  there  is  less  selection  pressure  acting  to  maintain  the  coding  sequence  of  these  genes. 

 T.  b.  equiperdum  type  OVI  isolates  have  the  lowest  dN/dS  ratio  in  the  random  set  of  genes 

 compared  to  all  other  clades  in  this  analysis.  The  same  clade  displays  the  highest  dN/dS 

 ratio  in  genes  associated  with  the  QS  pathway  and  is  elevated  in  genes  expressed  in  the 

 midgut,  proventriculus  and  salivary  gland,  indicative  of  a  reduction  in  the  efficacy  of  selection 

 acting to maintain the functionality of these gene sequences in  T. b. equiperdum  type OVI. 
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 Figure  3.6  :  Monomorphic  T.  brucei  have  clade-specific  variation  in  the  efficacy  of 

 selection.  dN/dS  ratio  for  groups  of  genes  involved  in  (a)  the  QS  pathway,  (b)  the 

 midgut/proventriculus  (MG-PV)  stage,  (c)  the  proventriculus/salivary  gland  (PV-SG)  and  (d) 

 a  random  group  of  genes.  The  dN/dS  ratio  was  calculated  for  each  clade  of  T.  brucei  , 

 highlighting  clade-specific  variation  in  the  efficacy  of  selection.  The  y-axis  represents  the 

 count  for  each  clade  of  T.  brucei,  the  summary  of  isolates  used  for  each  clade  can  be  found 

 in  Table  S3.1.  The  figure  was  created  using  ggridges  which  first  estimates  data  densities  and 

 then  draws  the  ridge  profile  (available  at 

 https://cran.r-project.org/web/packages/ggridges/vignettes/gallery.html). 
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 3.3.5.  Mutations  in  6  genes  have  been  identified  for  experimental 

 analysis of monomorphism 

 Genomic  mutations  shared  by  isolates  within  monomorphic  clades  and  absent  in 

 pleomorphic  isolates  were  identified  to  create  a  list  of  potential  mutations  contributing  to 

 monomorphism  for  each  monomorphic  clade.  The  impact  of  each  mutation  was  categorised 

 with  SnpEff  into  high  impact  (e.g.  frameshift),  moderate  impact  (e.g.  codon  insertion)  or 

 modifier  (e.g.  non-synonymous)  mutations.  Full  details  of  the  SnpEff  categories  can  be  found 

 here  (  https://pcingola.github.io/SnpEff/se_inputoutput/#eff-field-vcf-output-files  ).  Two 

 categories were then created based on the following criteria: 

 1.  Any  high-impact,  moderate-impact  or  modifier  mutation  in  a  monomorphic  clade  in  a 

 known  QS  pathway  gene  (McDonald  et  al.,  2018;  Mony  et  al.,  2014;  Rojas  et  al., 

 2019;  Tettey  et  al.,  2022)  or  a  high  impact  mutation  in  a  gene  with  the  following 

 pattern  in  the  RNA  Interference  Target  Sequencing  (RITseq)  dataset:  smaller  log  fold 

 change  in  D3,  D6  and  PF  than  in  the  DIF  category  whilst  displaying  a  log  fold  change 

 in  the  DIF  category  greater  than  1.5.  The  RITseq  dataset  consists  of  the  outputs  from 

 a  genome-wide  phenotypic  screen  for  genes  which  have  roles  in  the  fitness  of  the 

 parasite  at  different  stages  of  development.  The  screen  compared  a  baseline 

 uninduced  library  to  RNAi-induced  libraries  of  bloodstream-form  cells  at  day  3  (D3), 

 day  6  (D6),  procyclic  form  parasites  (PF)  and  cells  induced  throughout  growth  as 

 bloodstream  form,  differentiation  and  growth  as  procyclic  forms  (DIF)  (Alsford  et  al., 

 2011)  . 

 2.  Novel  genes  potentially  associated  with  the  monomorphic  phenotype  were  identified 

 by  extracting  genes  which  had  a  positive  selection  pressure  in  a  monomorphic  clade 

 (dN/dS >1) and a restrictive selection pressure in pleomorphic clades (dN/dS <1). 
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 Gene  targets  that  had  a  frameshift  in  a  pleomorphic  clade  were  exMutationsnd  any  gene 

 annotated  as  a  pseudogene  or  VSG  was  excluded.  After  filtering,  48  mutations  in  Category  1 

 and  45  mutations  in  Category  2  (Table  3.2)  were  prioritised  based  on  the  highest  score  using 

 3 criteria: 

 1.  A mutation was found in the same gene in another monomorphic clade (+1). 

 2.  The mutation hits a predicted protein domain (+1). 

 3.  Unique mutation found in a pleomorphic clade (-1). 

 Based  on  prioritisation  following  these  three  criteria,  six  genes  were  taken  forward  for 

 validation  (four  genes  from  Category  1  and  two  genes  from  Category  2  (Table  3.3)). 

 Alongside  the  orthologous  monomorphic  genes,  a  replacement  of  each  gene  with  a 

 pleomorphic  T. b. brucei  sequence was generated as  a control. 

 Table  3.2:  Presence  of  putative  monomorphism  causing  mutations  in  each 

 monomorphic  T. brucei  clade. 

 clade  Category 1  Category 2 

 T. b. evansi  type A  2  1 

 T. b. evansi  type B  4  1 

 T. b. evansi  type IVM-t1  15  3 

 T. b. equiperdum  type OVI  6  14 

 T. b. equiperdum  type BoTat  21  25 

 Total  48  44 
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 Table  3.3:  Target  genes  chosen  for  validation.  Yellow:  T.  b.  brucei  control  sequence 

 generated  for  each  target.  Green:  a  sequence  was  generated  for  the  monomorphic  clade. 

 Grey: the gene does not contain a clade-specific mutation. 

 Gene  Code  brucei  A  B  IVM-t1  OVI  BoTat 

 (1) Known QS pathway 

 APPBP1  Tb927.2.4020 

 GPR89  Tb927.8.1530 

 HYP1  Tb927.11.6600 

 PP1  Tb927.4.3650 

 (2) Novel genes identified via selection pressure 

 HYP  Tb927.5.2580 

 FAZ41  Tb927.11.3400 
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 3.3.6. Summary of putative monomorphism causing targets 

 Category 1: Four putative targets are known QS pathway genes 

 Tb927.2.4020 – NEDD8-activating enzyme E1 (APPBP1) 

 Along  with  UBA3,  APPBP1  binds  NEDD8  and  activates  the  neddylation  pathway  which  is 

 analogous  to  ubiquitination.  APPBP1  is  highly  conserved  amongst  eukaryotes,  performing 

 post-translational  protein  modifications  associated  with  a  diverse  repertoire  of  cellular 

 processes  (Amir  et  al.,  2002;  Kurz  et  al.,  2002;  Osaka  et  al.,  2000;  Pozo  et  al.,  1998;  Read 

 et  al.,  2000)  .  APPBP1  is  a  member  of  the  QS  pathway  alongside  another  neddylation 

 pathway  member,  KRIPP13  (Liao  et  al.,  2017;  Mony  et  al.,  2014)  .  The  human  crystal 

 structure  of  the  APPBP1-NEDD8-UBA3  complex  has  been  resolved  (Fig.  3.7a)  (Walden  et 

 al.,  2003)  .  Whilst  alignment  of  the  T.  b.  brucei  and  human  amino  acid  sequence  revealed 

 varying  divergence  in  NEDD8  (44.2%),  UBA3  (32.5%)  and  APPBP1  (25.2%),  the  human  and 

 modelled  T.  brucei  APPBP1-NEDD8-UBA3  complex  structure  is  highly  conserved  (RMSD  = 

 1.629)  (Fig.  3.7b).  According  to  TrypTag,  APPBP1  localises  to  the  cytoplasm,  flagellar 

 cytoplasm and nuclear lumen (Fig. 3.7c). 

 Clade-specific  non-synonymous  mutations  in  APPBP1,  including  the  addition  of  putative 

 phosphorylation  sites,  are  found  in  the  monomorphic  clades  T.  b.  evansi  type  A  (4),  T.  b. 

 evansi  type  IVM-t1  (5)  and  T.  b.  equiperdum  type  BoTat  (4)  in  comparison  to  TREU927/4 

 (Fig.  3.8).  The  amino  acid  sequence  is  identical  for  all  isolates  within  each  clade.  The 

 predicted  structures  have  minimal  alteration  generated  by  the  mutations  in  T.  b.  evansi  type 
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 IVM-t1  (RMSD     =  0.210),  T.  b.  evansi  type  A  (RMSD     =     0.541)  and  T.  b.  equiperdum  type 

 BoTat  protein structure (RMSD = 0.672) in comparison  to  TREU927/4 (Fig. S3.2-S3.4). 

 Figure  3.7:  The  APPBP1-NEDD8-UBA3  complex  is  highly  conserved  and  localises  to 

 the  cytoplasm.  (a)  APPBP1-NEDD8-UBA3  human  protein  crystal  structure,  (b)  alignment  of 

 APPBP1-NEDD8-UBA3  human  protein  crystal  structure  and  T.  b.  brucei 

 APPBP1-NEDD8-UBA3  complex  generated  with  CollabFold.  A  surface  version  of  Fig.  3.7b 

 can  be  found  in  Fig.  S3.5.  The  human  crystal  structure  was  visualised  in  PyMol  using  the 

 1R4M  Biological  Assembly  1  model  (Walden  et  al.,  2003)  .  The  model  is  coloured  by  chain: 

 Green  =  APPBP1,  Blue  =UBA3,  Pink  =NEDD8,  Grey  =  T.  b.  brucei  TREU927/4  overlay.  (c) 

 Cellular  localisation  of  APPBP1  (Tb927.2.4020)  in  T.  brucei  .  APPBP1  localises  to  the 

 cytoplasm,  flagellar  cytoplasm  and  nuclear  lumen  based  on  N-terminal  TrypTag  data  (Dean 

 et al., 2017)  . 
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 Figure  3.8:  Amino  acid  sequence  alignment  of  monomorphic  T.  b.  evansi  type  A,  T.  b. 

 evansi  type  IVM-t1,  T.  b.  equiperdum  type  BoTat  and  pleomorphic  T.  b.  brucei 

 (TREU927/4)  APPBP1  (Tb927.2.4020).  HindIII  and  BamHI  sites  are  shown  as  part  of  the 

 alignment. Full stops represent a shared amino acid. 
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 Tb927.8.1530 - Golgi pH regulator (GPR89) 

 GPR89  transports  the  oligopeptide-based  quorum  sensing  signal,  initiating  the  transition 

 from  slender  to  stumpy  form  .  The  protein  is  essential  in  the  mammalian  bloodstream  form 

 (Rojas  et  al.,  2019)  .  T.  b.  equiperdum  type  BoTat  contains  five  non-synonymous  mutations  in 

 comparison  to  T.  b.  brucei.  Two  mutations  are  clade-specific  (C112Y,  which  creates  a 

 putative  phosphorylation  site,  and  D183V)  (Fig.  3.10).  The  sequence  is  identical  in  all  T.  b. 

 equiperdum  type  BoTat  isolates.  C112Y  is  part  of  one  of  the  9  transmembrane  domains  and 

 D183V  is  part  of  the  intracellular  loop  (Fig.  3.9a).  We  created  models  of  the  GPR89  structure 

 using  the  T.  b.  brucei  (TREU927/4)  and  T.  b.  equiperdum  type  BoTat  sequences,  which 

 aligned  well  (RMSD  =  1.756).  C112Y  has  no  impact  on  the  protein  structure  but  the  D183V 

 mutation  is  predicted  to  cause  a  change  in  the  angle  of  the  intracellular  loop.  After  the 

 deviation  caused  by  D183V,  the  model  re-aligns  until  the  end  of  the  sequence  (Fig.  3.9a). 

 Overexpression  of  GPR89  induced  early  stumpy  form  generation  whilst  overexpression  of  a 

 protein  truncated  of  the  intracellular  loop  did  not  produce  the  same  phenotype  (Rojas  et  al., 

 2019)  .  TrypTag  indicates  that  GPR89  localises  to  the  cytoplasm,  flagellar  cytoplasm  and 

 nuclear  lumen  in  procyclic  form  cells  (Fig.  3.9b),  in  bloodstream  forms  Rojas  et  al.,  (2019) 

 report a surface location. Both protein localisation studies used a C terminus tag. 
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 Figure  3.9:  Mutations  in  T.  b.  equiperdum  type  BoTat  GPR89  are  predicted  to  alter  the 

 angle  of  its  intracellular  loop.  (a)  Structure  of  GPR89  (Tb927.8.1530)  predicted  with 

 AlphaFold  using  the  T.  b.  brucei  (blue)  and  T.  b.  equiperdum  type  BoTat  (green)  sequence 

 (RMSD     =  1.756).  (b)  C-terminal  tagged  GPR89  localises  to  the  cytoplasm,  flagellar 

 cytoplasm  and  nuclear  lumen.  Images  were  taken  from  TrypTag  (Dean  et  al.,  2017)  .  (c) 

 GPR89  is  reported  to  localise  to  the  cell  surface  in  the  bloodstream  form.  Images  were  taken 

 from  (Rojas et al., 2019)  . 
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 Figure  3.10:  Amino  acid  sequence  alignment  of  monomorphic  T.  b.  equiperdum  type 

 BoTat  and  pleomorphic  T.  b.  brucei  (TREU927/4)  GPR89  (Tb927.8.1530).  HindIII  and 

 BamHI sites are shown as part of the alignment. Full stops represent a shared amino acid. 
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 Tb927.11.6600 – Hyp1 

 Hyp1  was  identified  in  a  screen  for  posttranscriptional  regulators  (Erben  et  al.,  2014)  .  When 

 artificially  tethered  to  transcripts,  HYP1  downregulates  mRNAs  (Erben  et  al.,  2014;  Mony 

 and  Matthews,  2015;  Mony  et  al.,  2014)  .  RNAi-mediated  knockdown  of  HYP1  highlighted  its 

 role  in  stumpy  formation,  potentially  by  destabilising  transcripts  of  stumpy  form  inhibitors  or 

 slender  form  retainers  (Mony  and  Matthews,  2015;  Mony  et  al.,  2014)  .  HYP1  localises  to  the 

 cytoplasm and nuclear lumen  (Dean et al., 2017)  (Fig.  3.11). 

 Hyp1  contains  five  non-synonymous  mutations  in  T.  b.  evansi  type  B  and  one  in  T.  b. 

 equiperdum  type  OVI  compared  to  TREU927/4  (Fig.  3.12).  The  sequence  is  identical 

 between  all  isolates  for  both  clades.  Predicting  the  protein  structure  of  Hyp1  produced 

 low-confidence  models  and  alignment  of  both  T.  b.  evansi  type  B  (Fig.  S3.6,  RMSD  = 

 14.778)  and  T.  b.  equiperdum  type  OVI  (Fig.  S3.7,  RMSD  =  12.469)  to  the  T.  b.  brucei  model 

 was poor. 
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 Figure  3.11:  N-terminal  tagged  Hyp1  (Tb927.11.6600)  localises  to  the  cytoplasm, 

 flagellar  cytoplasm  and  nuclear  lumen.  Images  were  taken  from  TrypTag  (Dean  et  al., 

 2017)  . 
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 Figure  3.12:  Amino  acid  sequence  alignment  of  monomorphic  T.  b.  evansi  type  B  and 

 T.  b.  brucei  (TREU927/4)  Hyp1  (Tb927.11.6600).  HindIII  and  BamHI  sites  are  shown  as 

 part of the alignment. Full stops represent a shared amino acid. 
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 Tb927.4.3650 – Protein phosphatase 1 (PP1) 

 Protein  phosphatase  type  1  (PP1)  was  highlighted  in  the  genome-wide  screen  for 

 quorum-sensing  genes  (Mony  et  al.,  2014)  .  It  is  part  of  an  eight-gene  family;  four  of  these 

 PP1  genes  are  found  in  a  tandem  array.  Tb927.4.3650  is  separated  from  the  other  three  by 

 the  insertion  of  two  unrelated  genes.  It  also  has  unique  UTRs  and  there  is  divergence  in  its 

 coding  sequence,  compared  to  the  other  PP1  proteins  in  close  proximity  (Jackson,  2007a)  . 

 In  T.  cruzi  ,  inhibition  of  PP1  by  protein  phosphorylation  inhibitors  caused  disruption  of  the  cell 

 cycle  and  cell  shape  (Orr  et  al.,  2000)  ,  supporting  findings  in  higher  eukaryotes  (Ceulemans 

 and  Bollen,  2004)  .  In  T.  brucei  ,  simultaneous  RNAi  knockdown  of  the  7  PP1  family  members 

 was  not  lethal  but  did  reduce  the  growth  rate  (Li  et  al.,  2006)  whilst  treatment  with  an 

 inhibitor  of  PP1  family  activity  caused  defective  genome  segregation  and  cytokinesis  (Das  et 

 al.,  1994)  .  Tb927.4.3650  is  reported  to  localise  to  the  nucleolus  (Fig.  3.13)  (Dean  et  al., 

 2017)  . 

 T.  b.  evansi  type  B  has  three  mutations  in  PP1  compared  to  T.  b.  brucei  (Fig.  3.14)  .  The 

 protein  sequence  is  uniform  in  all  of  the  T.  b.  evansi  type  B  isolates.  Protein  modelling 

 produced  a  low-confidence  model,  preventing  alignment  of  the  T.  b.  evansi  type  B  and  T.  b. 

 brucei  structures (Fig. S3.8, RMSD = 7.925). 
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 Figure  3.13:  N-terminal  tagged  PP1  (Tb927.4.3650)  localises  to  the  nucleolus.  The 

 images were taken from TrypTag  (Dean et al., 2017)  . 

 Figure  3.14:  Amino  acid  sequence  alignment  of  monomorphic  T.  b.  evansi  type  B  and 

 T.  b.  brucei  (TREU927/4)  PP1  (Tb927.4.3650).  HindIII  and  BamHI  sites  are  shown  as  part 

 of the alignment. Full stops represent a shared amino acid. 
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 Category 2: Two targets are novel genes identified via selection pressure 

 Tb927.5.2580 – hypothetical protein 

 Tb927.5.2580  is  a  mitochondrially  located  hypothetical  protein  (Fig.  3.15).  It  is  tightly 

 associated  with  the  cytochrome  c  oxidase  complex  (complex  IV)  (Zíková  et  al.,  2008)  .  The 

 cytochrome  c  oxidase  complex  is  stage  regulated,  being  expressed  in  procyclic  forms  but 

 repressed  in  bloodstream  forms  which  do  not  have  an  intact  respiratory  chain  and  do  not 

 directly  utilise  the  mitochondrion  for  ATP  production  (Mayho  et  al.,  2006)  .  Tb927.5.2580  has 

 a  transmembrane  domain  (amino  acids  281-302,  Fig.  3.16b)  and  shares  structural  similarity 

 to a bacterial SH3 domain-containing protein (I4CAI4_DESTA). 

 The  protein  has  a  positive  dN/dS  ratio  in  the  monomorphic  clade  T.  b.  evansi  type  A,  in 

 contrast  to  pleomorphic  and  other  monomorphic  clades.  Protein  modelling  created  a 

 low-quality  model  and  the  models  did  not  align  well  (Fig.  S3.9,  RMSD  =  8.299).  The 

 sequence  is  uniform  across  all  available  T.  b.  evansi  type  A  isolates  and  contains  four 

 non-synonymous  mutations  compared  to  TREU927/4  (Fig.  3.16a).  Only  one  of  these  is 

 unique  to  this  clade  (A149P).  The  mutations  are  contained  within  the  predicted  extracellular 

 portion of the protein (Fig. 3.16b). 
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 Figure  3.15:  C-terminal  tagged  hypothetical  protein  (Tb927.5.2580)  localises  to  the 

 mitochondrion.  The images were taken from TrypTag  (Dean et al., 2017)  . 

 87 



 Figure  3.16:  Mutations  in  T.  b.  evansi  type  A  Tb927.5.2580  are  found  within  the 

 predicted  extracellular  portion  of  the  protein.  (a)  Amino  acid  sequence  alignment  of 

 monomorphic  T.  b.  evansi  type  A  and  T.  b.  brucei  (TREU927/4)  hypothetical  protein 

 (Tb927.5.2580).  HindIII  and  BamHI  sites  are  shown  as  part  of  the  alignment.  Full  stops 

 represent  a  shared  amino  acid.  (b)  Transmembrane  domain  model  of  T.  b.  brucei 

 hypothetical  protein  (Tb927.5.2580)  generated  with  TOPCONS  (Tsirigos  et  al.,  2015)  . 

 Mutation sites in  T. b. evansi  type A are highlighted  in red. 

 88 



 Tb927.11.3400 - Flagellum attachment zone protein 41 (FAZ41) 

 The  flagellum  attachment  zone  (FAZ)  is  a  cytoskeletal  structure  which  connects  the  cell  body 

 cytoskeleton  to  the  flagellum  skeleton.  The  FAZ  influences  differentiation  and  cell  division  by 

 manipulating  organelle  position  and  cell  length  (Sunter  and  Gull,  2016)  .  FAZ41  stretches 

 along  the  majority  of  the  cell  (Dean  et  al.,  2017)  (Fig.  3.17)  and  is  unique  to  the 

 Trypanosoma  genus  (Oldrieve et al., 2022)  . 

 T.  b.  equiperdum  type  OVI  and  T.  b.  equiperdum  type  BoTat  both  have  a  positive  dN/dS  ratio 

 for  FAZ41,  compared  to  pleomorphic  and  other  monomorphic  clades.  Although  the  two 

 monomorphic  clades  are  currently  described  as  a  single  species  or  subspecies  (  T.  b. 

 equiperdum  )  they  are  separated  by  a  pleomorphic  isolate  T.  b.  brucei  TREU  927/4  (Fig.  3.1). 

 They  share  five  identical  non-synonymous  mutations  in  FAZ41  compared  to  TREU927/4 

 (Fig.  3.18).  FAZ41  protein  models  for  T.  b.  equiperdum  type  OVI  (Fig.  S3.10,  RMSD  = 

 20.508)  and  T.  b.  equiperdum  type  BoTat  (Fig.  S3.11,  RMSD  =  20.508)  align  poorly  with  T.  b. 

 brucei  , likely due to the low confidence models. 
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 Figure  3.17:  C-terminal  tagged  FAZ41  (Tb927.11.3400)  localises  to  the  flagellum 

 attachment zone.  Images were taken from TrypTag  (Dean  et al., 2017)  . 
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 Figure  3.18:  Amino  acid  sequence  alignment  of  monomorphic  T.  b.  equiperdum  type 

 OVI,  T.  b.  equiperdum  type  BoTat  and  pleomorphic  T.  b.  brucei  (TREU927/4)  FAZ41 

 (Tb927.11.3400).  HindIII  and  BamHI  sites  are  shown  as  part  of  the  alignment.  Full  stops 

 represent a shared amino acid. 
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 3.4. Discussion 

 We  have  extended  the  analysis  in  Chapter  2  which  supported  there  being  at  least  four 

 independent  monomorphic  clades,  corroborating  previous  studies  (Cuypers  et  al.,  2017)  . 

 Additionally,  T.  b.  evansi  type  IVM-t1  represents  a  long  phylogenetic  branch  from  T.  b.  evansi 

 type  B,  potentially  indicative  of  a  5th  independent  monomorphic  clade.  We  also  placed 

 isolates  used  for  published  transcriptome  comparisons  in  the  context  of  our  phylogenetic 

 analysis.  As  for  T.  b.  evansi  type  IVM-t1,  these  isolates  represent  an  example  of  the  common 

 misassignment  of  monomorphic  isolates,  due  to  assumptions  based  on  their  clinical 

 presentation  and  host  species.  The  misassignment  of  these  isolates  has  confused  the 

 analysis  of  their  mRNA  profiles  (Cai  et  al.,  2021)  and  highlights  why  it  is  essential  to  treat 

 monomorphic  T. brucei  clades as independent, based  on genotypically assigned types. 

 Monomorphic  genomes  generally  displayed  reduced  repeat  genome  content,  potentially 

 indicative  of  selection  for  genome  size  reduction.  Whilst  genomic  features  of  asexual 

 organisms  are  often  clade-specific,  repetitive  transposable  element  (TE)  numbers  are 

 generally  lower  in  the  genomes  of  naturally  occurring  asexual  organisms  (Jaron  et  al.,  2021)  . 

 Experimental  evolution  of  asexual  yeast  from  a  sexual  ancestor  highlighted  that 

 transposable  elements  were  reduced  over  1000  generations  (Bast  et  al.,  2019)  although  the 

 reproducibility  of  the  results  has  been  questioned  (Chen  and  Zhang,  2021)  .  TE  account  for 

 2-5%  of  the  trypanosomatid  genome  content  (Bringaud  et  al.,  2008)  ,  potentially  accounting 

 for  some  of  the  genome  repeat  content  reduction  in  monomorphic  genomes.  The 

 experimental  evolution  of  bacteria  highlighted  large,  and  often  consistent,  losses  of 

 accessory  genes  associated  with  adaptation  to  a  specific  niche  (Lee  and  Marx,  2012)  . 

 Accessory  genes  are  those  which  are  not  essential  for  the  organism  but  assist  with  an 

 adaptation,  such  as  pathogenesis.  Adaptation  to  monomorphism  could  have  facilitated  a 

 similar  loss  of  duplicated  accessory  genes  required  for  developmental  competence. 
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 Similarly,  repeat  content  could  have  been  lost  from  the  70bp  repeats  associated  with 

 recombination  homology  during  VSG  switches  (Hovel-Miner  et  al.,  2016)  ,  from  telomeric 

 repeats,  which  can  shorten  with  continual  passage  (Dreesen  et  al.,  2005)  ,  or  extensive 

 centromeric  repeats  (Echeverry  et  al.,  2012)  .  Our  analysis  is  unable  to  detect  the  region  of 

 the repeat loss. 

 As  well  as  a  reduction  in  repeat  sequences,  monomorphic  T.  brucei  display  reduced 

 heterozygosity  and  an  increased  inbreeding  coefficient.  Variation  in  heterozygosity  can  be 

 associated  with  a  transition  to  asexuality  (Jaron  et  al.,  2021)  .  Monomorphic  strains  have  lost 

 their  tsetse  transmission  ability  and  therefore  are  obligately  asexual  (Peacock  et  al.,  2011; 

 Wheeler  et  al.,  2013b)  .  Asexuality  is  apparent  in  the  reduction  of  heterozygosity  and  the 

 inbreeding  coefficient  observed  in  the  majority  of  monomorphic  isolates.  Such  reduction  in 

 heterozygosity  can  occur  via  mitotic  recombination  and/or  gene  conversion  (Weir  et  al., 

 2016)  .  Gene  conversion  is  the  modification  of  one  of  two  alleles  by  the  other,  involving  the 

 nonreciprocal  correction  of  the  “acceptor”  sequence  by  a  donor  sequence,  which  remains 

 unchanged.  The  mutational  attrition  observed  in  asexually  reproducing  organisms,  which 

 have  chromosomes  under  independent  evolution,  can  be  reduced  or  even  completely 

 stopped  by  gene  conversion.  Through  gene  conversion,  mutations  of  the  acceptor  sequence 

 can  be  removed  in  favour  of  the  donor  sequence  at  a  faster  rate  than  the  accumulation  of 

 spontaneous mutations  (Marais et al., 2010)  . 

 Our  analysis  was  unable  to  detect  variation  in  the  number  of  mutations  found  in  each  T. 

 brucei  clade,  due  to  a  bias  in  the  number  of  mutations  based  on  phylogenetic  distance  from 

 the  reference  genome.  However,  using  the  ratio  of  mutation  types  (synonymous  and 

 non-synonymous)  we  found  that  T.  b.  equiperdum  type  OVI  had  the  greatest  reduction  in  its 

 selection  efficacy  in  genes  associated  with  the  insect  stage  of  the  parasite's  life  cycle  as  well 

 as  the  quorum  sensing  pathway  (Fig.  3.6).  This  is  in  contrast  to  monomorphic  and 
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 pleomorphic  clades.  Importantly,  the  change  in  selection  pressure  was  not  mirrored  in  a 

 random  subset  of  genes,  highlighting  the  specificity  of  the  alteration  in  selection  efficacy  for 

 these  developmentally  relevant  genes.  The  efficacy  of  selection  can  be  influenced  by  the 

 evolutionary  history  of  a  clade,  such  as  population  bottlenecks  and  alteration  to  the  mode  of 

 inheritance,  such  as  the  transition  to  obligate  asexual  reproduction  (Charlesworth,  2009)  . 

 Such  changes  in  the  efficacy  of  selection  can  lead  to  an  accumulation  of  deleterious 

 mutations,  which  could  eventually  lead  to  the  extinction  of  an  asexual  organism  as  mutations 

 accumulate,  often  in  genes  associated  with  sexual  traits  (Jaron  et  al.,  2021;  Schwander  et 

 al.,  2013)  .  However,  the  variation  in  selection  efficacy  was  only  observed  in  one 

 monomorphic  clade,  potentially  indicative  that  other  monomorphic  clades  were  more  recently 

 derived.  Alternatively,  since  the  T.  b.  equiperdum  type  OVI  clade  is  largely  thought  of  as 

 sexually  transmitted  between  equines  and  invades  the  genital  mucosa,  its  variation  in 

 genome  content  could  be  associated  with  a  complete  dissociation  from  the  insect  host  or  its 

 novel  tissue  tropism.  Even  though  T.  b.  evansi  type  A  and  T.  b.  evansi  type  B  are 

 mechanically  transmitted,  they  do  still  briefly  come  into  contact  with  an  insect  when  they  are 

 taken  up  in  a  blood  meal  and  are  found  in  the  mammalian  bloodstream.  In  future  studies,  a 

 branch  and  site  model  analysis  with  this  data  would  provide  a  more  detailed  view  of  positive 

 selection  acting  on  genes  and  sites  associated  with  the  transition  to  monomorphism  (Yang 

 and dos Reis, 2011)  . 

 Using  the  recent  ‘ecotype’  proposition  to  define  T.  brucei  isolates  (Lukeš  et  al.,  2022)  ,  the 

 IVM-t1  isolate  would  be  assigned  to  T.  b.  f.  equiperdum  .  Likewise,  STIB818,  STIB841  and 

 STIB842  (Cai  et  al.,  2021)  would  be  classified  as  T.  b.  f.  equiperdum  (Cai  et  al.,  2021)  .  Here, 

 we  have  shown  clade-specific  variation  in  genomic  content,  and  mRNA  profiles,  of  each  of 

 these  clades,  highlighting  the  need  to  treat  monomorphic  clades  as  independent.  The  use  of 

 ecotypes  would  preclude  any  analysis  of  the  genetic  basis  of  monomorphism  and  further 

 confuse  the  analysis  of  these  isolates.  Furthermore,  the  ecotype  definition  suggests  that  with 

 a  few  simple  mutations,  it  would  be  possible  to  generate  a  different  ecotype.  We  suggest  this 
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 is  an  oversimplification.  Indeed,  if  we  were  to  mutate  a  T.  b.  evansi  type  A  laboratory  strain  to 

 encode  the  mutations  required  to  create  the  T.  b.  f.  equiperdum  ecotype,  sequence  its 

 genome  and  perform  phylogenetic  analyses,  it  would  still  group  with  other  T.  b.  evansi  type  A 

 isolates.  The  ecotype  definition  also  does  not  resolve  how  we  would  deal  with  the 

 independent  origins  of  monomorphic  T.  brucei  .  Rather,  our  phylogenetic  and  genome 

 content  analysis  highlights  dissimilarities  between  the  independent  monomorphic  clades, 

 which  we  have  accounted  for  when  identifying  clade-specific  mutations  which  could  be 

 associated with developmental incompetence. 

 Utilising  publicly  available  protein  localisation  and  protein  modelling  allowed  us  to  predict  the 

 effect  that  mutations  found  in  monomorphic  clades  might  have  on  the  protein  structure,  and 

 where  these  alterations  may  take  effect  in  the  cell.  Based  on  the  AlphFold  pLDDT  score,  the 

 structure  of  GPR89  and  APPBP1  were  accurately  modelled.  These  models  predict  that  the 

 T.  b.  equiperdum  type  BoTat  mutations  alter  the  structure  of  GPR89,  bending  the  loop  of  the 

 intracellular  portion  of  the  molecule  (Rojas  et  al.,  2019)  .  In  contrast,  the  protein  models  for 

 APPBP1  aligned  almost  perfectly,  suggesting  that  the  mutations  would  not  alter  the 

 structure.  It  remains  possible,  however,  that  the  mutations  could  be  associated  with  changes 

 in  the  potential  for  post-translational  protein  modifications,  such  as  the  creation  of  the 

 phosphorylation  site  G224S  in  the  T.  b.  evansi  type  IVM-t1  sequence.  Furthermore,  dynamic 

 conformation  alterations  would  not  be  detected  with  the  fixed  structural  models  we  created, 

 and they do not take interaction partners into account. 

 When  protein  models  were  unable  to  create  an  accurate  representation  of  the  molecular 

 structure,  we  used  additional  information,  such  as  the  presence  of  transmembrane  domains, 

 to  identify  important  domains  in  the  protein  sequences.  In  the  hypothetical  mitochondrial 

 protein  (  Tb927.5.2580  )  we  highlight  a  transmembrane  domain.  T.  b.  evansi  type  A  has  an 

 accumulation  of  mutations  in  this  extracellular  portion  of  the  protein.  This  protein  is 

 associated  with  the  cytochrome  c  complex,  which  is  stage  regulated  in  T.  brucei  being 
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 expressed  in  procyclic  forms  and  repressed  in  bloodstream  forms  (Mayho  et  al.,  2006; 

 Zíková et al., 2008)  . 

 Although  we  picked  targets  from  known  QS  pathway  genes,  the  studies  that  isolated  these 

 genes  were  carried  out  in  laboratory  monomorphs  using  a  cell-permeable  mimic  of  the  QS 

 signal.  This  prevented  the  identification  of  the  early  stages  of  the  reception  of  the 

 oligopeptide  signal  (Mony  et  al.,  2014)  .  Therefore,  screening  for  genes  with  a  positive 

 selection  pressure  in  a  monomorphic  clade,  alongside  genes  known  to  be  associated  with 

 QS,  had  the  potential  to  highlight  genes  associated  with  other  aspects  of  the  monomorphic 

 phenotype  aside  from  developmental  incompetence.  Using  an  experimental  gene 

 replacement approach we have tested these computational predictions in Chapter 4. 
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 3.5.  Supplementary material 

 Figure  S3.1:  A  phylogenetic  tree  based  on  orthologous  protein  sequences.  Orthologous 

 kinetoplastid  proteins  were  downloaded  from  OMA  and  Read2Tree  was  used  to  extract 

 orthologues  from  the  monomorphic  isolates  used  in  Fig.  3.1  along  with  RNAseq  data  from  6 

 monomorphic  isolates  (Cai  et  al.,  2021)  .  The  tree  was  rooted  with  Bodo  saltans  and 

 represents the untrimmed version of Fig. 3.3. 
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 Figure  S3.2:  Alignment  of  Tb927.2.4020  APPBP1  T.  b.  brucei  (blue)  and  T.  b.  evansi  type 

 IVM-t1 (green) protein structures. RMSD     = 0.210. 

 Figure  S3.3:  Alignment  of  Tb927.2.4020  APPBP1  T.  b.  brucei  (blue)  and  T.  b.  evansi  type  A 

 (green) protein structures. RMSD     =     0.541. 
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 Figure  S3.4:  Alignment  of  Tb927.2.4020  APPBP1  T.  b.  brucei  (blue)  T.  b.  equiperdum  type 

 BoTat (green)  protein structures. RMSD = 0.672. 

 Figure  S3.5:  Alignment  of  APPBP1-NEDD8-UBA3  human  protein  crystal  structure  and  T.  b. 

 brucei  APPBP1-NEDD8-UBA3  complex  generated  with  CollabFold.  The  human  crystal 

 structure  was  visualised  in  PyMol  using  the  1R4M  Biological  Assembly  1  structure  (Walden 

 et  al.,  2003)  .  The  structure  is  coloured  by  chain:  Green  =  APPBP1,  Blue  =UBA3,  Pink 

 =NEDD8, Grey =  T. b. brucei  TREU927/4 overlay. 
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 Figure  S3.6:  Alignment  of  Tb927.11.6600  Hyp1  T.  b.  brucei  (blue)  and  T.  b.  evansi  type  B 

 (green) protein structures. RMSD = 14.778. 

 Figure  S3.7:  Alignment  of  Tb927.11.6600  Hyp1  T.  b.  brucei  (blue)  and  T.  b.  equiperdum  type 

 OVI (green) protein structures. RMSD = 12.469. 
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 Figure  S3.8:  Alignment  of  Tb927.4.3650  PP1  T.  b.  brucei  (blue)  and  T.  b.  evansi  type  B 

 (green) protein structures. RMSD = 7.925. 

 Figure  S3.9.  Alignment  of  Tb927.5.2580  hypothetical  protein  T.  b.  brucei  (blue)  and  T.  b. 

 evansi  type A (green) protein structures. RMSD = 8.299. 
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 Figure  S3.10.  Alignment  of  Tb927.11.3400  FAZ41  T.  b.  brucei  (blue)  and  T.  b.  equiperdum 

 type OVI (green) protein structures. RMSD = 20.508. 

 Figure  S3.11.  Alignment  of  Tb927.11.3400  FAZ41  T.  b.  brucei  (blue)  and  T.  b.  equiperdum 

 type BoTat (green) protein structures. RMSD = 20.508. 
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 Table S3.1:  Isolate assignment to  T. brucei  clade. 

 Name  Type  Pleomorphic  New to chapter 3 

 927  T. b. brucei  Y  N 

 940  T. b. equiperdum  type OVI  N  Y 

 280104  T. b. evansi  type A  N  Y 

 ABBA  T. b. gambiense  Y  N 

 Alfort  T. b. evansi  type A  N  Y 

 American-Strain  T. b. evansi  type A  N  Y 

 AnTat-3-1  T. b. evansi type A  N  Y 

 AnTat-3-3  T. b. evansi type A  N  Y 

 ATCC-30019  T. b. evansi type A  N  Y 

 ATCC-30023  T. b. evansi type A  N  Y 

 ATCC30019  T. b. evansi type A  N  Y 

 BoTat-1-1  T. b. equiperdum type BoTat  N  Y 

 BoTat.V1  T. b. equiperdum type BoTat  N  N 

 Canadian-Strain  T. b. evansi type A  N  Y 

 Colombia  T. b. evansi type A  N  Y 

 Dodola_943  T. b. equiperdum type OVI  N  N 

 E28  T. b. equiperdum type BoTat  N  Y 

 EATRO2340  T. b. rhodesiense  Y  N 

 EATRO3  T. b. rhodesiense  Y  N 

 HAMBURG  T. b. evansi type A  N  Y 

 IVMt1  T. b. evansi type C  N  N 

 Kazakhstan  T. b. evansi type A  N  Y 

 Kenya  T. b. evansi  type A  N  Y 

 MCAM-ET-2013-MU-01  T. b. evansi  type A  N  Y 

 MCAM-ET-2013-MU-02  T. b. evansi type A  N  Y 

 MCAM-ET-2013-MU-04  T. b. evansi type A  N  Y 

 MCAM-ET-2013-MU-05  T. b. evansi type A  N  Y 

 MCAM-ET-2013-MU-09  T. b. evansi type A  N  Y 

 MCAM-ET-2013-MU-14  T. b. evansi type B  N  Y 

 MCAM-ET-2013-MU-17  T. b. evansi type A  N  Y 
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 Merzouga-56  T. b. evansi type A  N  Y 

 MU09  T. b. evansi type A  N  N 

 MU10  T. b. evansi type B  N  N 

 EATRO 1125  T. b. brucei  Y  Y 

 OVI  T. b. equiperdum type OVI  N  Y 

 OVI.V1  T. b. equiperdum type OVI  N  N 

 Philippines  T. b. evansi type A  N  Y 

 RoTat_1.2  T. b. evansi type A  N  N 

 STIB-816  T. b. evansi type A  N  Y 

 STIB247  T. b. brucei  Y  N 

 STIB386  T. b. gambiense  Y  N 

 STIB805  T. b. evansi type A  N  N 

 STIB818  T. b. evansi type A  N  Y 

 STIB900  T. b. rhodesiense  Y  N 

 SVP  T. b. evansi type A  N  Y 

 Te-Ap-N-D1  T. b. equiperdum type OVI  N  Y 

 TeAp_N_D1.V1  T. b. equiperdum type OVI  N  N 

 Zagora-I-17  T. b. evansi type A  N  Y 
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 4  Linking  genotype  to  phenotype  in  naturally  occurring 

 monomorphic  T. brucei 
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 4.1.  Introduction 

 Clade-specific  mutations  were  identified  and  prioritised  to  predict  putative  causes  of 

 monomorphism  for  each  of  the  five  independent  monomorphic  T.  brucei  clades  (Chapter  3). 

 Here  we  replaced  the  wild-type  alleles  of  genes  in  pleomorphic  cells  with  sequences 

 containing  mutations  present  in  monomorphic  clades,  to  assess  the  contribution  of  these 

 mutations  to  the  monomorphic  phenotype.  For  some  of  the  gene  targets,  there  were  multiple 

 monomorphic  clades  with  mutations  of  interest.  Therefore,  16  replacement  cell  lines  were 

 generated  (10  monomorphic  and  6  pleomorphic  controls)  making  use  of  a  previously 

 generated pleomorphic CRISPR-Cas9 compatible cell line  (Rojas et al., 2019)  . 

 Further,  brain  heart  infusion  broth  (BHI)  oligopeptides  can  be  used  to  mimic  the  oligopeptide 

 signal  in  vitro  .  BHI  causes  pleomorphic,  developmentally  competent,  parasites  to  arrest  their 

 cell  cycle  in  1K1N  and  express  the  stumpy  stage-specific  protein,  PAD1  (Rojas  et  al.,  2019)  . 

 BHI  can  be  added  to  the  growth  media  (HMI-9)  and  the  developmental  competence 

 phenotype  of  the  cell  line  can  then  be  rapidly  screened  in  vitro  before  the  ultimate  test  of 

 developmental  competence  in  vivo  (Rojas  et  al.,  2019)  .  A  similar  method  has  been  used  to 

 validate  the  role  of  PAG3  in  the  monomorphic  phenotype,  and  the  transition  from  slender  to 

 stumpy form  (Wen et al., 2022) 

 The  targets  we  chose  were  four  known  QS  genes  and  two  genes  which  were  previously  not 

 identified  in  the  QS  pathway  but  have  a  positive  selection  pressure  in  a  monomorphic  clade 

 (Summarised  in  Chapter  3).  As  a  control,  the  target  genes  were  also  replaced  with  the 

 pleomorphic  T.  b.  brucei  TREU927/4  sequence.  These  replacement  assays  controlled  for 

 any  observed  phenotypes  in  the  monomorphic  replacement  cell  line  being  generated  by  the 

 processing  of  the  cells  during  multiple  rounds  of  transfection  and  selection  since  these 

 manipulations have the potential to select for monomorphism. 
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 4.2.  Methods 

 Each  tool  used  in  the  following  analysis,  plus  the  version  and  optional  flags  used  to  run  the 

 tool, can be found in Table 4.1. 

 4.2.1. Synthesis of target sequences 

 In  Chapter  3,  we  identified  a  list  of  genes  which  contained  mutations  in  monomorphic  clades 

 which  we  putatively  associated  with  the  monomorphic  phenotype.  We  confirmed  that  all  of 

 the  target  protein  sequences  were  identical  within  the  clade  of  interest  and  the  sequence 

 from  a  representative  isolate  from  each  clade  was  then  chosen  to  synthesise  a  nucleotide 

 sequence  (Genewiz  Gene  Synthesis).  As  a  control  for  each  of  these  targets,  the 

 pleomorphic  TREU927/4  sequence  was  also  synthesised.  To  aid  the  downstream  processing 

 of  the  synthesised  sequences,  we  added  the  enzyme  sites  HindIII  and  BamHI  at  the  5’  and 

 3’  terminus,  respectively.  HindIII  and  BamHI  sites  were  identified  within  the  coding  sequence 

 of  Tb927.8.1530  and  Tb927.2.4020,  respectively.  The  sites  were  re-coded  to  remove  the 

 enzyme site whilst maintaining the synonymous amino acid sequence. 

 4.2.2. Generation of plasmids required for CRISPR/ Cas9 transfections 

 The  synthesised  monomorphic  sequences  described  above  were  generated  in  the 

 pUC-GW-Kan  plasmid  (Genewiz)  and  were  transformed  into  XL1-competent  cells.  A 

 small-scale  plasmid  preparation  was  performed  using  the  GeneJET  Plasmid  Miniprep  Kit 

 (ThermoFisher),  following  the  manufacturer's  instructions.  The  plasmid  was  then  digested 

 using  the  HindIII  and  BamHI  high-fidelity  enzymes  (NEB),  following  the  manufacturer's 
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 instructions.  The  digested  gene  was  excised  from  an  agarose  gel  using  the  Monarch  DNA 

 Gel  Extraction  Kit  (NEB),  following  the  manufacturer's  instructions.  The  gene  was  inserted 

 into  a  pPot  plasmid  using  T4  DNA  Ligase  (NEB)  following  the  manufacturer's  instructions. 

 Blasticidin,  hygromycin,  phleomycin  and  G418  resistance  pPOT  plasmids  (Beneke  et  al., 

 2017)  were  used  at  different  stages  throughout  the  following  experiments,  however,  the 

 same  drug  resistance  plasmid  was  used  for  each  set  of  experiments  on  a  given  gene. 

 Hygromycin  and  blasticidin  were  used  to  replace  the  wild-type  alleles  of  every  target  gene 

 apart  from  GPR89,  for  which  we  used  Hygromycin  and  Phleomycin.  Add-back  of  wild-type 

 sequences  to  the  initial  replacement  cell  lines  was  performed  using  Phleomycin  and  G418. 

 The  following  concentrations  of  each  drug  were  used:  G418  (2.5  μg/ml),  Hygromycin  (0.5 

 μg/ml), Puromycin (0.05 μg/ml), Blasticidin (2 μg/ml) and Phleomycin (2.5 μg/ml). 

 4.2.3. Generation of products required for CRISPR/ Cas9 transfections 

 The  Bar-seq  primer  design  from  LeishGEdit  (Beneke  et  al.,  2017;  Beneke  et  al.,  2019)  was 

 used  to  amplify  a  repair  template  from  the  pPOT  plasmid.  The  LeishGEdit  primers  allow 

 tagging  of  the  wild-type  allele  or  knock-out  of  the  gene.  "Upstream"  and  "Downstream" 

 primers  contain  primer  binding  sites  compatible  with  pPOT  plasmids  and  a  30  nucleotide 

 homology  arms  for  recombination."sgRNA"  primers  consist  of  a  T7  RNA  polymerase 

 promotor  (for  in  vivo  transcription  of  RNA),  a  20  nucleotide  sgRNA  target  sequence  to 

 introduce  the  double-strand  break  at  a  locus  of  interest  and  a  20  nucleotide  overlap  to  the 

 sgRNA  backbone  sequence  allowing  the  generation  of  sgRNA  templates  by  PCR  (Bassett 

 and  Liu,  2014;  Beneke  and  Gluenz,  2020;  Beneke  et  al.,  2017)  (Fig.  4.1).  We  modified  the 

 primers  in  Fig.  4.1  to  allow  us  to  replace  the  wild-type  gene  with  a  tagged  monomorphic  or 

 pleomorphic  sequence  we  had  previously  synthesised  (4.2.1).  We  used  the  upstream 

 forward  primer  1  as  per  the  LeishGEdit  protocol  and,  for  the  downstream  reverse  primer,  we 

 used  the  start  of  primer  2  which  binds  the  GS-linker  of  the  pPOT  plasmid  and  the  tail  of 
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 primer  7  which  binds  the  3'  UTR  of  the  target  gene  (Fig.  4.1).  All  of  the  replacements  were  N 

 terminally  Ty  tagged  (Bastin  et  al.,  1996)  and  introduced  under  3'  UTR  endogenous 

 expression.  The  5’  sgRNA  and  3’  sgRNA  primers  were  maintained  as  per  the  LeishGEdit 

 protocol  (Fig.  4.1).  The  Leishgedit  protocol  uses  the  TREU927/4  genome  to  create  primer 

 binding  sites.  The  binding  sites  of  the  primer  sequences  to  the  endogenous  locus  were 

 visualised  in  Geneious  (available  at  https://www.geneious.com/  )  and  the  binding  sites  of 

 each  were  screened  for  a  mutation  in  the  T.  b.  brucei  EATRO  1125  genome,  based  on  SNP 

 calls (Chapter 3). If necessary, primers were recoded to match the EATRO 1125 sequence. 

 The  repair  and  sgRNA  products  were  amplified  for  transfection  using  Phire  Hot  Start  II  DNA 

 Polymerase  (ThermoFisher),  following  the  manufacturer's  instructions.  The  PCR  was  run  for 

 30  cycles  and  an  annealing  temperature  of  65℃  and  60℃  was  used  for  the  sgRNA  and 

 repair products, respectively. 

 4.2.4. CRISPR/ Cas9 transfections 

 5µg  of  each  product  was  used  for  transfections  into  the  T.  brucei  EATRO  1125  AnTat1.1 

 J1339  (J1339)  pleomorphic  cell  line  (Rojas  et  al.,  2019)  .  The  J1339  cell  line  contains  the 

 pJ1339  plasmid  derived  from  pJ1173  that  carries  a  puromycin  resistance  marker,  the  tet 

 repressor,  T7  RNA  polymerase  and  Cas9,  which  is  expressed  constitutively  (Beneke  et  al., 

 2017)  . 

 To  transfect  the  parasites,  we  adapted  a  protocol  described  by  (MacGregor  et  al.,  2013)  . 

 1x10  7  parasites  per  transfection  were  centrifuged  at  1,600g  for  five  minutes  and  washed  with 

 1  ml  of  37  o  C  transfection  buffer,  please  see  page  178  for  the  recipe  (Schumann  Burkard  et 

 al.,  2011)  .  The  cells  were  then  resuspended  in  100µl  of  transfection  buffer  and  5-10µl  DNA 

 (5µg)  was  added  to  the  positive  transfection  culture.  The  same  volume  of  dH  2  O  was  added 
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 to  mock-transfected  cells.  The  cells  were  transferred  to  an  Amaxa  cuvette  and  transformed 

 using  a  Nucleofector  II  (Amaxa)  with  the  CD4  T  cells  Z-001  program.  The  cells  were 

 immediately  transferred  into  3.5mL  of  pre-warmed  HMI-9.  125µL  of  this  media  was  then 

 added  to  each  well  of  rows  A  and  E  in  a  flat  bottom  96  well  plate.  In  empty  wells  (rows  B,  C, 

 D,  F,  G  and  H)  200µL  of  completed  HMI-9  containing  1x  concentration  of  the  drug  selection 

 was  added.  The  cells  were  grown  for  24  hours  at  37ºC.  125µL  of  pre-warmed  completed 

 HMI-9  containing  2X  drug  selection  was  then  added  to  rows  A  and  D.  These  wells  were  then 

 serially  diluted  by  taking  50µL  to  the  following  row  (Dilution:  1:5,  1:25,  1:125,  1:625)  to 

 isolate  clonal  transfections.  The  cells  were  then  grown  at  37ºC  for  5-7  days.  The  control 

 plate,  with  cells  mock  transfected  using  dH  2  O,  was  monitored  to  confirm  all  the  cells  had 

 died.  Wells  which  contained  live  cells  in  the  positive  plate  were  treated  as  successful 

 transfectants,  with  those  at  the  highest  dilutions  considered  clonal  lines  provided  less  than 

 50%  of  wells  contained  growing  parasites.  The  parasites  were  split  into  different  wells 

 straight  after  transfection,  therefore,  each  well  is  treated  as  an  independent  transfection 

 event. 

 4.2.5. gDNA PCR to confirm successful transfection 

 Six  clones  from  each  transfection  were  grown  in  5  ml  of  HMI-9  and  gDNA  was  extracted 

 using  the  DNeasy  Blood  &  Tissue  Kit  with  an  RNAse  A  step  (Qiagen).  Successful 

 replacements  were  then  validated  using  the  section  of  primers  1  and  7  which  bind  the 

 genomic  DNA  of  the  target  gene.  Once  a  double  allele  replacement  had  been  confirmed,  the 

 PCR  product  was  sequenced  to  confirm  the  correct  sequence  had  been  used  to  replace  the 

 original alleles (Genewiz Sanger Sequencing). 
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 4.2.6.  Western  blot  to  confirm  expression  of  the  epitope-tagged 

 replacement gene 

 Expression  of  the  replacement  gene  was  then  confirmed  via  Western  blot  using  the  Ty1 

 epitope-specific  BB2  antibody  (Bastin  et  al.,  1996)  .  Cells  were  suspended  in  PEME  lysis 

 buffer  (Höög  et  al.,  2010)  and  Laemmli  loading  buffer  (Laemmli,  1970)  (see  supplementary 

 material  for  recipe),  boiled  for  5  minutes  and  then  sonicated  for  10  minutes  using  a  Bandelin 

 Sonorex.  For  the  western  blot  of  the  GPR89  replacement  cell  line,  the  samples  were 

 incubated  at  37℃  for  15  minutes,  instead  of  boiling,  following  the  method  of  (Rojas  et  al., 

 2019)  .  The  protein  sample  was  then  run  on  a  10-12%  polyacrylamide  gel,  dependent  on  the 

 predicted  protein  size,  for  10  minutes  at  100V,  followed  by  60  minutes  at  120V.  The  protein 

 was  transferred  to  a  nitrocellulose  membrane  using  the  BioRad  Trans-Blot  Turbo  Transfer 

 System  .  The  membrane  was  washed  with  dH  2  O  and  incubated  in  Ponceau  S  (Thermo 

 Scientific)  to  visualise  the  protein  transfer.  The  membrane  was  then  washed  with  dH  2  O  and 

 incubated  in  LI-COR  Intercept  (TBS)  Blocking  Buffer  for  a  minimum  of  30  minutes  at  room 

 temperature.  The  membrane  was  stained  with  the  primary  BB2  anti-Ty1  antibody  (Bastin  et 

 al.,  1996)  diluted  (1:1000)  in  2%  BSA  in  TBS-T  (0.1%  Tween  in  TBS)  and  then  the 

 secondary  LI-COR  IRDye  800CW  Goat  anti-Rabbit  IgG  antibody  (1:500).  Each  step  was 

 performed  at  room  temperature  for  1  hour.  Between  each  antibody,  the  membrane  was 

 washed  3X  for  5  minutes  with  TBS-T.  During  each  incubation,  the  membrane  was  agitated 

 throughout. The membrane was imaged with the LI-COR Odyssey imager system. 

 FIJI  (Schindelin  et  al.,  2012)  was  used  to  measure  the  BB2  anti-Ty1  and  Ponceau  S 

 (Thermo  Scientific)  intensity.  A  background  reading  was  taken  from  each  of  these  bands. 

 Each  band  was  normalised  by  the  background  reading  and  the  ratio  of  the  BB2  anti-Ty1 

 intensity  over  the  Ponceau  S  stain  value  was  calculated  (BB2  normalised  value/Ponceau  S 

 normalised  value).  The  clone  with  the  highest  ratio  for  each  gene  was  used  to  screen  the  cell 
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 line  for  developmental  competence.  When  the  expressed  protein  could  not  be  detected,  up 

 to  3  clones  were  used  for  the  phenotype  screen,  depending  on  the  number  of  successfully 

 generated clones. 
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 Figure  4.1:  Schematic  of  the  LeishGedit  tagging  and  knockout  approach.  The  image  is 

 taken  from  http://www.leishgedit.net/Home.html  .  "Upstream"  and  "Downstream"  primers 

 contain  primer  binding  sites  compatible  with  pPOT  plasmids  and  a  30  nucleotide  homology 

 arms  for  recombination.  "sgRNA"  primers  consist  of  a  T7  RNA  polymerase  promotor  (for  in 

 vivo  transcription  of  RNA),  a  20  nucleotide  sgRNA  target  sequence  to  introduce  the 

 double-strand  break  at  a  locus  of  interest  and  a  20  nucleotide  overlap  to  the  sgRNA 

 backbone  sequence  allowing  the  generation  of  sgRNA  templates  by  PCR  (Bassett  and  Liu, 

 2014; Beneke and Gluenz, 2020; Beneke et al., 2017)  . 
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 4.2.7.  In vitro  developmental competence phenotype screen 

 Replacement  clones  were  seeded  at  1x10  5  cells/ml  and  grown  in  either  HMI-9  or  HMI-9 

 supplemented  with  15%  BHI  in  triplicate.  The  parasite  population  density  was  counted  at  0, 

 24, 48 and 72 hours using the Beckman Coulter Z2 Cell and Particle Counter. 

 A  separate  culture  was  used  to  generate  immunofluorescence  images  of  the  gene 

 replacement  cell  lines.  The  gene  replacement  clones  were  seeded  at  1x10  5  cells/ml  and  left 

 for  48  hours.  Cell  cycle  status  and  PAD1  expression  were  analysed  by 

 4’,6-diamidino-2-phenylindole  (DAPI)  (100  ng/ml)  and  an  anti-PAD1  antibody  (MacGregor 

 and  Matthews,  2012)  .  Briefly,  10ml  of  the  culture  was  centrifuged  at  1,600g  for  eight  minutes 

 at  room  temperature.  The  cells  were  washed  with  vPBS  and  then  resuspended  in  vPBS  and 

 8%  PFA  (1:1)  and  incubated  for  10  minutes  at  room  temperature.  2µL  of  IGEPAL®  CA-630 

 (Sigma-Aldrich)  10%  in  PBS  was  added  and  the  cells  were  incubated  for  a  further  10 

 minutes.  The  cells  were  centrifuged  at  900g  for  eight  minutes  and  resuspended  in  150µL 

 0.1%  glycine  in  vPBS  and  incubated  for  10  minutes.  The  cells  were  then  centrifuged  at  900g 

 for  eight  minutes  and  resuspended  in  50µL  of  vPBS.  25µL  of  the  fixed  cells  were  added  to  a 

 polylysine  cell,  prewashed  with  70%  ethanol,  and  allowed  to  dry  for  one  hour.  In  an  attempt 

 to  visualise  the  surface  localisation  of  GPR89,  the  experiment  was  repeated  without  the 

 addition of IGEPAL® CA-630, which prevented the permeabilisation of the cells. 

 Next,  the  cells  were  rehydrated  in  PBS  for  five  minutes  and  blocked  by  incubation  of  the 

 cells  in  PBS  2%  BSA  for  one  hour.  The  blocking  buffer  was  removed  and  anti-PAD1  (1:1000) 

 PBS  0.2%  BSA  was  added  to  the  cells  and  incubated  for  one  hour.  For  the  GPR89 

 replacement  cell  lines,  BB2  anti-Ty1  (Bastin  et  al.,  1996)  (1:5)  PBS  0.2%  BSA  was  also 

 added  at  the  same  time.  The  cells  were  washed  5x  with  PBS  and  then  incubated  in  the 

 114 



 Alexa  Fluor  568  Goat  anti-Rabbit  secondary  antibody  (1:500)  (Invitrogen)  PBS  0.2%  BSA  for 

 one  hour.  For  the  GPR89  replacement,  the  cells  were  also  incubated  in  the  Alexa  Fluor  488 

 Goat  anti-mouse  secondary  antibody  (1:500)  (Invitrogen)  PBS  0.2%  BSA  for  one  hour.  25µL 

 of  DAPI  (10μg/ml),)  in  PBS  was  added  to  the  cells  and  incubated  for  five  minutes.  The  cells 

 were  then  washed  five  times  with  PBS.  Finally,  the  slides  were  mounted  with  Fluoromount-G 

 Mounting  Medium  (Invitrogen)  following  the  manufacturer’s  instructions.  All  steps  were 

 performed  at  room  temperature.  The  slides  were  then  imaged  with  a  ZEISS  Axio  Imager  2 

 using  a  40x  objective  with  a  Prime  BSI  Camera.  Images  were  generated  with  Micro-Manager 

 2.0  (Edelstein  et  al.,  2014)  and  analysed  with  FIJI  (Schindelin  et  al.,  2012)  .  The  number  of 

 1K1N,  2K1N  and  2K2N  (Woodward  and  Gull,  1990)  parasites  were  counted  along  with  the 

 number of PAD1-positive cells. 

 The  GPR89  gene  replacement  images  were  also  taken  with  a  ZEISS  Axio  Imager  2  100x 

 objective  using  the  same  method  described  above.  These  images  were  used  to  quantify  the 

 anti-Ty1  BB2  fluorescence.  Images  were  imported  into  FIJI  and  the  outline  of  the  cell  was 

 drawn  with  the  freehand  selection  tool.  The  area  and  mean  grey  value  (signal  intensity  of 

 anti-Ty1  BB2  fluorescence)  were  then  measured  for  50  cells  from  the  cell  culture  of  each 

 replacement cell line in HMI-9 or HMI-9 supplemented with 15% BHI. 

 4.2.8. Motility assay 

 Cells  were  grown  to  a  density  of  5x10  5  cells/ml.  1  ml  of  these  cells  was  centrifuged  at  800g 

 for  five  minutes  and  resuspended  in  40µl  of  HMI-9.  The  resuspended  cells  were  then  placed 

 onto  a  slide  and  a  cover  slip  was  mounted  using  Vaseline.  The  slides  were  then  incubated 

 for  5  minutes  (37℃,  5%  CO  2  ).  Each  slide  was  visualised  at  40x  magnification  using  the 

 Olympus  CKX53  and  a  time-lapse  image  was  generated  with  a  QImaging  Retiga-2000R 

 digital  camera.  100  images  were  then  taken,  one  image  every  0.25  seconds.  One  slide  was 
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 made  for  each  cell  line  on  three  consecutive  days.  Each  slide  was  imaged  3  times  per  day  (3 

 biological  replicates  and  3  technical  replicates  =  9  time-lapse  series  per  cell  line).  The 

 images  were  imported  into  FIJI  (Schindelin  et  al.,  2012)  and  the  background  was  subtracted 

 from  the  images.  The  image  was  then  inverted  to  improve  the  contrast  between  the  cell  and 

 the  background.  TrackMate  (Ershov  et  al.,  2021)  was  used  to  identify  cells  using  the  LoG 

 detector.  An  initial  threshold  was  applied  to  filter  the  detected  ‘spots’.  The  Kalman  tracker 

 was used to track cell motility. A summary of each track was then exported for each cell line. 

 4.2.9.  In vivo  infections 

 In  vivo  infections  were  performed  by  Dr  Frank  Venter.  Three  female  MF1  mice  were  infected 

 for  each  replacement  cell  line.  Immunocompromised  mice  were  generated  via 

 cyclophosphamide  treatment  (25  mg/ml)  24  hours  before  infection.  Each  mouse  was 

 infected  with  1,000  parasites  via  intraperitoneal  injection.  Parasitaemia  was  monitored  from 

 3  days  post-infection  by  tail  snip.  Blood-smeared  slides  were  air  dried  at  room  temperature 

 for  five  minutes  and  then  fixed  via  submersion  in  methanol  at  -20℃  for  10  minutes  or  stored 

 in  methanol  at  -20℃.  The  slides  were  then  processed  for  immunofluorescence  analysis  as  in 

 section 4.2.2. 

 4.2.10. Computational tools 

 Unless  stated  otherwise,  figures  and  statistical  analysis  were  created  with  ggplot2 

 (Wickham,  2016)  and  ggrepel  (available  at 

 https://cran.r-project.org/web/packages/ggrepel/index.html  )  in  R  (R  Core  Team,  2022)  .  For 

 the  comparison  of  growth  curves,  a  t-test  was  performed  between  the  test  and  control 

 replacement  population  density  at  each  time  point.  A  Wilcoxon  rank-sum  test  was  performed 
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 to  compare  the  anti-Ty1  fluorescence  of  GPR89  and  the  motility  of  the  FAZ41  replacement 

 cell line. 

 Table 4.1: Computational tools and optional flags used for the analysis in this chapter. 

 Tool  Version  Optional flags  Citation 

 Geneious  2022 1.1  Available  at 

 http://www.geneio 

 us.com 

 Micro-Manager  2.0  100  images  taken,  one  image  every 

 0.25 seconds 

 (Edelstein  et  al., 

 2014) 

 FIJI  2.3.0/1.5 

 3f 

 (Schindelin  et  al., 

 2012) 

 TrackMate  7.6.1  LoG  detector  (estimated  object 

 diameter = 15, quality threshold = 0). 

 Quality (> 0.7). 

 Kalman  tracker  (initial  search  radius 

 =  20,  search  radius  =  15,  max  frame 

 gap = 15). 

 (Ershov  et  al., 

 2021) 

 ggplot2  3.3.0  (Wickham, 2016) 

 ggrepel  0.8.1  Available  at  CRAN 

 - Package ggrepel 

 R  3.6.1  (R  Core  Team, 

 2022) 
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 4.3.  Results 

 4.3.1.  Known  QS  pathway  genes  contain  mutations  in  monomorphic 

 clades which cause insensitivity to BHI oligopeptides 

 Tb927.2.4020 – NEDD8-activating enzyme E1 (APPBP1) 

 Clade  specific  non-synonymous  mutations  in  APPBP1,  including  the  addition  of  putative 

 phosphorylation  sites,  are  found  in  the  monomorphic  clades  T.  b.  evansi  type  A  (4),  T.  b. 

 evansi  type  IVM-t1  (5)  and  T.  b.  equiperdum  type  BoTat  (4)  in  comparison  to  TREU927/4 

 (Fig. 3.8). The amino acid sequence is identical for all isolates within each clade. 

 Replacement of APPBP1 

 Homozygous  replacement  of  the  wild-type  alleles  of  APPBP1  was  confirmed  via 

 amplification  of  genomic  DNA  surrounding  the  target  gene  from  transfected  cell  lines. 

 Transfected  parasites  have  longer  amplicons  caused  by  the  insertion  of  the  drug  resistance 

 and  TY-tag,  along  with  the  replacement  gene  (blasticidin  resistance  2,992  and  hygromycin 

 resistance  3,194)  compared  to  amplification  of  the  region  in  untransfected  parasites  (1,992 

 bases)  (Fig.  S4.1a).  The  expression  of  the  replaced  gene  was  confirmed  by  western  blotting 

 using  the  anti-Ty1  antibody  BB2  (Fig.  S4.1e-f).  The  protein  expression  was  quantified  and 

 the  PCR  product  of  the  target  gene  amplification  was  sequenced  to  ensure  the  correct 

 sequence had been inserted. 
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 The  replacement  cell  lines  all  grew  well  in  standard  growth  media  (HMI-9),  with  no  significant 

 difference  between  monomorphic  and  control  replacement  cell  lines  at  72  hours  (Fig.  4.2). 

 The  growth  of  cells  expressing  the  T.  b.  evansi  type  IVM-t1  sequence  (clone  3)  lagged  at  48 

 hours  but  eventually  reached  the  same  population  density  as  cells  expressing  the  wild  type 

 T.  b.  brucei  sequence  (clone  1)  (Fig.  4.2c).  Cells  expressing  the  T.  b.  equiperdum  type  BoTat 

 (clone  4)  and  T.  b.  evansi  type  A  (clone  1)  sequences  arrested  their  growth  once  exposed  to 

 HMI-9  media  supplemented  with  BHI,  a  mimic  of  the  oligopeptide  signal,  similar  to  cells 

 expressing  the  T.  b.  brucei  sequence  (Fig.  4.2a&b).  In  contrast,  the  cells  expressing  the  T.  b. 

 evansi  type  IVM-t1  sequence  continued  to  grow  in  BHI-supplemented  HMI-9  (Fig.  4.2c).  The 

 continued  growth  in  BHI  indicates  an  insensitivity  to  the  oligopeptides-based  QS  signal, 

 potential disruption to the QS pathway, and the development of monomorphism. 

 Immunofluorescence  confirmed  the  majority  of  cells  arrest  their  cell  cycle  in  1K1N 

 configuration  upon  exposure  to  BHI  for  the  cell  lines  which  expressed  the  T.  b.  brucei  (92%), 

 T.  b.  evansi  type  A  (88%)  and  T.  b.  equiperdum  type  BoTat  (88%)  APPBP1  sequence.  At  48 

 hours,  the  parasites  also  expressed  the  stumpy  stage-specific  protein  PAD1  when  exposed 

 to  BHI  (  T.  b.  brucei  46%,  T.  b.  evansi  type  A  40%  and  T.  b.  equiperdum  type  BoTat  55%).  In 

 contrast,  cells  expressing  the  T.  b.  evansi  type  IVM-t1  APPBP1  sequence  presented 

 resistance  to  growth  arrest  in  BHI  oligopeptides  with  fewer  cells  in  1K1N  configuration  (64%) 

 and no PAD1 expression (Fig. 4.3). 
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 Figure  4.2:  Replacement  of  APPBP1  with  the  orthologous  T.  b.  evansi  type  IVM-t1 

 sequence  causes  insensitivity  to  BHI  oligopeptides.  Growth  of  pleomorphic  T.  b.  brucei 

 (J1339  (Rojas  et  al.  2019))  cells  expressing  the  pleomorphic  T.  b.  brucei  APPBP1  sequence 

 compared  to  cells  expressing  the  monomorphic  (a)  T.  b.  equiperdum  type  BoTat  sequence, 

 (b)  T.  b.  evansi  type  A  sequence  or  (c)  T.  b.  evansi  type  IVM-t1  sequence.  The  cells  were 

 either  grown  in  HMI-9  (No  BHI  oligopeptides)  or  HMI-9  supplemented  with  15%  BHI 

 oligopeptides.  A  t-test  was  used  to  compare  the  population  density  at  each  time  point.  The 

 significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****: 

 p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time 

 point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars  represent  mean 

 standard error. 
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 Figure  4.3:  Replacement  of  APPBP1  with  the  orthologous  T.  b.  evansi  type  IVM-t1 

 sequence  induces  insensitivity  to  BHI  oligopeptides.  (a)  Cell  cycle  stage  and  (b)  the 

 percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  for  pleomorphic 

 T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  APPBP1  monomorphic  T.  b. 

 equiperdum  type  OVI  sequence,  T.  b.  evansi  type  A  sequence,  T.  b.  evansi  type  IVM-t1 

 sequence  or  a  pleomorphic  T.  b.  brucei  sequence.  The  cells  were  either  grown  in  normal 

 HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides  and  samples  were  prepared  for 

 analysis at 48h. 
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 Mutations in the  T. b. evansi  type IVM-t1 APPBP1 sequence  cause insensitivity to BHI 

 oligopeptides 

 To  confirm  relative  insensitivity  to  the  BHI  oligopeptides,  the  growth  profile  in  Fig.  4.2c  was 

 repeated.  In  addition,  two  separate  clones  (clones  4  and  5)  expressing  the  orthologous 

 APPBP1  sequence  from  T.  b.  evansi  type  IVM-t1  were  tested  for  reduced  developmental 

 competence.  All  three  clones  displayed  the  same  reduced  sensitivity  to  BHI  oligopeptides 

 (Fig. 4.4). 

 Clone  3,  expressing  the  T.  b.  evansi  type  IVM-t1  sequence  (Fig.  4.4b),  was  subjected  to 

 single  allele  add-back  with  the  pleomorphic  T.  b.  brucei  APPBP1  sequence.  Two  separate 

 heterozygous  add-back  clones  (add-back  brucei/IVMT1  clones  G1  and  P1)  were  generated 

 (Fig.  S4.1b)  and  we  confirmed  the  expression  of  the  add-back  with  the  anti-Ty1  antibody 

 BB2  (Fig.  S.4.e-f).  Both  heterozygous  add-back  clones  retained  reduced  sensitivity  to  BHI, 

 although  they  did  display  slower  growth  in  unsupplemented  HMI-9  (Fig.  4.5a&b).  The  two 

 single  allele  add-back  clones  were  then  subjected  to  a  second  transfection  to  generate 

 homozygous  add-backs  with  the  wild-type  sequence.  Two  clones  were  generated  from  each 

 of  the  initial  heterozygous  add-back  cell  lines  (Fig.  S4.1c)  and  expression  of  the  replacement 

 sequence  was  confirmed  (Fig.  S4.1g-h.  All  four  homozygous  add-back  clones  (add-back 

 clones  P+G2&3  and  clones  G+P2&3)  were  found  to  arrest  their  growth  once  exposed  to  BHI 

 oligopeptides,  demonstrating  restoration  of  the  sensitivity  to  BHI-induced  arrest  after 

 pleomorphic  sequence  add-back  (Fig.  4.5c&d).  Homozygous  add-back  cells  arrested  their 

 cell  cycle  in  1K1N  when  grown  in  BHI,  in  contrast  to  cells  expressing  the  T.  b.  evansi  type 

 IVM-t1  sequence  (Fig.  4.6a).  Further,  the  add-back  clones  also  expressed  PAD1,  although 

 Clone  G+P2  did  not  express  PAD1  to  the  level  of  cells  expressing  the  pleomorphic  T.  b. 

 brucei  sequence  (Fig.  4.6b).  Nonetheless,  the  add-back  of  the  T.  b.  brucei  sequence  proved 

 that  the  reduced  developmental  competence  of  cells  expressing  the  T.  b.  evansi  type  IVM-t1 

 APPBP1 sequence is not caused simply by the long-term passage of the parasites. 

 122 



 Figure  4.4:  Insensitivity  to  BHI  oligopeptides  was  replicated  in  three  independent 

 clones.  Growth  of  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  (J1339  (Rojas  et  al., 

 2019)  )  expressing  the  pleomorphic  T.  b.  brucei  APPBP1  sequence  compared  to  three  clones 

 (a-c)  expressing  the  T.  b.  evansi  type  IVM-t1  sequence.  The  cells  were  either  grown  in 

 HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides.  A  t-test  was  used  to  compare 

 the  population  density  at  each  time  point.  The  significance  is  represented  by  asterisks;  *:  p 

 <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in 

 triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for 

 each time point. Error bars represent mean standard error. 
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 Figure  4.5:  Add-back  of  the  T.  b.  brucei  APPBP1  sequence  to  the  T.  b.  evansi  type 

 IVM-t1  replacement  cell  line  restores  pleomorphism.  Growth  of  pleomorphic  T.  b.  brucei 

 (J1339  (Rojas  et  al.  2019))  expressing  the  monomorphic  APPBP1  T.  b.  evansi  type  IVM-t1 

 sequence  and  then  subjected  to  (a&b)  heterozygous  and  (c&d)  homozygous  add-back  of 

 the  pleomorphic  T.  b.  brucei  APPBP1  sequence.  The  cells  were  either  grown  in  HMI-9  or 

 HMI-9  supplemented  with  15%  BHI  oligopeptides.  A  t-test  was  used  to  compare  the 

 population  density  at  each  time  point.  The  significance  is  represented  by  asterisks;  *:  p  <= 

 0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in 

 triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for 

 each time point. Error bars represent mean standard error. 
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 Figure  4.6:  Add-back  of  the  T.  b.  brucei  APPBP1  sequence  to  the  T.  b.  evansi  type 

 IVM-t1  replacement  cell  line  restores  pleomorphism.  (a)  Cell  cycle  stage  and  (b)  the 

 percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  for  pleomorphic 

 T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  APPBP1  pleomorphic  T.  b.  brucei 

 sequence,  the  monomorphic  T.  b.  evansi  type  IVM-t1  sequence,  and  the  T.  b.  evansi  type 

 IVM-t1  replacement  cell  line  subjected  to  homozygous  add-back  of  the  pleomorphic  T.  b. 

 brucei  sequence  (  T.  b.  brucei  P+G2;  T.  b.  brucei  G+P2).  The  cells  were  either  grown  in 

 normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides  and  samples  were 

 prepared for analysis at 48h. 
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 The  T.  b.  evansi  type  IVM-t1  APPBP1  G224S  mutation  alone  does  not  cause  developmental 

 incompetence 

 We  noted  that  the  APPBP1  sequences  of  T.  b.  evansi  type  A  and  T.  b.  evansi  type  IVM-t1 

 differ  from  one  another  by  a  single  non-synonymous  mutation,  G224S.  Replacement  of 

 APPBP1  with  the  T.  b.  evansi  type  A  sequence  did  not  impact  developmental  competence 

 (Fig.  4.2b).  To  gain  evolutionary  insight  into  this  amino  acid,  the  orthogroup  that  contained 

 APPBP1  was  extracted  from  a  comparison  of  kinetoplastid  proteomes  (Oldrieve  et  al.,  2022)  . 

 Sequence  alignment  highlighted  39.9%  sequence  identity  across  kinetoplastids.  At  position 

 224,  glycine  is  common  across  subspecies  of  T.  brucei  and  is  also  present  in  the  basal 

 species,  Bodo  saltans  .  Therefore,  this  mutation  appears  to  be  a  reversion  to  the  ancestral 

 sequence.  However,  serine  is  the  most  common  amino  acid  at  this  site,  including  the  most 

 basal  trypanosomatid  species  included  in  this  analysis,  P.  confusum  and  closely  related 

 species  in  the  Trypanosoma  genus,  such  as  T.  congolense  (Fig.  4.7).  The  G224S  mutation  is 

 found  in  a  region  of  high  sequence  divergence  amongst  trypanosomatids,  with  low  sequence 

 similarities  between  the  Leishmania  and  Trypanosoma  isolates.  G224S  creates  a  potential 

 cell-division  cycle  2  (cdc2)  phosphorylation  site  (Blom  et  al.,  1999;  Blom  et  al.,  2004)  in  the 

 monomorphic  T.  b.  evansi  type  IVM-t1  sequence,  which  is  absent  in  pleomorphic  T.  b. 

 brucei.  Phosphorylation  by  cdc2  kinases  is  an  evolutionarily  conserved  form  of  cell  cycle 

 regulation  (Mottram and Smith, 1995)  . 

 A  sequence  was  generated  which  was  identical  to  the  T.  b.  brucei  APPBP1  sequence,  with 

 just  the  single  G224S  mutation  that  differed  between  the  sequences  present  in  T.  b.  evansi 

 type  IVM-t1  and  T.  b.  evansi  type  A.  Cell  lines  expressing  the  G224S  APPBP1  sequence  as 

 either  heterozygous  (clone  1)  or  homozygous  (clone  2)  replacements  were  generated  (Fig. 

 S4.1d,  g-h).  The  cells  expressing  the  G224S  sequence  arrested  their  growth  upon  exposure 

 to  BHI  oligopeptides  equivalently  to  those  expressing  the  wild-type  T.  brucei  sequence  (Fig. 
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 4.8).  Further,  the  G224S  homozygous  replacement  cell  line  arrested  its  cell  cycle  (Fig.  4.9a) 

 and  expressed  PAD1  upon  exposure  to  BHI  (Fig.  4.9b).  Therefore,  the  G224S  mutation 

 alone is not sufficient to generate a developmentally incompetent phenotype. 

 Figure  4.7:  The  G224S  mutation  is  a  reversion  to  the  ancestral  state.  Amino  acid 

 sequence  alignment  of  kinetoplastid  APPBP1  sequences  (Tb927.2.4020)  surrounding  the 

 G224S mutation (position 436 in the consensus sequence, outlined in red). 
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 Figure  4.8:  The  G224S  mutation  alone  does  not  cause  insensitivity  to  BHI 

 oligopeptides.  Growth  of  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing 

 the  pleomorphic  T.  b.  brucei  APPBP1  sequence  compared  to  (a)  heterozygous  or  (b) 

 homozygous  expression  of  the  T.  b.  brucei  APPBP1  sequence  with  the  G224S  mutation.  The 

 cells  were  either  grown  in  HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides.  A 

 t-test  was  used  to  compare  the  population  density  at  each  time  point.  The  significance  is 

 represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001. 

 Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also 

 represents the mean for each time point. Error bars represent mean standard error. 
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 Figure  4.9:  The  G224S  mutation  alone  does  not  cause  insensitivity  to  BHI 

 oligopeptides.  (a)  Cell  cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as 

 assessed  by  immunofluorescence  for  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019)) 

 expressing  the  APPBP1  monomorphic  T.  b.  evansi  type  IVM-t1  sequence,  the  T.  b.  brucei 

 sequence  containing  the  G224S  mutation  and  the  pleomorphic  T.  b.  brucei  sequence.  The 

 cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides 

 and samples were prepared for analysis at 48h. 
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 In  vivo  infections  with  cells  expressing  T.  b.  evansi  type  IVM-t1  APPBP1  sequence  display 

 delayed developmental progression 

 After  validating  cells  expressing  the  T.  b.  evansi  type  IVM-t1  APPBP1  sequence  in  vitro  ,  we 

 tested  their  developmental  competence  in  vivo  .  Dr  Frank  Venter  performed  in  vivo  infections 

 into  groups  of  MF1  mice  and  monitored  parasitaemia  by  blood  smears.  Cells  expressing  the 

 T.  b.  brucei  APPBP1  (clone  1),  T.  b.  evansi  type  IVM-t1  sequence  (clone  3)  and  a  wild-type 

 gene  add-back  cell  line  (clone  P+G2)  were  used  to  infect  three  mice  from  an  in  vitro  culture. 

 Of  the  nine  mice  which  were  inoculated,  three  mice  that  were  infected  with  parasites 

 expressing  the  T.  b.  brucei  sequence  and  one  mouse  that  was  infected  with  parasites 

 expressing  the  T.  b.  evansi  type  IVM-t1  sequence  established  a  parasitaemia.  In  contrast, 

 none  of  the  mice  infected  with  the  wild-type  gene  add-back  cell  line  established 

 parasitaemia. 

 Although  this  experiment  will  be  repeated  in  future  to  analyse  in  vivo  infections  in  triplicate, 

 the  initial  results  have  cautiously  been  analysed.  The  single  mouse  that  became  infected 

 with  parasites  expressing  the  T.  b.  evansi  type  IVM-t1  replacement  sequence  reached  peak 

 parasitaemia  two  days  after  those  expressing  the  T.  b.  brucei  wild-type  sequence  (Fig. 

 4.10a).  To  assist  comparison  of  the  infections,  the  peak  parasitaemia  for  each  line  was 

 normalised to ‘days pre/post peak parasitaemia’ (DPP) (Fig. 4.10b). 

 Using  DPP,  the  parasites  expressing  the  T.  b.  evansi  type  IVM-t1  sequence  delayed 

 generation  of  stumpy  forms,  exemplified  by  a  slower  arrest  in  1K1N  (Fig.  4.10c)  and  delayed 

 expression  of  PAD1,  in  comparison  to  the  cells  expressing  the  T.  b.  brucei  sequence  (Fig. 

 4.10d). 
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 Figure  4.10:  Pleomorphic  T.  b.  brucei  expressing  the  monomorphic  T.  b.  evansi  type 

 IVM-t1  APPBP1  sequence  display  delayed  developmental  progression  .  In  vivo  growth 

 of  pleomorphic  T.  b.  brucei  expressing  the  monomorphic  T.  b.  evansi  type  IVM-t1  APPBP1 

 sequence  or  the  pleomorphic  T.  b.  brucei  sequence  using  (a)  days  post-infection  (DPI)  and 

 (b)  in  viv  o  growth  normalised  to  days  pre/post  peak  parasitaemia  (DPP).  (c)  Cell  cycle  stage 

 and  (d)  the  percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence 

 based  on  DPP.  Each  cell  line  was  used  to  infect  three  mice  (although  only  the  cell  line 

 expressing  the  T.  b.  brucei  sequence  generated  infections  in  all  three  mice),  represented  by 

 the dots at each time point. Error bars represent mean standard error. 
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 Tb927.8.1530 - Golgi pH regulator (GPR89) 

 T.  b.  equiperdum  type  BoTat  contains  five  non-synonymous  mutations  in  comparison  to  T.  b. 

 brucei.  Two  mutations  are  clade-specific  (C112Y,  which  creates  a  putative  phosphorylation 

 site,  and  D183V)  (Fig.  3.10).  The  sequence  is  identical  in  all  T.  b.  equiperdum  type  BoTat 

 isolates.  C112Y  is  part  of  one  of  the  9  transmembrane  domains  and  D183V  is  part  of  the 

 intracellular loop (Fig. 3.9a). 

 Replacement of wild-type GPR89 causes a cell proliferation defect 

 Replacement  of  both  alleles  of  GPR89  was  achieved  (Fig.  S4.2a-b)  and  the  TY1-epitope 

 tagged  protein  was  detected  in  three  clonal  cell  lines  expressing  the  T.  b.  equiperdum  type 

 BoTat  (clones  1,  2  and  6)  and  one  clonal  cell  line  expressing  the  T.  b.  brucei  (clone  9) 

 GPR89  sequence  (Fig.  S4.2c-d).  Multiple  bands  were  detected  at  a  similar  size,  as  has 

 previously  been  described  for  this  protein  (Rojas  et  al.,  2019)  .  Interestingly,  the  protein  in 

 cells  expressing  the  T.  b.  equiperdum  type  BoTat  sequence  appears  to  have  a  greater 

 molecular  weight  compared  to  the  pleomorphic  T.  b.  brucei  protein  (Fig.  S4.2c).  T.  b. 

 equiperdum  type  BoTat  contains  a  clade-specific  mutation,  C112Y,  with  the  potential  to  be 

 phosphorylated,  potentially  causing  the  discrepancy  in  the  band  sizes.  Quantification  of  the 

 western  blot  signal  intensity  indicated  that  cells  expressing  the  T.  b.  equiperdum  type  BoTat 

 sequence  had  a  lower  BB2  anti-Ty1  intensity  compared  to  cells  expressing  the  T.  b.  brucei 

 sequence, although this difference was not significant (Fig. S4.2e). 

 The  cells  expressing  the  monomorphic  T.  b.  equiperdum  type  BoTat  sequence  displayed  a 

 significantly  impaired  growth  profile,  compared  to  those  expressing  the  T.  b.  brucei 

 sequence.  All  three  clones  expressing  the  T.  b.  equiperdum  type  BoTat  sequence  arrested 
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 their  growth  (Fig.  4.11),  arrested  their  cell  cycle  (Fig.  4.12a)  and  expressed  PAD1  upon 

 exposure to BHI (Fig. 4.12b). 

 We  wondered  whether  the  alteration  in  the  protein  size  of  GPR89  detected  by  western  blot 

 could  be  accompanied  by  an  alternative  protein  localisation  caused  by  protein 

 post-translational  modifications.  Therefore,  alongside  PAD1  and  DAPI  analysis,  we  stained 

 cell  lines  with  an  anti-Ty1  tag  antibody  and  monitored  the  expression  of  GPR89  at  the 

 cellular  level.  GPR89  expression  was  significantly  weaker  in  permeabilised  (Fig.  4.13a)  and 

 non-permeabilised  cells  (Fig.  4.13b)  expressing  the  T.  b.  equiperdum  type  BoTat  GPR89 

 sequence  when  grown  in  BHI.  Non-permeabilised  cells  expressing  the  T.  b.  equiperdum  type 

 BoTat  sequence  and  grown  in  unsupplemented  BHI  also  expressed  a  significantly  lower 

 level  of  GPR89.  There  was  no  significant  difference  between  GPR89  expression  when  the 

 cells  were  permeabilised  and  grown  in  unsupplemented  HMI-9  (Fig.  4.13a).  There  was  no 

 obvious  change  in  localisation  between  cells  expressing  the  monomorphic  and  wild-type 

 sequences (Fig. S4.3-4). 

 We  detected  GPR89  expression  in  cells  induced  to  differentiate  to  the  stumpy  form  with  BHI 

 oligopeptides.  The  cells  display  the  stumpy  form  morphology  and  express  PAD1,  a  stumpy 

 stage-specific  marker.  These  cells  also  express  GPR89,  identified  via  the  anti-Ty1  tag  BB2 

 antibody.  scRNA-seq  data  (Briggs  et  al.,  2021)  shows  that  GPR89  transcript  level  expression 

 does  not  alter  during  the  slender  to  stumpy  transition  (Fig.  S4.5),  however,  Rojas  et  al. 

 (2019) did not detect GPR89 in stumpy forms via western blot. 
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 Figure  4.11:  Pleomorphic  T.  b.  brucei  expressing  the  orthologous  T.  b.  equiperdum 

 type  BoTat  GPR89  sequence  display  a  cell  proliferation  defect.  Growth  curves  of 

 pleomorphic  T.  b.  brucei  expressing  the  T.  b.  brucei  GPR89  (Tb927.8.1530)  sequence 

 compared  to  three  clones  (a-c)  expressing  the  monomorphic  T.  b.  equiperdum  type  BoTat 

 sequence.  The  cells  were  either  grown  in  HMI-9  or  HMI-9  supplemented  with  15%  BHI 

 oligopeptides.  A  t-test  was  used  to  compare  the  population  density  at  each  time  point.  The 

 significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****: 

 p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time 

 point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars  represent  mean 

 standard error. 

 134 



 Figure  4.12:  Pleomorphic  T.  b.  brucei  expressing  the  orthologous  T.  b.  equiperdum 

 type  BoTat  GPR89  sequence  maintain  developmental  competence.  (a)  Cell  cycle  stage 

 and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  for 

 pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  GPR89  with  the 

 monomorphic  T.  b.  equiperdum  type  BoTat  sequence  or  the  pleomorphic  T.  b.  brucei 

 sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15% 

 BHI oligopeptides and samples were prepared for analysis at 48h. 
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 Figure  4.13:  GPR89  expression  is  significantly  weaker  in  permeabilised  and 

 non-permeabilised  cells  expressing  the  T.  b.  equiperdum  type  BoTat  GPR89 

 sequence.  The  intensity  of  GPR89  anti-Ty1  fluorescence  in  (a)  permeabilised  and  (b) 

 non-permeabilised  pleomorphic  T.  brucei  cells  expressing  the  T.  b.  brucei  GPR89  sequence 

 or  the  monomorphic  T.  b.  equiperdum  type  BoTat  sequence.  Signal  intensity  was  quantified 
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 as  the  mean  grey  value  within  each  cell  area.  The  cell  area  was  measured  in  pixels  and 

 used  to  normalise  the  signal  intensity  per  pixel.  A  Wilcoxon  test  was  used  to  quantify  the 

 significance  of  the  difference  between  each  replacement  cell  line.  See  Fig.  S4.3-4  for 

 representative  images.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented 

 with 15% BHI oligopeptides and samples were prepared for analysis at 48h. 
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 Tb927.11.6600 – Hyp1 

 Hyp1  contains  five  non-synonymous  mutations  in  T.  b.  evansi  type  B  and  one  in  T.  b. 

 equiperdum  type  OVI  compared  to  TREU927/4  (Fig.  3.12).  The  sequence  is  identical 

 between all isolates for both clades. 

 Replacement of Hyp1 does not cause developmental incompetence 

 Replacement  of  Hyp1  with  the  T.  b.  brucei  sequence  (clone  4)  and  T.  b.  equiperdum  type 

 OVI  (clone  3)  sequence  created  cell  lines  (Fig.  S4.6a)  which  we  confirmed  expressed  the 

 replacement  sequence  (Fig.  S4.6b-c)  and  maintained  their  developmental  competence.  The 

 cells  arrested  their  growth  (Fig.  4.14a),  arrested  their  cell  cycle  (Fig.  4.15a)  and  began  to 

 express  PAD1  (Fig.  4.15b)  once  exposed  to  BHI.  In  contrast,  cells  expressing  the  T.  b. 

 evansi  type  B  (clone  3)  sequence  appeared  to  display  reduced  developmental  competence 

 as  the  cells  continued  to  grow  (Fig.  4.14b)  and  progress  through  their  cell  cycle  once 

 exposed  to  BHI  (Fig.  4.15a).  However,  these  cells  did  express  PAD1  at  a  similar  level  to 

 those expressing the  T. b. brucei  gene (Fig. 4.15b). 

 To  confirm  these  findings,  the  developmental  competence  of  clone  3,  alongside  two 

 additional  clones  (clones  1  and  4)  expressing  the  T.  b.  evansi  type  B  Hyp1,  was  tested.  All 

 three  of  the  clones  arrested  their  growth,  displaying  robust  developmental  competence  (Fig. 

 4.16). Consequently, the  T. b. evansi  type B Hyp1  sequence was not explored further. 
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 Figure  4.14:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  B  HYP1 

 sequence  display  potential  insensitivity  to  BHI  oligopeptides.  Growth  of  pleomorphic  T. 

 b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  pleomorphic  T.  b.  brucei  Hyp1 

 (Tb927.11.3400)  sequence  compared  to  cells  expressing  the  monomorphic  (a)  T.  b.  evansi 

 type  B  sequence  or  (b)  T.  b.  equiperdum  type  OVI  sequence.  The  cells  were  either  grown  in 

 HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides.  A  t-test  was  used  to  compare 

 the  population  density  at  each  time  point.  The  significance  is  represented  by  asterisks;  *:  p 

 <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in 

 triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for 

 each time point. Error bars represent mean standard error. 
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 Figure  4.15:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  B  HYP1 

 sequence  display  potential  insensitivity  to  BHI  oligopeptides.  (a)  Cell  cycle  stage  and 

 (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  for 

 pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  Hyp1  monomorphic  T.  b. 

 equiperdum  type  OVI  sequence,  T.  b.  evansi  type  B  sequence  and  the  pleomorphic  T.  b. 

 brucei  sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with 

 15% BHI oligopeptides and samples were prepared for analysis at 48h. 
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 Figure  4.16:  Repeat  experiments  found  pleomorphic  T.  b.  brucei  expressing  the  T.  b. 

 evansi  type  B  HYP1  sequence  maintain  sensitivity  to  BHI  oligopeptides.  Growth  of 

 pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  pleomorphic  T.  b.  brucei 

 Hyp1  sequence  (Tb927.11.3400)  compared  to  three  (a-c)  clones  expressing  the 

 monomorphic  T.  b.  evansi  type  B  sequence.  The  cells  were  either  grown  in  HMI-9  or  HMI-9 

 supplemented  with  15%  BHI  oligopeptides.  A  t-test  was  used  to  compare  the  population 

 density  at  each  time  point.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <= 

 0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate, 

 represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for  each  time 

 point. Error bars represent mean standard error. 
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 Tb927.4.3650 – Protein phosphatase 1 (PP1) 

 The  T. b. evansi  type B PP1 mutations do not cause  developmental incompetence 

 Replacement  of  PP1  with  the  T.  b.  brucei  (clone  1)  and  T.  b.  evansi  type  B  (clones  2  and  3) 

 derived  sequence  was  confirmed  (Fig.  S4.7a),  although  we  were  unable  to  detect  expression 

 of  the  replacement  with  the  anti-Ty1  tag  BB2  antibody  (Fig.  S4.7b-c).  The  cell  lines 

 expressing  the  T.  b.  evansi  type  B  sequence  did  not  alter  their  growth  compared  to  cells 

 expressing  the  T.  b.  brucei  sequence  (Fig.  4.17).  T.  b.  evansi  type  B  (clones  2)  underwent 

 cell  cycle  arrest  (Fig.  4.18a)  and  expressed  PAD1  (Fig.  4.18b)  upon  exposure  to  BHI 

 oligopeptides. Consequently, the  T. b. evansi  type  B replacement was not validated further. 

 Figure  4.17:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  B  PP1  sequence 

 retain  sensitivity  to  BHI  oligopeptides.  Growth  of  pleomorphic  T.  b.  brucei  (J1339  (Rojas 

 et  al.  2019))  expressing  the  pleomorphic  T.  b.  brucei  PP1  (Tb927.4.3650)  sequence  (clone 

 1)  compared  to  (a-b)  clones  2  and  3  expressing  the  monomorphic  T.  b.  evansi  type  B 
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 sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15% 

 BHI.  A  t-test  was  used  to  compare  the  population  density  at  each  time  point.  The 

 significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****: 

 p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time 

 point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars  represent  mean 

 standard error. 

 Figure  4.18:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  B  PP1  sequence 

 retain  sensitivity  to  BHI  oligopeptides.  (a)  Cell  cycle  stage  and  (b)  the  percentage  of  cells 

 expressing  PAD1  as  assessed  by  immunofluorescence  for  pleomorphic  T.  b.  brucei  (J1339 

 (Rojas  et  al.  2019))  expressing  the  PP1  (Tb927.4.3650)  monomorphic  T.  b.  evansi  type  B 

 sequence  (clone  2)  or  the  pleomorphic  T.  b.  brucei  sequence  (clone  1).  The  cells  were  either 

 grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides  and  samples 

 were prepared for analysis at 48h. 
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 4.3.2.  Novel  genes,  identified  via  selection  pressure,  contain  mutations 

 in monomorphic clades which cause insensitivity to BHI oligopeptides 

 Tb927.5.2580 – hypothetical protein 

 Tb927.5.2580  has  a  positive  dN/dS  ratio  in  the  monomorphic  clade  T.  b.  evansi  type  A,  in 

 contrast  to  pleomorphic  and  other  monomorphic  clades.  The  sequence  is  uniform  across  all 

 available  T.  b.  evansi  type  A  isolates  and  contains  four  non-synonymous  mutations 

 compared  to  TREU927/4  (Fig.  3.16a).  Only  one  of  these  is  unique  to  this  clade  (A149P).  The 

 mutations are contained within the predicted extracellular portion of the protein (Fig. 3.16b). 

 Replacement  of  a  hypothetical  protein  (Tb927.5.2580)  with  the  T.  b.  evansi  type  A  sequence 

 causes insensitivity to BHI oligopeptides 

 Tb927.5.2580  was  replaced  with  either  the  T.  b.  evansi  type  A  sequence  (clones  1  and  2)  or 

 the  T.  b.  brucei  sequence  (clone  1  and  4)  (Fig.  S4.8a).  We  were  unable  to  detect  protein 

 expression  via  the  anti-Ty1  tag  BB2  antibody  (Fig.  S4.8b-c).  In  contrast  to  the  cells 

 expressing  the  T.  b.  brucei  control  sequence,  the  two  clones  expressing  the  T.  b.  evansi  type 

 A  sequence  displayed  rapid  growth  in  unsupplemented  HMI-9  and  continued  to  grow  after 

 exposure  to  BHI.  The  effect  was  more  obvious  for  clone  1  (Fig.  4.19a)  however,  T.  b.  evansi 

 type  A  clone  2  grew  to  a  significantly  greater  population  density  than  when  the  T.  b.  brucei 

 gene  was  expressed  (Fig.  4.19b).  T.  b.  evansi  type  A  clone  1  continued  progressing  through 

 its  cell  cycle  (Fig.  4.20a)  and  displayed  low  levels  of  PAD1-positive  cells  (Fig.  4.20b)  upon 

 exposure to BHI. 
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 Figure  4.19:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  A  hypothetical 

 protein  (Tb927.5.2580)  sequence  display  insensitivity  to  BHI  oligopeptides.  Growth  of 

 pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  pleomorphic  T.  b.  brucei 

 sequence  of  a  hypothetical  protein  (Tb927.5.2580)  compared  to  (a-b)  two  clones  expressing 

 the  T.  b.  evansi  type  A  sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9 

 supplemented  with  15%  BHI.  A  t-test  was  used  to  compare  the  population  density  at  each 

 time  point.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <= 

 0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at 

 each  time  point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars  represent 

 mean standard error. 
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 Figure  4.20:  Pleomorphic  T.  b.  brucei  expressing  the  T.  b.  evansi  type  A  hypothetical 

 protein  (Tb927.5.2580)  sequence  displays  insensitivity  to  BHI  oligopeptides.  (a)  Cell 

 cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by 

 immunofluorescence  for  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  a 

 hypothetical  protein  (Tb927.5.2580)  monomorphic  T.  b.  evansi  type  A  sequence  or  the 

 pleomorphic  T.  b.  brucei  sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9 

 supplemented with 15% BHI oligopeptides and samples were prepared for analysis at 48h. 
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 Confirmation of developmental incompetence 

 T.  b.  evansi  type  A  clone  1  was  subjected  to  heterozygous  (clones  1  and  3)  and  homozygous 

 (clone  6)  add-back  of  the  T.  b.  brucei  Tb927.5.2580  sequence  (Fig.  S4.8g-h).  Similarly  to  the 

 original  replacement  cell  lines,  we  were  unable  to  detect  protein  expression  via  the  anti-Ty1 

 tag  BB2  antibody  (Fig.  S4.8i-j).  Both  of  the  heterozygous  add-back  clones  displayed  partial 

 restoration  of  developmental  competence,  with  slower  growth  in  unsupplemented  HMI-9  and 

 significantly  reduced  growth  in  BHI-supplemented  media,  compared  to  the  original 

 replacement  cell  line  (Fig.  4.21a-b).  Upon  exposure  to  BHI,  the  heterozygous  add-back 

 clones  arrested  their  cell  cycle  and  increased  the  percentage  of  PAD1-positive  cells, 

 compared  to  the  original  T.  b.  evansi  type  A  replacement  cell  line  (Fig.  4.22).  Homozygous 

 add-back  generated  an  almost  complete  recovery  of  the  pleomorphic  phenotype.  The 

 homozygous  add-back  clone  lost  its  rapid  growth  in  unsupplemented  HMI-9  and  fully 

 arrested  its  growth  upon  exposure  to  BHI  (Fig.  4.21c).  Exposure  to  BHI  caused  the 

 homozygous  add-back  clone  to  arrest  its  cell  cycle  (Fig.  4.22a)  and  increase  the  percentage 

 of  PAD1-positive  cells,  although  this  was  not  at  the  same  level  as  the  T.  b.  brucei 

 replacement cell line (Fig. 4.22b). 
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 Figure  4.21:  Add-back  of  the  T.  b.  brucei  hypothetical  protein  (Tb927.5.2580)  sequence 

 to  a  cell  line  expressing  the  T.  b.  evansi  type  A  hypothetical  protein  (Tb927.5.2580) 

 sequence  restores  sensitivity  to  BHI  oligopeptides.  Growth  of  pleomorphic  T.  b.  brucei 

 (J1339  (Rojas  et  al.  2019))  expressing  the  monomorphic  hypothetical  protein  (Tb927.5.2580) 

 T.  b.  evansi  type  A  sequence  compared  to  the  (a)  heterozygous  or  (b)  homozygous 

 add-back  of  the  pleomorphic  T.  b.  brucei  sequence  to  the  same  cell  line.  The  cells  were 

 either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI.  A  t-test  was  used  to 

 compare  the  population  density  at  each  time  point.  The  significance  is  represented  by 

 asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was 

 grown  in  triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the 

 mean for each time point. Error bars represent mean standard error. 
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 Figure  4.22:  Add-back  of  the  T.  b.  brucei  hypothetical  protein  (Tb927.5.2580)  sequence 

 to  a  cell  line  expressing  the  T.  b.  evansi  type  A  hypothetical  protein  (Tb927.5.2580) 

 sequence  restores  sensitivity  to  BHI  oligopeptides.  (a)  Cell  cycle  stage  and  (b)  the 

 percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  for  pleomorphic 

 T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  pleomorphic  T.  b.  brucei  hypothetical 

 protein  (Tb927.5.2580)  sequence,  the  T.  b.  evansi  type  A  sequence,  and  the  T.  b.  evansi 

 type  A  replacement  cell  line  subjected  to  heterozygous  or  homozygous  add-back  of  the 

 pleomorphic  T.  b.  brucei  sequence.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9 

 supplemented with 15% BHI oligopeptides and samples were prepared for analysis at 48h. 
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 The  T. b. evansi  type A A149P mutation alone does  not cause developmental incompetence 

 In  the  T.  b.  evansi  type  A  clade,  Tb927.5.2580  contains  one  non-synonymous  homozygous 

 mutation  which  is  unique,  A149P.  The  alanine  residue  is  highly  conserved  amongst 

 kinetoplastids  at  this  site,  including  B.  saltans  .  The  A149P  mutation  is  shared  with  the  T.  b. 

 brucei  clade  Lister427,  a  commonly  used  laboratory  cell  line  which  has  become 

 monomorphic  after  long-term  serial  passage  (Fig.  4.23).  However,  Lister427  is  heterozygous 

 for  this  mutation,  similarly  to  other  pleomorphic  isolates,  whilst  the  T.  b.  evansi  type  A  clade 

 is  homozygous.  Consequently,  a  T.  b.  brucei  pleomorphic  sequence  with  just  the  A149P 

 mutation  was  generated  and  used  to  replace  the  wild-type  allele  in  pleomorphic  T.  brucei 

 (Fig.  S4.8d).  We  were  unable  to  detect  protein  expression  via  the  anti-Ty1  tag  BB2  antibody 

 (Fig.  S4.8e-f).  Four  homozygous  A149P  clones  (clones  1,  2,  4  and  5)  were  generated  and 

 each  maintained  their  developmental  competence  when  exposed  to  BHI,  arresting  their 

 growth  (Fig.  4.24).  Clone  1  arrested  its  cell  cycle  (Fig.  4.25a)  and  expressed  PAD1  (Fig. 

 4.25b) upon exposure to BHI. Consequently, these were not explored further. 
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 Figure  4.23:  A149  is  highly  conserved  in  kinetoplastids.  Amino  acid  sequence  alignment 

 of  kinetoplastid  hypothetical  protein  (Tb927.5.2580)  surrounding  the  A149P  mutation 

 (position 115 in consensus sequence, outlined in red). 
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 Figure  4.24:  The  A149P  mutation  alone  does  not  cause  insensitivity  to  BHI 

 oligopeptides.  Growth  of  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing 

 the  pleomorphic  T.  b.  brucei  hypothetical  protein  (Tb927.5.2580)  sequence  compared  to 

 (a-d)  four  separate  clones  expressing  the  T.  b.  brucei  sequence  with  the  A149P  mutation. 

 The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI.  A  t-test 

 was  used  to  compare  the  population  density  at  each  time  point.  The  significance  is 

 represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001. 

 Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also 

 represents the mean for each time point. Error bars represent mean standard error. 
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 Figure  4.25:  The  A149P  mutation  alone  does  not  cause  insensitivity  to  BHI 

 oligopeptides.  (a)  Cell  cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as 

 assessed  by  immunofluorescence  for  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019)) 

 expressing  a  hypothetical  protein  (Tb927.5.2580)  monomorphic  T.  b.  evansi  type  A 

 sequence,  the  pleomorphic  T.  b.  brucei  sequence  or  the  pleomorphic  T.  b.  brucei  sequence 

 with  the  A149P  mutation.  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9 

 supplemented with 15% BHI oligopeptides and samples were prepared for analysis at 48h. 
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 Tb927.11.3400 - Flagellum attachment zone protein 41 (FAZ41) 

 T.  b.  equiperdum  type  OVI  and  T.  b.  equiperdum  type  BoTat  both  have  a  positive  dN/dS  ratio 

 for  FAZ41,  compared  to  pleomorphic  and  other  monomorphic  clades.  Although  the  two 

 monomorphic  clades  are  currently  described  as  a  single  species  or  subspecies  (  T.  b. 

 equiperdum  )  they  are  separated  by  a  pleomorphic  isolate  T.  b.  brucei  TREU  927/4  (Fig.  3.1). 

 They  share  five  identical  non-synonymous  mutations  in  FAZ41  compared  to  TREU927/4 

 (Fig. 3.18). 

 Replacement of wild-type FAZ41 does not cause developmental incompetence 

 Replacement  of  FAZ41  with  T.  brucei  brucei  sequence  (clone  3),  T.  b.  equiperdum  type 

 BoTat  sequence  (clone  2)  and  T.  b.  equiperdum  type  OVI  sequence  (clone  1)  (Fig.  S4.9a) 

 was  detected  with  anti-Ty1  tag  BB2  antibody  (Fig.  S4.9b-c).  The  replacement  cell  lines 

 arrested  their  growth  (Fig.  4.26),  arrested  their  cell  cycle  (Fig.  4.27a)  and  expressed  PAD1 

 (Fig.  4.27b)  upon  exposure  to  BHI  oligopeptides.  Thus,  the  mutations  in  FAZ41  do  not  cause 

 developmental incompetence. 
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 Figure  4.26:  Pleomorphic  T.  b.  brucei  expressing  the  FAZ41  T.  b.  equiperdum  type  OVI 

 or  T.  b.  equiperdum  type  BoTat  sequence  retain  sensitivity  to  BHI  oligopeptides. 

 Growth  of  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the  FAZ41 

 (Tb927.11.3400)  T.  b.  brucei  sequence  compared  to  cells  expressing  the  monomorphic  (a)  T. 

 b.  equiperdum  type  OVI  sequence  or  the  (b)  T.  b.  equiperdum  type  BoTat  sequence.  The 

 cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI.  A  t-test  was 

 used  to  compare  the  population  density  at  each  time  point.  The  significance  is  represented 

 by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line 

 was  grown  in  triplicate,  represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the 

 mean for each time point. Error bars represent mean standard error. 
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 Figure  4.27:  Pleomorphic  T.  b.  brucei  expressing  the  FAZ41  T.  b.  equiperdum  type  OVI 

 or  T.  b.  equiperdum  type  BoTat  sequence  retain  sensitivity  to  BHI  oligopeptides.  (a) 

 Cell  cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by 

 immunofluorescence  for  pleomorphic  T.  b.  brucei  (J1339  (Rojas  et  al.  2019))  expressing  the 

 FAZ41  (Tb927.11.3400)  monomorphic  T.  b.  equiperdum  type  OVI  sequence  ,  the  T.  b. 

 equiperdum  type  BoTat  sequence  or  the  pleomorphic  T.  b.  brucei  sequence.  The  cells  were 

 either  grown  in  normal  HMI-9  or  HMI-9  supplemented  with  15%  BHI  oligopeptides  and 

 samples were prepared for analysis at 48h. 
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 Replacement of wild-type FAZ41 causes reduced motility 

 Although  no  developmental  phenotype  was  detected,  during  the  handling  of  the  FAZ41 

 replacement  cell  lines,  parasites  expressing  the  monomorphic  sequence  appeared  to  be  less 

 motile  than  those  expressing  the  pleomorphic  T.  b.  brucei  sequence.  To  investigate  this,  the 

 cells  were  monitored  for  their  relative  motility  using  FIJI  (Schindelin  et  al.,  2012)  and 

 TrackMate  (Ershov  et  al.,  2021)  as  detailed  in  4.2.3.  Quantification  showed  that  cells 

 expressing  either  the  T.  b.  equiperdum  type  OVI  or  T.  b.  equiperdum  type  BoTat  sequence 

 showed  significantly  reduced  mean  straight-line  speed  in  comparison  to  those  expressing 

 the  T.  b.  brucei  sequence  (2.6,  2.2  and  3.9  microns/s,  respectively)  (Fig.  4.28).  The  reduced 

 motility  was  significant  for  cells  expressing  either  the  sequences  derived  from  T.  b. 

 equiperdum  type  OVI  or  T.  b.  equiperdum  type  BoTat  in  three  independent  replicate 

 experiments (performed on three subsequent days) (Fig. S4.10). 
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 Figure  4.28:  Pleomorphic  T.  b.  brucei  expressing  the  FAZ41  T.  b.  equiperdum  type  OVI 

 or  T.  b.  equiperdum  type  BoTat  sequence  are  less  motile.  Motility  assay  of  pleomorphic 

 T.  b.  brucei  expressing  the  pleomorphic  T.  b.  brucei  FAZ41  (Tb927.11.3400)  sequence,  the 

 monomorphic  T.  b.  equiperdum  type  OVI  sequence  or  the  T.  b.  equiperdum  type  BoTat 

 sequence.  Motility  is  displayed  as  the  mean  straight  speed  for  each  cell  track.  A  Wilcoxon 

 test  was  performed  between  each  cell  line.  The  significance  is  represented  by  asterisks;  *:  p 

 <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  The  motility  of  each  cell  line 

 was measured on three subsequent days. Error bars represent mean standard error. 
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 4.4.  Discussion 

 The  cell  line  in  which  the  endogenous  APPBP1  gene  was  replaced  with  the  C  terminal 

 epitope-tagged  version  of  the  orthologous  version  from  T.  b.  evansi  type  IVM-t1  displays 

 clear  reduced  developmental  competence  and  a  slower  growth  rate.  The  add-back  of  the 

 wild-type  gene  allowed  us  to  be  confident  that  the  reduced  competence  was  caused  by  the 

 expression  of  the  monomorphic  sequence  rather  than  unrelated  factors  such  as  the  number 

 of  rounds  of  transfection,  or  in  vitro  passage.  These  in  vitro  results  were  partially  supported 

 by  in  vivo  experiments  since  the  cell  line  expressing  the  monomorph  derived  sequence 

 displayed  slowed  developmental  progression,  although  further  validation  is  required. 

 Notably,  although  developmental  progression  was  slowed,  the  cell  line  expressing  the 

 monomorphic  sequence  was  cleared  earlier  than  the  cell  line  expressing  the  pleomorphic 

 sequence.  We  suggest  this  was  caused  by  culture  adaptation  and  the  slow  growth  rate  of 

 the  cell  line  expressing  the  monomorphic  sequence.  Future  experiments  will  begin  the 

 infection  from  bloodstocks,  ensuring  an  equivalent  infection  dose  with  viable  parasites  is 

 delivered,  and  the  mice  will  be  cyclophosphamide  treated  before  the  infection  to  counteract 

 any  differential  sensitivity  to  the  host  immune  system  between  the  lines.  Protein  modelling 

 predicted  that  the  mutations  in  the  monomorphic  lines  should  not  alter  the  overall  structure  of 

 APPBP1  although  the  predicted  creation  of  a  possible  phosphorylation  site  could  cause  the 

 alteration  in  the  functional  ability  of  APPBP1.  The  G224S  mutation,  which  was  found  in  the 

 developmentally  incompetent  cell  line,  creates  a  putative  phosphorylation  site  in  the  catalytic 

 cysteine  domain  portion  of  APPBP1.  This  domain  interacts  with  NEDD8  and  in  our  model, 

 the  mutation  is  at  the  interaction  site  between  APPBP1  and  UBA3.  Interestingly,  however, 

 the  single  mutation  that  distinguishes  the  monomorphic  sequences  alone  was  not  enough  to 

 cause  reduced  developmental  competence.  The  remaining  four  mutations  found  in  T.  b. 

 evansi  type  IVM-t1  APPBP1  (A131T,  T138A,  S151P  and  S154N)  are  found  in  the 

 adenylation  domain  which  helps  form  a  cleft  to  accommodate  protein  substrates  (Walden  et 
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 al.,  2003)  .  These  four  mutations  are  not  predicted  to  interact  with  over  members  of  the 

 APPBP1-UBA3-NEDD8  complex.  In  future,  we  will  assay  the  possible  phosphorylation  of  the 

 expressed  T.  b.  evansi  type  IVM-t1  APPBP1  mutations  via  a  phos-tag  gel  (Szöőr  and  Cayla, 

 2020)  .  It  was  not  possible  to  link  the  developmental  phenotype  to  a  specific  combination  of 

 mutations  and  therefore  future  studies  will  be  required  to  identify  the  exact  suite  of  mutations 

 required  to  create  the  developmental  phenotype  exhibited  by  T.  b.  evansi  type  IVM-t1. 

 Protein  modelling  could  be  used  further  to  prioritise  mutations  which  display  interactions.  We 

 will  repeat  the  in  vivo  experiments  to  confirm  the  delay  in  developmental  progression. 

 Overall,  however,  our  results  support  the  role  of  neddylation  in  T.  brucei  developmental 

 competence. 

 Mutations  in  GPR89  are  predicted  to  alter  the  structural  angle  of  the  molecule’s  intracellular 

 loop,  which  has  been  linked  to  developmental  competence  in  previous  studies  (Rojas  et  al., 

 2019)  .  Interestingly,  the  GPR89  mutations  in  T.  b.  equiperdum  type  BoTat  generated  an 

 unexpected  phenotype  whereby  the  cell  line  expressing  this  molecule  has  an  impaired 

 growth  rate  but  retains  its  developmental  competence.  Our  results  could  demonstrate  an 

 example  of  the  build-up  of  deleterious  mutations  in  the  monomorphic  clade.  In  future,  we  will 

 confirm  that  the  reduced  growth  rate  is  caused  by  the  expression  of  the  T.  b.  equiperdum 

 type  BoTat  GPR89  sequence  via  the  add-back  of  the  pleomorphic  T.  b.  brucei  sequence. 

 Notably,  western  blot  showed  that  T.  b.  equiperdum  type  BoTat  GPR89  migrated  differently 

 compared  to  the  T.  b.  brucei  GPR89  protein.  Potentially,  the  clade-specific  C112Y  mutation 

 could  account  for  this  discrepancy  in  size  as  it  would  introduce  a  putative  phosphorylation 

 site  that  could  influence  the  migration  of  the  protein.  Alternatively,  the  mutations  could  alter 

 the ubiquitination of the protein, which would target it for destruction. 

 Expression  of  the  T.  b.  equiperdum  type  BoTat  GPR89  sequence  in  cells  induced  to 

 differentiate  to  stumpy  forms  was  accompanied  by  a  reduction  in  the  protein  level  of  GPR89, 

 quantified  by  permeabilised  and  non-permeabilised  immunofluorescence  intensity  at  a 
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 single-cell  level.  Non-permeabilised  cells,  to  detect  surface  localisation,  expressing  T.  b. 

 equiperdum  type  BoTat  GPR89  sequence  cells  also  displayed  a  significantly  lower  GPR89 

 protein  level  when  grown  in  BHI.  Interestingly,  there  was  no  significant  difference  between 

 non-permeabilised  cells  expressing  T.  b.  equiperdum  type  BoTat  when  grown  in 

 unsupplemented  media.  Therefore,  it  seems  that  the  sequence  from  the  monomorphic 

 isolate  affects  the  transport  of  GPR89  to  the  cell  surface  in  slender  form  parasites,  rather 

 than  the  overall  production  of  the  protein.  GPR89  appears  to  cover  the  entire  cell  surface, 

 with  potential  enrichment  at  the  flagellar  pocket,  a  site  of  exocytosis  and  endocytosis  (Field 

 and Carrington, 2009)  , in slender form (Fig. S4.3-4)  and procyclic form (Fig. 3.9b) parasites. 

 We  detected  GPR89  expression  in  cells  induced  for  differentiation  to  stumpy  form  in  vitro 

 using  BHI.  GPR89  is  thought  to  be  absent  in  stumpy-form  parasites,  as  Rojas  et  al.  (2019) 

 did  not  detect  the  protein  using  a  GPR89-specific  antibody  in  stumpy-form  enriched 

 parasites  via  western  blot.  However,  bulk  (Naguleswaran  et  al.,  2021)  and  single-cell  (Briggs 

 et  al.  2021)  transcriptome  analysis  found  that  GPR89  is  expressed  in  stumpy  forms.  In  this 

 study,  we  used  a  TY-tagged  protein,  and  generated  stumpy-form  parasites  in  vitro  ,  rather 

 than  in  vivo  ,  potentially  causing  the  discrepancy  between  our  results  and  Rojas  et  al., 

 (2019).  As  GPR89  is  essential  in  slender-form  cells  (Rojas  et  al.,  2019)  ,  the  reduced  protein 

 level  associated  with  the  expression  of  the  T.  b.  equiperdum  type  BoTat  sequence  might 

 account  for  the  impaired  growth  rate  observed  in  this  cell  line.  As  for  the  APPBP1  mutation, 

 we  will  assess  the  comparative  phosphorylation  of  each  variant  of  the  protein  via  a  phos-tag 

 gel  (Szöőr  and  Cayla,  2020)  and  we  will  also  block  proteasome  degradation  with  MG-132 

 (Tiengwe  et  al.,  2018)  to  see  if  the  monomorphic  mutation  accumulates,  linking  the  mutation 

 to ubiquitination. 

 Monomorphism  is  thought  to  promote  uncontrolled  proliferation  of  the  population  as 

 monomorphic  populations  are  unable  to  control  their  population  density  via  the  generation  of 

 cell  cycle-arrested  stumpy  forms  (Desquesnes  et  al.,  2009)  .  However,  these  observations 
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 are  often  from  infections  with  T.  b.  evansi  type  A  isolates.  Whilst  T.  b.  evansi  type  IVM-t1,  T. 

 b.  equiperdum  type  OVI  and  T.  b.  equiperdum  type  BoTat  can  be  established  and  maintained 

 in  culture  (Baltz  et  al.,  1985;  Suganuma  et  al.,  2016)  ,  the  clades  infect  equines  and  are  very 

 rarely  observed  in  the  bloodstream.  Instead,  they  localise  to  capillaries  of  the  urogenital 

 tract.  Foals  have  been  found  with  infections,  suggesting  vertical  transmission  of 

 monomorphic  T.  brucei  is  possible  (Brun  et  al.,  1998)  .  Comparison  of  the  growth  rate  of  T.  b. 

 evansi  type  IVM-t1,  T.  b.  equiperdum  type  BoTat,  T.  b.  equiperdum  type  OVI,  or  cell  lines 

 expressing  mutant  proteins  from  one  of  these  clades  may  not  be  truly  representative  unless 

 analysed  in  an  equid  host  or  an  in  vitro  mimic  of  the  preferred  tissue.  Whilst  Dourine  can  be 

 fatal,  the  infection  route  and  tissue  tropism  could  necessitate  a  distinct  parasite  phenotype, 

 compared  to  T.  b.  evansi  type  A  and  T.  b.  evansi  type  B.  Hence  selected  or  observed 

 mutations  from  genotype  analysis  may  reflect  different  parameters  under  selection,  these 

 being  potentially  unrelated  to  QS.  A  recent  study  has  shown  that  T.  brucei  infections  have 

 distinct  populations  in  the  bloodstream  and  adipose  tissue.  Gonadal  adipose  resident 

 parasites  divide  at  roughly  half  the  rate  of  those  found  in  the  bloodstream  and,  critically,  the 

 parasites  have  a  reduced  rate  of  protein  production  and  a  consistently  lower  proportion  of 

 stumpy  forms,  assessed  with  a  PAD1  UTR  reporter  cell  line,  in  a  population  which  is  often 

 ~6-fold  more  concentrated  than  the  bloodstream  population  (Trindade  et  al.,  2022)  . 

 Therefore,  the  mutations  in  GPR89  and  APPBP1  which  appear  to  reduce  the  growth  rate  of 

 the  parasite  could  be  beneficial  for  sexually  transmitted  monomorphic  forms,  which  have 

 evolved  in  a  different  microenvironment  to  the  other  mechanically  transmitted 

 bloodstream-dominant  monomorphic  clades.  Their  reduced  proliferation  rate  could  perform 

 some  form  of  population  density  control.  Still,  it  would  not  preclude  the  ability  of  the 

 population  to  reach  high  density  in  a  tissue  where  stumpy  formation  is  already  reduced 

 (Trindade  et  al.,  2022)  .  This  would  be  especially  relevant  if  vertical  transmission  is  an 

 alternative  route  of  transmission,  which  would  require  the  parasite  to  maintain  the  survival  of 

 the host. 
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 The  expression  of  a  gene  with  the  mutations  in  the  hypothetical  cytochrome  c  oxidase 

 complex  associated  protein  identified  in  T.  b.  evansi  type  A  (Tb927.5.2580)  generated  a 

 phenotype  more  typically  associated  with  monomorphism.  The  cell  line  expressing  the 

 monomorphic  sequence  has  a  rapid  growth  rate,  along  with  reduced  responsiveness  to  the 

 oligopeptide  signal.  The  mutations  were  identified  in  a  gene  associated  with  the 

 mitochondrion  and  the  encoded  protein  contains  a  transmembrane  domain.  Add-back  of  the 

 T.  b.  brucei  sequence  confirmed  the  phenotypes  are  associated  with  the  dose-dependent 

 expression  of  the  T.  b.  evansi  type  A  mutations,  with  homozygous  add-back  fully  restoring 

 developmental competence. 

 Tb927.5.2580  is  tightly  associated  with  the  cytochrome  c  oxidase  complex  (complex  IV) 

 (Zíková  et  al.,  2008)  .  The  cytochrome  c  oxidase  complex  is  stage  regulated,  being 

 expressed  in  procyclic  forms  but  repressed  in  bloodstream  forms  (Mayho  et  al.,  2006)  .  Other 

 mitochondrial  proteins  have  previously  been  linked  with  differentiation  in  T.  brucei  .  For 

 example,  overexpression  of  RBP6  induces  differentiation  to  the  insect  epimastigote  and  then 

 metacyclic  forms  (Kolev  et  al.,  2012)  ,  which  initiates  redirection  of  the  flow  of  electrons  from 

 cytochrome  to  the  alternative  oxidase  pathway.  The  transition  also  increases  the  production 

 of  reactive  oxygen  species  (ROS).  Overexpression  of  catalase,  a  scavenger  of  ROS, 

 prevented  differentiation  (Doleželová  et  al.,  2020)  .  Furthermore,  ROS  induces  the  activation 

 of  AMP-activated  kinase  alpha,  which  induces  arrest  in  stumpy  form  (Saldivia  et  al.,  2016) 

 whilst  disruption  of  the  cytochrome  c  oxidase  complex  increases  the  production  of  ROS 

 (Gnipová  et  al.,  2012)  .  Hence,  it  appears  that  the  mitochondrion  can  act  as  a  signalling 

 organelle  to  release  ROS  and  drive  differentiation.  Consequently,  the  mutations  found  in 

 Tb927.5.2580  could  potentially  act  to  decrease  the  production  of  ROS,  preventing  the  arrest 

 of  the  parasites  as  stumpy  forms  and  producing  the  rapid  growth  observed  when  the  mutant 

 protein  is  expressed.  Despite  this,  the  A149P  mutation  alone  is  not  sufficient  to  cause  the 

 monomorphic  phenotype.  Importantly,  however,  the  mutations  were  found  in  a  gene  which 

 was  not  previously  associated  with  the  QS  pathway  by  experimental  screening,  highlighting 
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 the  power  of  the  genomic  analysis  approach  for  identifying  novel  genes  associated  with 

 monomorphism. 

 Finally,  the  mutations  found  in  both  T.  b.  equiperdum  type  OVI  and  T.  b.  equiperdum  type 

 BoTat  in  FAZ41  highlights  the  presence  of  mutations  in  genes  which  are  not  associated  with 

 QS  but  could  be  associated  with  the  insect  stage  of  the  parasite's  life  cycle.  Akinetoplastic 

 parasites  display  reduced  motility,  preventing  parasite  invasion  of  insect  tissues  (Dewar  et 

 al.,  2022)  .  Whilst  the  reduced  motility  associated  with  the  parasites  expressing  the 

 monomorphic  FAZ41  sequence  is  not  linked  with  their  ability  to  generate  stumpy  forms,  the 

 reduction  in  motility  could  decrease  the  ability  of  the  parasites  to  colonise  the  insect  vector, 

 and  therefore,  complete  its  life  cycle.  Potentially,  these  mutations  accumulated  after  the 

 generation  of  monomorphic  T.  brucei  as  deleterious  mutations  accrued  in  genes  associated 

 with  the  redundant  insect  stage  of  the  life  cycle.  Alternatively,  the  positive  selection  pressure 

 could  indicate  that  it  is  beneficial  to  reduce  motility  in  T.  b.  equiperdum  type  BoTat  and  T.  b. 

 equiperdum  type  OVI,  such  as  a  reduction  in  energy  use.  A  reduction  in  energy  would  fit  with 

 results  that  highlight  reduced  protein  and  DNA  synthesis  in  monomorphic  T.  brucei  which  are 

 found  in  the  gonadal  adipose  tissues  (Trindade  et  al.,  2022)  .  Future  experiments  will  add 

 back  the  T.  b.  brucei  sequence  to  confirm  the  phenotype  association.  Ultimately,  we  would 

 also  like  to  perform  in  vivo  infections  to  test  the  ability  of  the  replacement  cell  line  to  colonise 

 the  insect  vector.  These  mutations  present  another  example  of  contrasting  phenotypes 

 produced via replacements with our target genes. 

 Throughout  this  chapter,  we  tested  the  differentiation  capacity  of  cell  lines  expressing 

 monomorphic  derived  sequences  with  an  oligopeptide  broth,  BHI.  In  vitro  differentiation 

 using  BHI  has  been  used  previously  and  promotes  convincing  developmental  progression 

 (Rojas  et  al.,  2019)  .  However,  by  exposing  the  parasites  directly  to  BHI,  we  could  miss  the 

 initial  steps  in  the  generation  or  processing  of  oligopeptides.  BHI  was  chosen  due  to  the  high 

 throughput  nature  of  the  experiments.  With  unlimited  time  and  money,  it  would  have  been 
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 ideal  to  use  another  in  vitro  method,  basement  membrane  matrix  enriched  gel  (BME),  which 

 could  be  more  representative  of  the  entire  QS  process  but  necessitates  the  use  of  small 

 culture  volumes  making  assays  more  difficult  (Rojas  et  al.,  2021)  .  Nonetheless,  our  results 

 have  begun  to  be  validated  in  vivo  ,  providing  the  ultimate  test  of  differentiation  capacity. 

 Replacement  of  two  of  the  target  genes,  Hyp1  and  PP1,  did  not  cause  a  phenotype  of 

 interest.  PP1  (Tb927.4.3650)  is  part  of  an  eight-gene  family,  with  four  PP1  genes  found  in  a 

 tandem  array  in  T.  brucei  .  Although  PP1  Tb927.4.3650  is  separated  from  the  other  three 

 members  by  the  insertion  of  two  unrelated  genes  (Jackson,  2007a)  ,  the  mutations  we 

 introduced could have been compensated for by other copies of the PP1 gene family. 

 A  recent  study  identified  the  absence,  or  putative  frameshift,  in  a  procyclin-associated  gene 

 3  (PAG3,  Tb927.6.460)  in  monomorphic  cell  lines.  The  gene  is  upregulated  in  stumpy  forms 

 and  knock-down  or  knock-out  of  PAG3  creates  a  monomorphic  phenotype  with  reduced 

 stumpy  formation  causing  an  increase  in  pathogenicity  (Wen  et  al.,  2022)  .  The  absence,  or 

 frameshift,  of  PAG3  in  naturally  occurring  monomorphic  T.  brucei  could  represent  another 

 example  of  the  deterioration  of  genes  associated  with  developmental  competence.  Whilst 

 their  findings  support  our  suggestion  that  monomorphic  T.  brucei  displays  an  accumulation  of 

 deleterious  mutations,  we  disagree  with  their  conclusion  that  “Both  situations  in  PAG3 

 (deleted  or  frameshifted)  were  found  in  both  T.  equiperdum  and  T.  evansi  ,  suggesting  that 

 each  T.  equiperdum  strain  could  be  the  ancestral  source  of  their  corresponding  T.  evansi 

 strains”.  Instead,  our  findings,  based  on  whole  genome  sequences,  corroborate  previous 

 studies  (Cuypers  et  al.,  2017)  which  highlight  that  T.  b.  equiperdum  type  OVI  and  T.  b. 

 equiperdum  type  BoTat  emerged  from  distinct  ends  of  the  T.  brucei  phylogenetic  tree,  and 

 are  independent  in  origin.  Regardless,  the  deterioration  in  the  same  gene  in  multiple  clades 

 of  monomorphic  T.  brucei  is  intriguing,  potentially  indicating  the  key  role  of  the  gene  in 

 developmental competence. 
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 The  limitations  of  our  study  mean  we  cannot  discount  a  contribution  of  compensatory 

 mutations  within  the  genome  of  the  monomorphic  isolates  restoring  normal  developmental, 

 growth  or  motility  of  the  cells  after  the  mutations  we  have  highlighted  occurred,  as  shown  by 

 the  loss  of  kDNA  compensated  for  by  a  single  point  mutation  in  the  γ  subunit  of  the  nuclearly 

 encoded  F  1  F  O  –ATPase  (Dean  et  al.,  2013)  .  Therefore,  our  findings,  and  those  of  Wen  et  al., 

 (2022),  cannot  definitively  identify  the  initial  causes  of  monomorphism.  We  suggest  that  it  is 

 likely  that  these  mutations  occurred  in  organisms  which  had  already  developed  a 

 ‘proto-monomorphic’  phenotype,  whereby  reversible  changes  in  gene  expression  initiate  the 

 process.  In  the  field,  the  selection  of  proto-monomorphism  could  arise  after  a  change  in  the 

 life  history  of  the  parasite,  such  as  the  movement  of  its  host  to  a  geographical  region  absent 

 from  tsetse  flies.  In  this  scenario,  mechanical  transmission  via  a  biting  fly  or  sexual 

 transmission  would  be  advantageous.  There  would  be  no  benefit  to  maintaining  the  stumpy 

 form  and  the  complex  developmental  pathway  required  to  initiate  the  transition,  therefore 

 facilitating  a  reduction  in  the  use  of  these  genes  and  the  reversible  generation  of  a 

 monomorphic  phenotype.  These  genes  would  then  likely  suffer  an  accumulation  of 

 deleterious  mutations,  such  as  those  in  APPBP1,  FAZ41,  GPR89,  Tb927.5.2580  and  PAG3 

 (Wen  et  al.,  2022)  ,  which  could  lock  the  proto-monomorphic  parasites  into  a  monomorphic 

 phenotype.  The  accumulation  of  these  mutations  could  have  occurred  at  the  same  time  as, 

 or before or after, the loss of kDNA  (Dewar et al.,  2018)  . 

 In  Chapter  5,  we  select  monomorphic  T.  brucei  from  a  pleomorphic  cell  line  in  the  lab  to 

 identify the early events in the generation of proto-monomorphism. 
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 4.5.  Supplementary material 

 Figure  S4.1:  Genomic  DNA  PCR  confirmed  the  (a)  replacement  of  wild-type  APPBP1 

 (Tb927.2.4020)  with  the  T.  b.  equiperdum  type  BoTat  sequence  (clone  4,  lane  1),  T.  b.  evansi 

 type  A  sequence  (clone  1,  lane  2),  T.  b.  evansi  type  IVM-t1  sequence  (clone  3,  lane  3)  and  T. 

 b.  brucei  sequence  (clone  1,  lane  4),  (b)  Heterozygous  phleomycin  add-back  (lanes  (clones) 

 1-4),  Heterozygous  G418  add-back  (lanes  (clones)  5-8),  (c)  Homozygous  phleomycin+G418 

 add-back  (lanes  1-2  (clones  2-3))  and  homozygous  G418+phleomycin  add-back  (lanes  3-4 

 (clones  2-3))  and  (d)  G224S  heterozygous  replacement  (lanes  (clones)  1-6)  and 

 homozygous  replacements  (lanes  7-10  (clones  1-4).  Genomic  DNA  was  amplified  using 

 primers  that  flank  the  repair  primers'  homology  arms.  Wild-type  DNA  (penultimate  lane)  and 

 a  negative  sample  (final  lane)  were  used  in  each  PCR.  Expected  sizes  (bp):  Wild  type 

 Tb927.2.4020  =  1,992,  pPOT-Hygromycin-Tb927.2.4020  =  3,425, 

 pPOT-Blasticidin-Tb927.2.4020  =  2,996,  pPOT-Phleomycin-Tb927.2.4020  =  2,221, 

 pPOT-Neomycin-Tb927.2.4020  =  3,194.  Western  blot  confirmed  the  expression  of  the 

 replacement  construct  (e-f)  T.  b.  brucei  (lane  1),  T.  b.  evansi  type  A  (lanes  2-4),  T.  b.  evansi 
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 type  IVM-t1  (lanes  5-7),  T.  b.  equiperdum  type  BoTat  (lanes  8-12)  heterozygous  add-back 

 (lanes  13-14),  (g-h)  homozygous  add-back  (lanes  1-2)  G224S  -/+  (lanes  3-4),  G224S  +/+ 

 (5-6).  Tb927.2.4020-Ty1  expected  size  =  67  (kDa).  (e,  g)  BB2  anti-Ty1  and  (f,  h)  Ponceau  S 

 stain loading control. 
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 Figure  S4.2:  Genomic  DNA  PCR  confirmed  the  replacement  of  wild-type  GPR89 

 (Tb927.8.1530)  with  (a)  the  T.  b.  equiperdum  type  BoTat  sequence  (lanes  (clones)  1-10)  and 

 (b)  T.  b.  brucei  (lanes  (clones)  1-9)  sequence.  Genomic  DNA  was  amplified  using  primers 

 which  flank  the  homology  arms  of  the  repair  primers.  Wild-type  DNA  (penultimate  lane)  and 

 a  negative  sample  (last  lane)  were  used  in  each  PCR.  Expected  sizes  (bp):  Wild  type 

 Tb927.8.1530  =  1,673,  pPOT-Hygromycin-Tb927.8.1530  =  3,047, 

 pPOT-Blasticidin-Tb927.8.1530  =  2,618,  pPOT-Phleomycin-Tb927.8.1530  =  1,843, 

 pPOT-Neomycin-Tb927.8.1530  =  2,816.  Western  blot  confirmed  the  expression  of  the 

 replacement  construct  with  (c-d)  the  T.  b.  brucei  sequence  (lanes  1-3)  and  the  T.  b. 

 equiperdum  type  BoTat  sequence(lanes  4-6).  (c)  BB2  anti-Ty1  and  (d)  Ponceau  S  stain 

 loading  control.  (e)  Mean  grey  value  intensity  BB2  anti-Ty1  /  Ponceau  S.  Tb927.8.1530-Ty1 

 expected  size  =  53  (kDa).  Rojas  et  al.  (2019)  found  that  ectopically  expressed  GPR89 

 migrates at <40 kDa. 
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 Figure  S4.3:  Immunofluorescence  of  permeabilised  cell  lines  subjected  to  replacement  of 

 GPR89  with  the  T.  b.  equiperdum  type  BoTat  sequence  or  the  T.  b.  brucei  control  sequence. 

 A  control  was  included  using  T.  b.  brucei  sequence  cells  that  were  not  incubated  with  the 

 primary  antibody  (-AB).  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9  supplemented 

 with  15%  BHI  oligopeptides  and  samples  were  prepared  for  analysis  at  48h.  The  cells  were 

 permeabilised  and  then  DAPI,  anti-PAD1,  BB2  anti-Ty1  and  bright  field  images  were  taken 

 and merged. 
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 Figure  S4.4:  Immunofluorescence  of  non-permeabilised  cell  lines  subjected  to  replacement 

 of  GPR89  with  the  T.  b.  equiperdum  type  BoTat  sequence  or  the  T.  b.  brucei  control 

 sequence.  A  control  was  included  using  T.  b.  brucei  sequence  cells  that  were  not  incubated 

 with  the  primary  antibody  (-AB).  The  cells  were  either  grown  in  normal  HMI-9  or  HMI-9 

 supplemented  with  15%  BHI  oligopeptides  and  samples  were  prepared  for  analysis  at  48h. 

 The  cells  were  permeabilised  and  then  DAPI,  anti-PAD1,  BB2  anti-Ty1  and  bright  field 

 images were taken and merged. 
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 Figure  S4.5:  GPR89  (Tb927.8.1530)  expression  (log2(transcript  count  +1))  across 

 pseudotime  during  slender  to  stumpy  differentiation.  Each  point  is  one  cell  coloured  by 

 cluster.  Cluster  identity  (long  slender  (LS)  A  in  red,  LS  B  in  green,  short  stumpy  (SS)  A  in 

 blue  and  SS  B  in  purple).  The  dark  blue  line  is  smoothed  average  expression  across 

 pseudotime.  The  figure  was  kindly  generated  by  Dr  Emma  Briggs  using  data  from  Briggs  et 

 al. (2021). 
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 Figure  S4.6:  Genomic  DNA  PCR  confirmed  the  replacement  of  wild-type  Hyp1 

 (Tb927.11.6600)  with  (a)  the  T.  b.  evansi  type  B  sequence  (lane  1,  clone  3),  T.  b. 

 equiperdum  type  OVI  (lane  2,  clone  3)  sequence  and  the  T.  b.  brucei  (lane  3,  clone  4) 

 sequence.  Genomic  DNA  was  amplified  using  primers  which  flank  the  homology  arms  of  the 

 repair  primers.  Wild-type  DNA  (penultimate  lane)  and  a  negative  sample  (last  lane)  were 

 used  in  each  PCR.  Expected  sizes  (bp):  Wild  type  Tb927.11.6600  =  1,802, 

 pPOT-Hygromycin-Tb927.11.6600  =  3,206  and  pPOT-Blasticidin-Tb927.11.6600  =  2,777. 

 Western  blot  confirmed  the  expression  of  the  replacement  construct  with  (b-c)  T.  b.  brucei 

 (lane  1),  T.  b.  equiperdum  type  OVI  (2-4)  and  T.  b.  evansi  type  B  (5-7).  (b)  BB2  anti-Ty1  and 

 (c)  ponceau S stain loading control.  Tb927.8.1530-Ty1  expected size = 57 kDa. 
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 Figure  S4.7:  Genomic  DNA  PCR  confirmed  the  replacement  of  wild-type  PP1 

 (Tb927.4.3650)  with  (a)  the  T.  b.  evansi  type  B  sequence  (lanes  (clones)  1-3)  and  the  T.  b. 

 brucei  sequence  (lanes  4-6,  clones  1-3).  Genomic  DNA  was  amplified  using  primers  which 

 flank  the  homology  arms  of  the  repair  primers.  Wild-type  DNA  (penultimate  lane)  and  a 

 negative  sample  (last  lane)  were  used  in  each  PCR.  Expected  sizes  (bp):  Wild  type 

 Tb927.4.3650  =  648,  pPOT-Hygromycin-Tb927.4.3650  =  2,123  and 

 pPOT-Blasticidin-Tb927.4.3650  =  1,694.  Western  blot  confirmed  the  expression  of  the 

 replacement  construct  with  the  (b-c)  T.  b.  brucei  (lanes  1-3)  sequence  and  T.  b.  evansi  type 

 B  (lanes  4-6)  sequence.  (b)  BB2  anti-Ty1  and  (c)  Ponceau  S  stain  loading  control. 

 Tb927.4.3650-Ty1 expected size = 19 kDa. 
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 Figure  S4.8:  Genomic  DNA  PCR  confirmed  the  replacement  of  wild-type  hypothetical 

 protein  (Tb927.5.2580)  with  (a)  the  T.  b.  evansi  type  A  sequence  (lanes  (clones)  1-3)  and  the 

 T.  b.  brucei  sequence  (lanes  4-8,  clones  1-5),  (d)  A149P  sequence  (clones  1-7),  (g) 

 heterozygous  add-back  and  (h)  homozygous  add-back.  Genomic  DNA  was  amplified  using 

 primers  which  flank  the  homology  arms  of  the  repair  primers.  Wild-type  DNA  (penultimate 

 lane)  and  a  negative  sample  (last  lane)  were  used  in  each  PCR.  Expected  sizes  (bp):  Wild 

 type  Tb927.5.2580  =  1,134,  pPOT-Hygromycin-Tb927.5.2580  =  2,337, 

 pPOT-Blasticidin-Tb927.5.2580  =  1,908,  pPOT-Phleomycin-Tb927.5.2580  =  1,893, 

 pPOT-Neomycin-Tb927.5.2580  =  2,106.  Western  blot  confirmed  the  expression  of  the 

 replacement  construct  with  (b-c)  T.  b.  brucei  (lanes  1-3)  sequence  and  T.  b.  evansi  type  B 

 (lanes  4-6)  sequence,  (e-f)  A149P  replacement  (clones  (lanes)  1,  2,  4  and  5),  (i-j) 

 heterozygous  add-back  (clones  2  and  3,  lanes  7-8)  and  homozygous  add-back  (clone  6, 
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 lane  9).  Tb927.5.2580-Ty1  expected  protein  size  =  34  kDa.  (c,  f  &  j)  BB2  anti-Ty1  and  (b,  e 

 & i)  Ponceau S stain loading control. 

 Figure  S4.9:  Genomic  DNA  PCR  confirmed  the  replacement  of  wild-type  FAZ41 

 (Tb927.11.3400)  with  the  (a)  T.  b.  equiperdum  type  BoTat  (lanes  (clones)  1-3)  sequence,  T. 

 b.  brucei  (lanes  4-6,  clones  1-3)  sequence  and  T.  b.  equiperdum  type  OVI  (lanes  7-9,  clones 

 1-3)  sequence.  Genomic  DNA  was  amplified  using  primers  which  flank  the  homology  arms 

 of  the  repair  primers.  Wild-type  DNA  (penultimate  lane)  and  a  negative  sample  (last  lane) 

 were  used  in  each  PCR.  Expected  sizes  (bp):  Wild  type  Tb927.11.3400  =  1,110, 

 pPOT-Hygromycin-Tb927.11.3400  =  2,552  and  pPOT-Blasticidin-Tb927.11.3400  =  2,123. 

 Western  blot  confirmed  the  expression  of  the  replacement  construct  with  the  (b-c)  T.  b. 

 equiperdum  type  BoTat  (lanes  7-8),  T.  b.  brucei  (lanes  9-11)  and  T.  b.  equiperdum  type  OVI 

 (lanes  12-14)  sequences.  (b)  BB2  anti-Ty1  and  (c)  Ponceau  S  stain  loading  control. 

 Tb927.11.3400-Ty1 expected size = 34 kDa. 

 176 



 Figure  S4.10:  Motility  assay  of  pleomorphic  T.  b.  brucei  expressing  the  pleomorphic  T.  b. 

 brucei  FAZ41  (Tb927.11.3400)  sequence,  the  monomorphic  T.  b.  equiperdum  type  OVI 

 sequence  or  the  monomorphic  T.  b.  equiperdum  type  BoTat  sequence.  Motility  is  displayed 

 as  the  mean  straight  speed  for  each  cell  track  on  three  separate  days.  A  Wilcoxon  test  was 

 performed  between  each  cell  line.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05, 

 **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  The  motility  of  each  cell  line  was 

 measured on three subsequent days (1-3). Error bars represent mean standard error. 
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 Recipes 

 Laemmli 6X Sample Buffer (10ml) 

 ●  60mM Tris-HCL, pH 6.8 1.2Ml of 0.5M stock 

 ●  2% SDS 1.2g 

 ●  10% glycerol 4.7mL 

 ●  Bromophenol blue 6mg 

 ●  DTT 0.93g 

 PEME lysis buffer (10ml) 

 ●  PIPE 100mM (stock 0.5M pH7) 2ml 

 ●  EGTA 2mM (stock 0.1M pH7.6) 200ul 

 ●  MgSO  4  · 7H  2  O 1mM (stock 1M) 50ul 

 ●  EDTA 1mM (stock 0.5M pH8) 20ul 

 ●  Igepal 0.5% 50ul 

 ●  H  2  0 up to 10 ml 

 ●  Protease inhibitor mini EDTA free (Roche) 1 tablet. 
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 5  Developmental  incompetence  in  selected 

 monomorphic  T. brucei 
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 5.1.  Introduction 

 T.  brucei  can  lose  developmental  competence  through  long-term  in  vitro  or  in  vivo  passage 

 (Ashcroft,  1960;  Cai  et  al.,  2021;  Matthews  et  al.,  2004;  McWilliam  et  al.,  2019;  Turner, 

 1990)  .  Selected  monomorphic  T.  brucei  can  be  forced  to  undergo  many  facets  of 

 differentiation  from  slender  to  stumpy  form  upon  exposure  to  membrane-permeable  cAMP 

 derivative  8-(4-chlorophenylthio)-cAMP  (pCPTcAMP)  (Breidbach  et  al.,  2002)  .  Whilst 

 pCPTcAMP  can  initiate  analogous  differentiation  events  to  QS,  these  events  occur  due  to 

 the  hydrolysed  products  of  8-pCPTcAMP,  such  as  AMP,  rather  than  cAMP  itself  (Laxman  et 

 al.,  2006)  .  The  responsiveness  of  monomorphic  T.  brucei  to  8-pCPTcAMP  suggests  that 

 under  normal  circumstances  mutations  or  gene  regulation  prevent  reception  or  transduction 

 through  the  QS  signalling  pathway,  rather  than  a  complete  inability  to  differentiate  in  selected 

 monomorphs.  Through  the  creation  of  an  inducible  monomorphic  cell  line,  and  via  serial 

 passage,  McWilliam  et  al.,  (2019)  found  that  VSG  switch  rate  and  monomorphism  are  not 

 connected.  Furthermore,  the  study  identified  genes  which  alter  expression  during  the 

 selection  for  monomorphism,  including  the  downregulation  of  ZC3H20  (Tb927.7.2660) 

 (McWilliam  et  al.,  2019)  .  ZC3H20  has  subsequently  been  validated  as  an  important  regulator 

 of the QS pathway  (Cayla et al., 2020)  . 

 In  a  similar  approach,  monomorphic  T.  brucei  have  been  selected  in  vivo  (Cai  et  al.,  2021)  . 

 Cai  et  al.,  (2021)  “identified  two  DCTs  [differentiation  characteristic  transcripts]  that  were 

 consistently  downregulated  in  the  laboratory-adapted  monomorphic  trypanosomes,  including 

 the  telomere  DNA  binding  protein  TRF1  (Tb927.11.370)  and  a  zinc-finger  domain-containing 

 protein,  ZC3H11  (Tb927.5.810).  However,  whether  they  are  the  direct  cause  of 

 monomorphism still remains to be established”. 
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 However,  we  have  concerns  regarding  the  clustering  of  the  in  vivo  selected  RNAseq 

 replicates  (Cai  et  al.,  2021)  ,  which  could  have  precluded  the  identification  of  common 

 differentially  expressed  transcripts.  Moreover,  ultimately,  these  experiments  require 

 functional  validation.  Therefore,  we  continued  the  analysis  of  selected  monomorphism  to  ask 

 if  there  are  common  changes  in  the  early  stages  of  the  generation  of  monomorphism  which 

 can be manipulated to restore pleomorphism. 
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 5.2.  Methods 

 Each  tool  used  in  this  chapter,  plus  optional  flags  used  to  run  the  tool,  can  be  found  in  Table 

 5.1.  Unless  stated  otherwise,  figures  and  statistical  analysis  were  created  with  ggplot2 

 (Wickham,  2016)  and  ggrepel  (available  at 

 https://cran.r-project.org/web/packages/ggrepel/index.html  )  in R  (R Core Team, 2022)  . 

 5.2.1. Monomorph selection 

 Unaltered  pleomorphic  T.  brucei  EATRO  1125  AnTat  1.1  90:13  (designated  UPA  for 

 ‘Unaltered  Pleomorphic  AnTat’)  were  grown  in  HMI-9  at  37  o  C  and  5%  CO  2  (Hirumi  and 

 Hirumi  1989).  In  a  similar  approach  to  previous  studies,  the  cell  line  was  passaged  three 

 times  per  week  for  a  total  of  72  days  (McWilliam  et  al.,  2019)  .  The  cell  density  was  counted 

 at  each  passage  using  a  Beckman  Z2  Coulter  particle  counter  and  size  analyser.  High  cell 

 density  was  deliberately  maintained  to  select  proliferating  cells  at  high  parasite  population 

 density.  Cultures  were  cryopreserved  weekly  during  the  selection  period  at  -80  o  C  in  HMI-9 

 supplemented with 10% glycerol. 

 A  second  selection  was  performed  using  a  clonal  T.  brucei  EATRO  1125  AnTat  1.1  90:13  cell 

 line.  Clones  were  generated  via  serial  dilution  as  described  in  4.2.1.  The  clonal  population 

 was  then  selected  in  parallel  in  either  HMI-9  or  HMI-9  supplemented  with  BHI  oligopeptides. 

 Initially,  the  BHI-supplemented  selection  was  grown  in  HMI-9  2.5%  BHI.  Subsequently,  the 

 percentage  of  BHI  was  progressively  increased  until  the  cells  were  capable  of  growing  in 

 15%  BHI.  The  selection  was  performed  over  30  passages  and  cultures  were  stored  weekly 

 at  -80  o  C  in  HMI-9  supplemented  with  10%  glycerol.  Prior  to  the  cultures  being  screened  for 
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 their  responsiveness  to  BHI,  the  cells  were  washed  twice  with  PBS  and  grown  in  HMI-9  for 

 one week to remove any residual BHI from the media. 

 After  confirmation  that  the  selection  of  monomorphism  was  more  efficient  in  BHI,  six 

 independent  clones  were  generated  and  HMI-9  supplemented  with  BHI  was  used  to  select 

 for monomorphism as above. 

 5.2.2. Genomic mutation identification 

 Genomic  DNA  was  extracted  from  the  ‘start’,  ‘intermediate’  and  ‘end’  of  the  UPA  selection 

 using  DNeasy  Blood  &  Tissue  Kit  with  an  RNAse  A  step  (Qiagen),  following  the 

 manufacturer’s  instructions.  The  DNA  was  sequenced  (HiSeq  4000)  and  cleaned  by  BGI 

 (Hong  Kong)  (~1Gb/  sample).  Mutation  analysis  was  performed  as  in  Chapters  2  and  3. 

 Mutations which had arisen during the selection were identified. 

 5.2.3. Differential expression analysis 

 RNA  was  extracted  from  triplicate  cultures  of  the  ‘start’,  ‘intermediate’  and  ‘end’  from  the 

 UPA  selection  and  the  ‘start’  and  ‘end’  of  the  clonal  selection  (clones  A1-A7).  After  the 

 selection  had  finished,  each  culture  was  removed  from  the  storage  at  -80  o  C  and  grown  for 

 one  week  in  HMI-9.  The  cells  were  grown  to  a  density  of  between  7.5*10  5  and  1*10  6  and 

 RNA  was  then  extracted  using  the  Qiagen  RNeasy  Mini  kit,  following  the  manufacturer's 

 instructions.  The  RNA  was  then  sent  to  BGI  Hong  Kong  for  quality  assessment  and 

 sequenced by DNBseq (~4Gb/ sample). 
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 Our  analysis  largely  followed  a  standard  workflow  for  analysing  RNAseq  data  (Love  et  al., 

 2015)  .  Salmon  (Patro  et  al.,  2017)  was  used  to  index  the  TREU927/4  reference  genome, 

 which  was  then  used  to  quantify  transcript  abundance  for  each  sample.  Transcript 

 abundance  values  were  imported  into  R  with  tximport  (Soneson  et  al.,  2015)  .  A  database 

 was  created  using  GenomicFeatures  (Lawrence  et  al.,  2013)  .  Genes  with  a  count  of  less 

 than  10  were  excluded  from  the  analysis  and  a  VSD  transformation  was  applied  to  visualise 

 the  data  as  heatmaps  and  PCA  plots.  A  PCA  plot  highlighted  that  the  biological  replicates  of 

 clones  A1  and  A3  did  not  cluster  (Fig.  S5.6).  Therefore,  clones  A2,  A4,  A5,  A6  and  A7  (Fig. 

 5.10) were used for differential expression analysis. 

 DESeq2  (Love  et  al.,  2014)  was  used  to  quantify  differentially  expressed  genes.  Differentially 

 expressed  genes  were  identified  between  the  start  and  end  of  the  selection.  For  the  clonal 

 selection,  initially  differentially  expressed  genes  were  identified  by  grouping  all  of  the  clonal 

 libraries.  The  contrast  function  was  then  used  to  identify  differentially  expressed  genes  for 

 each clonal selection using the same model. 

 To  compare  the  similarity  in  differentially  expressed  genes  between  the  clonal  selections,  a 

 Venn  diagram  was  created  with  InteractiVenn  to  highlight  shared  differentially  expressed 

 genes  between  the  clonal  selections  (Heberle  et  al.,  2015)  .  A  Fisher's  Exact  Test  for  count 

 data was used to test for enrichment in the list of differentially expressed genes. 

 5.2.4. Overexpression of ZC3H20 

 Since  ZC3H20  was  the  most  significantly  differentially  expressed  QS  pathway  gene  in  this 

 study  (UPA  analysis),  mirroring  previous  results  (McWilliam  et  al.,  2019)  ,  this  gene  was 

 taken  forward  to  validate  its  role  in  monomorphism.  The  ZC3H20  sequence  was  amplified 

 from  pleomorphic  EATRO  1125  genomic  DNA  using  primers  designed  to  add  a  TY-tag  to  the 
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 5’  or  3’  terminus  (Bastin  et  al.,  1996)  .  These  amplicons  were  ligated  into  the  TOPO  plasmid 

 using  T4  ligase  (NEB),  following  the  manufacturer's  instructions.  The  ligated  plasmids  were 

 then  transformed  into  competent  cells,  and  grown  overnight.  A  small-scale  plasmid 

 preparation  was  performed  on  the  culture  to  isolate  the  plasmid  using  the  GeneJET  Plasmid 

 Miniprep  Kit  (ThermoFisher),  following  the  manufacturer’s  instructions.  This  plasmid  was 

 digested  using  XbaI  and  BstXI  (5’  tag)  or  HindIII  and  SpeI  (3’  tag)  enzymes  (NEB)  following 

 the  manufacturer’s  instructions,  and  the  genes  were  ligated  into  the  doxycycline-inducible 

 pDex-577y  plasmid  (Kelly  et  al.,  2007)  .  This  plasmid  integrates  into  the  177bp  repeat 

 sequences  of  mini  chromosomes  and  encodes  for  phleomycin  resistance  and  inclusion  of  a 

 TY-tag  into  the  expressed  target  protein  (Bastin  et  al.,  1996)  which  allows  the  quantification 

 of  expressed  protein  expression  via  western  blot.  ZC3H20-pDEX-577y  was  transfected  into 

 unaltered  pleomorphic  T.  brucei  EATRO  1125  AnTat  1.1  90:13  (‘UPA’  cells)  passaged  30 

 times  to  select  for  monomorphism  (UPA  P30),  and  protein  expression  was  probed  using  the 

 Ty1 epitope-specific BB2 antibody  (Bastin et al.,  1996)  , using the protocol described in 4.2.1. 

 5.2.5. Validation of differentiation capacity 

 The  ability  of  a  cell  line  to  generate  stumpy  forms,  and  therefore  developmental  competence, 

 was  determined  in  vitro  using  BHI-based  oligopeptides.  The  protocol  was  identical  to  that 

 described in section 4.2.2. 

 5.2.6.  In vivo  infections 

 In  vivo  infections  were  performed  by  Dr  Frank  Venter.  Three  female  MF1  mice  were  infected 

 for  each  cell  line.  The  mice  were  not  subjected  to  cyclophosphamide  treatment,  rendering 
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 them  immunocompetent.  Aside  from  this,  the  protocol  was  identical  to  that  described  in 

 section 4.2.5. 

 For  the  comparison  of  growth  profiles,  a  t-test  was  performed  between  the  test  and  control 

 replacement population density at each time point. 

 Table 5.1: Computational tools and optional flags used for the analysis in this chapter. 

 Tool  Version  Optional 

 lags 

 Citation 

 FIJI  2.3.0/1.53f  (Schindelin et al., 2012) 

 ggplot2  3.3.0  (Wickham, 2016) 

 ggrepel  0.8.1  https://cran.r-project.org/web/packages/g 

 grepel/index.html 

 R  3.6.1  (R Core Team, 2022) 

 tximport  1.24.0  (Soneson et al., 2015) 

 GenomicFeatures  1.48.4  (Lawrence et al., 2013) 

 DESeq2  1.36.0  DESeqDat 

 aSetFrom 

 Tximport(t 

 xi, 

 colData  = 

 samples_ 

 clonal, 

 design  =  ~ 

 stage) 

 (Love et al., 2014) 

 vsn  3.64.0  (Huber et al., 2002) 

 RColorBrewer  1.1-3  https://cran.r-project.org/package=RColor 

 Brewer 

 pheatmap  1.0.12  https://CRAN.R-project.org/package=phe 

 atmap 
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 data.table  1.14.6  https://cran.r-project.org/package=data.ta 

 ble 

 ggpubr  0.5.0  https://CRAN.R-project.org/package=ggp 

 ubr 

 EnhancedVolcano  1.14.0  pCutoff  = 

 10e-32, 

 FCcutoff  = 

 0.5 

 https://github.com/kevinblighe/Enhanced 

 Volcano 

 Radviz  0.9.3  https://cran.r-project.org/web/packages/R 

 adviz 
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 5.3.  Results 

 5.3.1.  Serial  passage  of  unaltered  pleomorphic  T.  brucei  EATRO  1125 

 AnTat  1.1  90:13  (designated  UPA  for  ‘Unaltered  Pleomorphic  AnTat’) 

 generates developmental incompetence 

 Serial passage of the UPA cell line reduced its sensitivity to BHI oligopeptides 

 A  population  of  unaltered  pleomorphic  T.  brucei  EATRO  1125  AnTat  1.1  90:13  (‘UPA’  cells) 

 was  passaged  30  times.  The  population  density  was  purposefully  maintained  high,  by 

 leaving  the  cells  to  grow  to  a  density  >1  6  cells/ml,  to  select  for  cells  which  continued  to  divide 

 at  a  high  population  density,  rather  than  arresting  as  stumpy  forms  (Fig.  S5.1).  UPA  cells 

 displayed  reduced  sensitivity  to  the  BHI-based  oligopeptide  signal  as  the  selection  for 

 monomorphism  progressed  from  passage  0  (wild  type)  to  passage  3  (P3),  passage  15  (P15) 

 and  passage  30  (P30)  (Fig.  5.1a-d).  Compared  to  UPA  P3,  UPA  P30  displayed  a  reduced 

 capacity  to  generate  PAD1-positive  cells  (35%  and  7%,  respectively)  and  continued  to 

 progress  through  the  cell  cycle  (cells  arrested  in  1K1N;  89%  and  86%,  respectively)  at  48 

 hours after exposure to BHI oligopeptides (Fig. 5.2) 

 We  sequenced  DNA  and  RNA  at  the  beginning  (P0),  middle  (P15)  and  end  (P30)  of  the  UPA 

 selection  to  identify  mutations  and  transcript  changes  which  occurred  during  the  transition 

 from pleomorphism to monomorphism. 
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 Figure  5.1:  Serial  passage  reduces  sensitivity  to  BHI  oligopeptides.  Growth  of  AnTat  1.1 

 90:13  passaged  (a)  three  (b)  15  and  (c)  30  times  before  their  developmental  competence 

 was  compared  to  pleomorphic  wild-type  (WT)  parasites.  (d)  The  parasites  progressively 

 developed  insensitivity  to  BHI  oligopeptides.  The  parasites  were  grown  in  HMI-9  or  HMI-9 

 supplemented  with  BHI  oligopeptides.  A  t-test  was  used  to  compare  the  population  density 

 of  each  stage  to  the  WT.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <= 

 0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate, 
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 represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for  each  time 

 point. Error bars represent mean standard error. 

 Figure  5.2:  Serial  passage  reduces  sensitivity  to  BHI  oligopeptides.  (a)  Cell  cycle  stage 

 and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by  immunofluorescence  of  the 

 UPA  selection  at  passages  3,  15  and  30.  The  cells  were  either  grown  in  normal  HMI-9  or 

 HMI-9  supplemented  with  15%  BHI  oligopeptides  and  samples  were  prepared  for  analysis  at 

 48h. 
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 De novo  mutations were not found in the serially passaged  UPA cell line 

 Genomic  data  from  the  start  and  end  of  the  UPA  selection  were  included  in  the  analysis 

 performed  in  Chapter  3.  We  used  the  same  criteria  to  identify  mutations  in  two  categories  of 

 genes putatively associated with QS: 

 1.  Any  high-impact,  moderate-impact  or  modifier  mutation  in  the  UPA  line  in  a  known 

 QS  pathway  gene  (McDonald  et  al.,  2018;  Mony  et  al.,  2014;  Rojas  et  al.,  2019; 

 Tettey  et  al.,  2022)  or  a  high  impact  mutation  in  a  gene  with  the  following  pattern  in 

 the  RNA  Interference  Target  Sequencing  (RITseq)  dataset:  smaller  log  fold  change  in 

 D3,  D6  and  PF  than  in  the  DIF  category  whilst  displaying  a  log  fold  change  in  the  DIF 

 category greater than 1.5  (Alsford et al., 2011)  . 

 2.  Novel  genes  potentially  associated  with  the  monomorphic  phenotype  were  identified 

 by  extracting  genes  which  had  a  positive  selection  pressure  in  a  monomorphic  clade 

 (dN/dS >1) and a restrictive selection pressure in pleomorphic clades (dN/dS <1). 

 None of the identified mutations in the UPA P30 genome passed these filtering criteria. 
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 Key  quorum  sensing  genes,  ZC3H20  and  GPR89,  were  significantly  downregulated 

 in the serially passaged UPA cell line 

 The  greatest  transcriptional  variance  (65%)  was  detected  between  the  ‘start’  vs 

 ‘intermediate’  and  ‘start’  vs  ‘end’  of  the  UPA  selection  (Fig.  5.3).  The  difference  between  the 

 ‘intermediate’  and  ‘end’  of  the  UPA  selection  accounted  for  12%  of  the  variance.  UPA  P30 

 displayed  the  least  sensitivity  to  BHI  oligopeptides  (Fig.  5.1-2)  and  exhibited  a  greater 

 number  of  significantly  differentially  expressed  genes  compared  to  the  start  of  the  selection 

 (Table  5.2).  Focussing  on  the  QS  pathway  genes,  only  two  QS  genes,  ZC3H20  and  GPR89, 

 were  significantly  differentially  expressed  in  the  same  direction  in  both  the  UPA  selection  and 

 a  previous  selection  for  monomorphism  (McWilliam  et  al.,  2019)  .  These  genes  are 

 well-characterised  as  components  of  the  quorum-sensing  pathway  (Cayla  et  al.,  2020;  Ling 

 et al., 2011; Liu et al., 2020; Rojas et al., 2019)  . 
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 Figure  5.3:  Serial  passage  causes  variance  between  RNAseq  libraries  generated  at  the 

 start,  intermediate  and  end  of  the  UPA  selection.  Principal  component  analysis  of  the 

 UPA  cell  line  selected  for  monomorphism  in  HMI-9.  RNAseq  was  performed  on  three 

 replicates at the start, intermediate and end stage of the selection for monomorphism. 

 Table  5.2:  Genes  are  differentially  expressed  throughout  the  UPA  selection. 

 Significantly  differentially  expressed  genes  during  the  UPA  selection  (adjusted  P-value  < 

 0.05). 

 Start vs intermediate  Start vs end  Intermediate vs end 

 LFC <0 (down)  175  1,594  1,635 

 LFC > 0 (up)  201  1,406  1,790 
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 Overexpression  of  ZC3H20  restored  developmental  competence  in  the  serially 

 passaged UPA cell line 

 Given  the  observed  downregulation  of  the  ZCH20  transcripts  in  the  selected  UPA  lines,  we 

 overexpressed  ZC3H20  in  the  selected  UPA  P30  monomorphic  cell  line  to  determine 

 whether  this  would  restore  developmental  competence.  This  was  achieved  by  transfecting 

 UPA30  with  a  plasmid  capable  of  ZC3H20  expression  under  doxycycline  control.  When  UPA 

 P30  ZC3H20  overexpression  cells  were  grown  in  normal  media,  without  induction  of 

 Z3CH20  overexpression,  the  parasites  grew  at  a  similar  rate  to  wild-type  pleomorphic  T. 

 brucei  .  The  uninduced  cells  arrested  their  growth  once  exposed  to  BHI  (Fig.  5.4b), 

 potentially  indicative  of  leaky  expression  of  ZC3H20  from  the  overexpression  construct. 

 However,  induction  of  ZC3H20  overexpression  24  hours  before  the  start  of  the  growth 

 analysis  caused  the  parasites  to  arrest  their  growth  in  HMI-9  and  HMI-9  supplemented  with 

 BHI  (Fig.  5.4c)  suggesting  an  inducible  effect  caused  by  ZCH20  expression.  Consistent  with 

 this,  the  induction  of  ZC3H20  overexpression  at  the  start  of  the  growth  analysis  generated  a 

 cell  proliferation  defect  in  HMI-9  and  complete  arrest  in  HMI-9  supplemented  with  BHI  (Fig. 

 5.4d).  Overexpression  of  ZC3H20  in  the  uninduced  and  induced  cultures  also  caused  an 

 increase  in  cell  cycle  arrest  (Fig.  5.5a)  and  the  proportion  of  PAD1  positive  cells  (Fig.  5.5b), 

 compared to UPA P30. 

 Although  the  response  to  doxycycline  induction  produced  phenotypes  indicating  ZCH20 

 expression  rescued  developmental  progression,  we  were  unable  to  detect  the  expression  of 

 TY-tagged  ZC3H20  in  this  cell  line  via  western  blotting  (Fig.  S5.2).  Thus,  the  ability  of  ZCH20 

 to restore differentiation capacity could not be definitively established. 
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 Figure  5.4:  Overexpression  of  ZC3H20  restores  sensitivity  to  BHI  oligopeptides. 

 Growth  of  (a)  UPA  P30,  (b)  UPA  P30  without  induction  of  ZC3H20  overexpression,  (c)  UPA 

 P30  ZC3H20  with  induction  of  ZCH20  overexpression  24  hours  prior  to  the  growth  analysis 

 and  (d)  UPA  P30  with  induction  of  ZC3H20  overexpression  at  the  start  of  the  growth 

 analysis.  The  parasites  were  grown  in  HMI-9  or  HMI-9  supplemented  with  BHI  oligopeptides. 

 A  t-test  was  used  to  compare  the  population  density  of  each  stage  to  wild-type  cells  (WT). 

 The  significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001  and 

 ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the  dots  at  each  time 
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 point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars  represent  mean 

 standard error. 

 Figure  5.5:  Overexpression  of  ZC3H20  restores  sensitivity  to  BHI  oligopeptides.  (a) 

 Cell  cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by 

 immunofluorescence  of  the  UPA  P30  cell  line  with  doxycycline-inducible  ZC3H20 

 overexpression.  The  parasites  were  either  uninduced  (UPA_ZCH20_O/E-DOX),  induced  24 

 hours  prior  to  the  growth  analysis  UPA_ZCH20_O/E-DOX+24)  or  induced  at  the  start  of  the 

 growth  analysis  (UPA_ZCH20_O/E+DOX).  The  cells  were  either  grown  in  normal  HMI-9  or 

 HMI-9 supplemented with 15% BHI oligopeptides. 
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 5.3.2.  BHI  oligopeptides  increase  the  speed  at  which  developmental 

 incompetence  is  generated  in  serially  passaged  pleomorphic  EATRO 

 1125 AnTat 1.1 90:13 cells 

 Selection  for  monomorphism  using  BHI  oligopeptides  rapidly  reduces  developmental 

 competence 

 We  attempted  to  increase  the  selection  pressure  for  monomorphism  by  repeating  the 

 selective  regime  used  to  isolate  the  UPA  line  but  using  HMI-9  media  supplemented  with  BHI 

 oligopeptides.  Specifically,  a  clonal  pleomorphic  T.  brucei  EATRO  1125  AnTat  1.1  90:13  cell 

 line  was  generated  and  the  same  clone  was  then  serially  passaged  in  either  HMI-9  or  HMI-9 

 supplemented  with  BHI  oligopeptides.  The  amplification  of  clonal  cell  lines  required  three 

 passages,  so  BHI  was  first  introduced  in  passage  3  (P3).  After  passage  30,  the  selected 

 lines were grown for one week in HMI-9, creating passage 31 (P31) (Fig. S5.3). 

 The  developmental  competence  of  the  derived  clonal  line  was  compared  in  passages  6,  12, 

 19,  24  and  31.  The  cells  selected  in  HMI-9  and  HMI-9  supplemented  with  BHI  both  became 

 unresponsive  to  BHI  at  the  end  of  the  selection  (P31),  however,  selection  in  BHI  increased 

 the  rate  (Fig.  5.6a)  and  efficiency  (Fig.  5.6e)  of  the  development  of  reduced  sensitivity  to 

 BHI.  The  reduced  sensitivity  was  confirmed  by  the  greater  number  of  proliferative  (Fig.  5.7a) 

 and  PAD1  negative  cells  (Fig.  5.7b)  as  the  selection  progressed.  We  observed  a  relatively 

 high  level  of  PAD1-positive  cells  in  the  wild  type  and  HMI-9  passage  6  cell  lines  grown  in 

 HMI-9  without  the  addition  of  BHI,  indicative  of  a  QS  response  induced  by  high  parasite 

 density (Fig. 5.7b). 
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 Figure  5.6:  BHI  oligopeptides  increase  the  speed  of  selection  for  monomorphism. 

 Growth  of  a  pleomorphic  T.  b.  brucei  EATRO  1125  AnTat  1.1  90:13  clone  selected  for 

 monomorphism  in  HMI-9  or  HMI-9  supplemented  with  BHI  oligopeptides.  Passages  (a)  six, 

 (b)  twelve,  (c)  nineteen,  (d)  twenty-four  and  (e)  thirty-one  were  grown  in  HMI-9  or  HMI-9 

 supplemented  with  BHI  oligopeptides.  A  t-test  was  used  to  compare  the  population  density 

 at  each  stage  between  the  selection  using  HMI-9  or  HMI-9  supplemented  with  BHI 

 oligopeptides.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05,  **:  p  <=  0.01,  ***:  p 

 <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate,  represented  by  the 
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 dots  at  each  time  point.  A  dot  also  represents  the  mean  for  each  time  point.  Error  bars 

 represent mean standard error. 

 Figure  5.7:  BHI  oligopeptides  increase  the  speed  of  selection  for  monomorphism.  (a) 

 Cell  cycle  stage  and  (b)  the  percentage  of  cells  expressing  PAD1  as  assessed  by 

 immunofluorescence  of  pleomorphic  cells  selected  for  monomorphism  in  HMI-9  or  HMI-9 

 supplemented  with  BHI  oligopeptides.  Wild-type  cells  (WT)  and  passages  six  and  thirty-one 

 were  grown  in  HMI-9  (HMI-9_P6;  HMI-9_P31)  or  HMI-9  supplemented  with  15%  BHI 

 oligopeptides (BHI_P6; BHI_P31). 
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 Developmentally  competent  cell  lines,  generated  via  in  vitro  serial  passage,  are 

 developmentally incompetent  in vivo 

 To  determine  the  level  of  monomorphism  in  the  BHI-selected  cell  line,  pleomorphic  wild-type 

 (WT)  and  clonal  passages  6  and  31  derived  under  BHI  selection  were  used  to  infect  mice. 

 The  parasitaemia  of  the  P31  line  was  similar  to  the  WT  cell  line  whilst  the  P6  line  displayed 

 the  fastest  growth  rate  in  this  experiment.  In  each  case,  mice  cleared  each  of  the  infections 

 after  eight  days  (Fig.  5.8a-b).  At  the  peak  of  parasitaemia  (day  6),  P31  parasites  continued 

 to  progress  through  their  cell  cycle  as  assessed  by  the  proportion  of  2K1N  and  2K2N  cells 

 (Fig.  5.8c).  The  proportion  of  PAD1-positive  cells  was  low  for  mice  infected  with  P31  whilst 

 P6  and  WT  parasites  maintained  developmental  competence,  accumulating  as  1K1N  and 

 expressing  PAD1  (Fig.  5.8d).  This  demonstrated  that  the  parasites  had  become  less  able  to 

 generate  stumpy  forms  after  31  passages  in  the  presence  of  BHI.  One  mouse  infected  with 

 wild-type  cells  (WT_1Z)  and  two  mice  infected  with  passage  31  cells  (P31_3R  and 

 P31_3RR)  cleared  the  infection  on  day  seven.  By  day  eight,  all  of  the  mice  had  cleared  the 

 infection,  thus  although  the  selected  cell  line  displays  developmental  incompetence,  the 

 mouse  is  able  to  control  the  infection,  potentially  through  immune  clearance  in  these 

 immunocompetent mice. 
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 Figure  5.8:  Selected  monomorphic  cells  are  developmentally  incompetent.  In  vivo 

 population  growth  of  wild  type  (WT)  and  (a)  passage  six  or  (b)  passage  31.  (c)  Cell  cycle 

 stage  and  (d)  the  percentage  of  cells  expressing  PAD1  at  days  six  and  seven  post-infection 

 of  pleomorphic  wild  type  (WT_1Z,  WT_1B  and  WT_1BB)  and  pleomorphic  cells  selected  for 

 monomorphism  in  HMI-9  supplemented  with  BHI  oligopeptides  at  passage  6  (P6_2Z,  P6_2R 

 and  P6_2RR)  and  passage  31  (P31_3Z,  P31_3R  and  P31_3RR).  Three  mice  were  infected 

 with  each  cell  line.  The  mice  successfully  cleared  the  infection  by  day  7  for  WT_1Z,  P31_3R 

 and P31_3RR. 
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 5.3.3.  Six  independent  clones,  subjected  to  serial  passage,  display 

 developmental incompetence and common transcriptomic profiles 

 Six  independent  clones,  derived  by  serial  passage  in  increasing  concentrations  of 

 BHI-based oligopeptides, display developmental incompetence 

 After  confirmation  that  selection  in  BHI-supplemented  media  rapidly  produced  a 

 monomorphic  phenotype,  we  began  the  selection  of  monomorphism  from  six  separate  clonal 

 pleomorphic  T.  brucei  lines  in  HMI-9  supplemented  with  BHI  (Fig.  S5.4).  This  was  intended 

 to  explore  whether  the  generation  of  monomorphism  in  independent  lines  followed  the  same 

 molecular  trajectory.  Comparison  of  the  start  (P0)  and  end  (P30)  of  the  selections  confirmed 

 that  in  vitro  passage  had  generated  six  clonal  monomorphic  cell  lines  which  displayed 

 reduced sensitivity to BHI (Fig. 5.9). 
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 Figure  5.9:  Six  independent  clones  (A2-A7),  derived  by  passage  in  increasing 

 concentrations  of  BHI-based  oligopeptides,  display  developmental  incompetence. 

 Black  lines  indicate  the  growth  profile  of  the  clones  at  the  start  of  the  selection  and  salmon 

 represents  clones  at  the  end  of  the  selection  after  30  passages.  The  clones  were  grown  in 

 either  HMI-9  or  HMI-9  supplemented  with  15%  BHI.  A  t-test  was  used  to  compare  the 

 population  density  of  each  stage.  The  significance  is  represented  by  asterisks;  *:  p  <=  0.05, 

 **:  p  <=  0.01,  ***:  p  <=  0.001  and  ****:  p  <=  0.0001.  Each  cell  line  was  grown  in  triplicate, 
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 represented  by  the  dots  at  each  time  point.  A  dot  also  represents  the  mean  for  each  time 

 point. Error bars represent mean standard error. 

 Independently  derived  developmentally  incompetent  clones  share  20  significantly 

 differentially expressed genes 

 In  order  to  assess  transcript  changes  associated  with  the  selection  for  monomorphism, 

 parasites  from  the  ‘start’  and  ‘end’  of  each  clonal  selection  series  were  grown  in  HMI-9  and 

 RNA  was  harvested  from  triplicate  cultures  of  each  clone.  There  was  no  significant 

 difference  between  the  population  density  of  the  ‘start’  and  ‘end’  cultures  for  each  clone 

 when  RNA  was  harvested  (Fig.  S5.5).  PCA  analysis  highlighted  that  clone  A1  (pilot 

 selection)  displayed  a  distinct  profile  from  the  other  clones  and  one  of  the  pleomorphic 

 replicate  libraries  of  clone  A3  grouped  with  the  monomorphic  libraries  (Fig.  S5.6).  These 

 clones were excluded from further analysis. 

 The  variance  between  the  libraries  was  described  by  the  selection  from  pleomorphism  to 

 monomorphism  (41%)  (Fig.  5.10).  Although  the  ‘start’  and  the  ‘end’  transcript  profiles 

 consistently  grouped,  replicates  of  the  same  clone  within  each  stage  of  the  selection  did  not 

 always  cluster,  suggesting  the  variance  observed  within  the  biological  replicates  was  greater 

 than  the  variance  between  the  independent  clonal  selections  for  monomorphism.  There  were 

 thousands  of  differentially  expressed  genes  for  each  clone  during  the  selection  of 

 monomorphism,  however,  retaining  significantly  differentially  expressed  genes  with  a  log  fold 

 change  greater  than  one  which  was  shared  between  each  clone,  left  20  genes  (Table  5.3, 

 Fig. 5.11 and Fig. 5.12). 

 RBP10  (Tb927.8.2780),  a  known  regulator  of  trypanosome  differentiation,  was  consistently 

 significantly  downregulated  in  the  selected  monomorphic  lines  (Fig.  5.12).  The  20 
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 significantly  differentially  expressed  genes  identified  in  each  selection  were  significantly 

 enriched  for  genes  bound  by  RBP10  in  an  mRNA  tethering  assay  (8  genes)  (Mugo  and 

 Clayton,  2017)  .  However,  these  genes  were  often  expressed  in  the  opposite  direction 

 between  our  selected  cell  lines  exhibiting  a  downregulation  of  RBP10  and  published 

 experiments  with  an  RNAi-induced  suppression  of  RBP10  (Table  5.4)  (Mugo  and  Clayton, 

 2017)  . 

 Due  to  the  interest  in  RBP10,  we  manually  analysed  mutations  in  this  gene  present  in 

 naturally  occurring  monomorphic  T.  brucei.  Across  all  of  the  monomorphic  and  pleomorphic 

 isolates,  99.5%  of  the  sites  were  identical,  and  monomorphic  clade-specific  mutations  were 

 largely  predicted  to  have  a  low-impact  phenotype.  However,  T.  b.  equiperdum  type  OVI  and 

 T.  b.  equiperdum  type  BoTat  share  a  homozygous  non-synonymous  mutation  (N151S), 

 which  creates  a  putative  phosphorylation  site  (Table  5.5).  The  mutation  is  heterozygous  in  T. 

 b. brucei  TREU927/4, which is pleomorphic. 

 Finally,  the  expression  profile  of  a  manually  curated  list  of  QS  genes  was  analysed.  The 

 libraries  cluster  into  pleomorphic  and  monomorphic  isolates.  The  greatest  differentially 

 expressed  gene  in  this  subset  was  ZC3H20  (Tb927.7.2660),  this  forming  a  discrete  branch 

 from  the  remaining  QS  genes  that  also  includes  PKA-R  (Tb927.11.4610)  and 

 adenylosuccinate synthetase (Tb927.11.3650) (Fig. 5.13). 
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 Figure  5.10:  Variance  between  independent  clonal  RNAseq  libraries  is  described  by 

 the  selection  from  pleomorphism  to  monomorphism.  Principal  component  analysis  of 

 five  clonal  cell  lines  selected  for  monomorphism  in  BHI-supplemented  HMI-9.  RNAseq  was 

 performed  on  three  replicates  of  each  clone  at  the  start  and  end  of  the  selection  for 

 monomorphism. 
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 Figure  5.11:  20  significantly  differentially  expressed  genes  are  shared  between  clones 

 selected  for  monomorphism.  Counts  of  significantly  differentially  expressed  upregulated  or 

 downregulated  genes  during  the  selection  of  monomorphism  in  BHI-supplemented  HMI-9. 

 The  genes  were  filtered  to  retain  genes  which  had  a  greater  than  1  log2  fold  change  and  an 

 adjusted p-value below 0.05. 
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 Table  5.3:  Common  significantly  differentially  expressed  (adjusted  p-value  <0.05) 

 genes  with  a  log  fold  change  greater  than  1  between  the  ‘start’  and  ‘end’  of  the 

 selection of monomorphism in five independent clones. 

 Gene ID  Product  Gene  Bound  by 

 RBP10? 

 Tb09.v4.0150  VSG, pseudogene  No 

 Tb11.v5.0242  dynein heavy chain, putative  No 

 Tb11.v5.0753  hypothetical protein, conserved  No 

 Tb11.v5.0833  kinesin, putative  No 

 Tb927.10.1265 

 0 

 hypothetical protein, conserved  No 

 Tb927.10.1266 

 0 

 pumilio/PUF RNA binding protein 2  PUF2  No 

 Tb927.10.1455 

 0 

 ATP-dependent  RNA  helicase 

 HEL67 

 HEL67  No 

 Tb927.10.3410  hypothetical protein  Yes 

 Tb927.10.5240  cAMP binding protein, putative  No 

 Tb927.10.8050  TFIIF-stimulated  CTD  phosphatase, 

 putative 

 Yes 

 Tb927.11.1280  hypothetical protein, conserved  Yes 

 Tb927.11.3440  hypothetical protein, conserved  No 

 Tb927.2.4200  CMGC/CLK  family  protein  kinase, 

 putative 

 Yes 

 Tb927.4.1910  hypothetical protein, conserved  Yes 

 Tb927.5.293b  hypothetical protein  No 

 Tb927.5.4575  hypothetical protein  No 
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 Tb927.7.2680  zinc  finger  protein  family  member, 

 putative 

 ZC3H22  Yes 

 Tb927.8.2780  RNA-binding  protein  RBP10, 

 putative 

 RBP10  Yes 

 Tb927.8.510  hypothetical protein  No 

 Tb927.8.6490  Basal body protein  BBP122  Yes 
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 Figure  5.12.  20  significantly  differentially  expressed  genes  are  shared  between  clones 

 selected  for  monomorphism.  Normalised  rlog  of  20  significantly  differentially  expressed 

 genes  between  the  start  (pleomorphic:  A2_3,  A4_3,  A5_3,  A6_3  and  A7_3)  and  end 

 (monomorphic:  A2_30,  A4_30,  A5_30,  A6_30  and  A7_30)  of  the  selection  of  monomorphism 

 in  five  clonal  cell  lines.  Three  biological  replicates  were  generated  for  each  stage  of  each 

 clone  (AX_X_1,  AX_X_2  and  AX_X_3).  Normalisation  was  achieved  by  calculating  the 

 deviation  of  expression  from  each  gene  in  a  specific  sample  from  the  gene's  mean 

 expression  across  all  samples.  Blocks  of  genes  and  samples  which  covary  are  clustered, 

 indicated by branches. The split between each stage of the selection was not specified. 
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 Table  5.4:  Common  significantly  differentially  expressed  genes  between  the  ‘start’  and 

 ‘end’  of  the  monomorph  selection  which  are  bound  by  RBP10  in  an  mRNA  tethering 

 assay  (Mugo  and  Clayton,  2017)  .  The  list  of  20  significantly  differentially  expressed  genes 

 is  highly  enriched  with  genes  bound  by  RBP10  (8  genes).  Fisher's  Exact  Test  for  Count  Data 

 for enrichment p-value = 5.435e-07. 

 Gene ID  Product  Gene 

 Name 

 RBP10 RNAi 

 (Mugo  and 

 Clayton, 2017) 

 Monomorph 

 (this study) 

 Tb927.10.3410  hypothetical  Down  Down 

 Tb927.10.8050  TFIIF-stimulated 

 CTD 

 phosphatase 

 Up  Down 

 Tb927.2.4200  CMGC/CLK 

 family kinase 

 Up  Down 

 Tb927.4.1910  hypothetical  Up  Down 

 Tb927.11.1280  hypothetical  Down  Down 

 Tb927.7.2680  zinc  finger 

 protein family 

 ZC3H22  Up  Down 

 Tb927.8.2780  RNA-binding 

 protein 

 RBP10  Down  Down 

 Tb927.8.6490  Basal body  BBP122  Up  Down 
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 Table  5.5:  RBP10  (Tb927.8.27800)  clade-specific  mutations  in  naturally  occurring 

 monomorphic  T. brucei. 

 Nucleotide 

 location 

 Amino  acid 

 location 

 alteration 

 Clade  Impact 

 253  R85W  T.  b.  evansi  type 

 IVM-t1 

 Heterozygous  non-synonymous 

 mutation 

 452  N151S  T.  b.  equiperdum 

 type  BoTat  and 

 T.  b.  equiperdum 

 type OVI 

 Homozygous  non-synonymous 

 mutation.  The  SNP  is 

 heterozygous  in  TREU927/4  but 

 homozygous  in  the  monomorphic 

 clade.  Creates  a  putative 

 phosphorylation site. 

 885  T.  b.  equiperdum 

 type BoTat 

 Homozygous  synonymous 

 mutation 
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 Figure  5.13.  Differentially  expressed  genes  in  the  QS  pathway  are  shared  between 

 clones  selected  for  monomorphism.  Normalised  rlog  of  a  manually  curated  list  of  genes  in 

 the  QS  pathway  at  the  start  (pleomorphic:  A2_3,  A4_3,  A5_3,  A6_3  and  A7_3)  and  end 

 (monomorphic:  A2_30,  A4_30,  A5_30,  A6_30  and  A7_30)  of  the  selection  for 

 monomorphism  in  five  clonal  cell  lines.  Three  biological  replicates  were  generated  for  each 

 stage  of  each  clonal  selection  (AX_X_1,  AX_X_2  and  AX_X_3).  Normalisation  was  achieved 

 by  calculating  the  deviation  of  expression  from  each  gene  in  a  specific  sample  from  the 

 gene's  mean  expression  across  all  samples.  Blocks  of  genes  and  samples  which  covary  are 

 clustered,  indicated  by  branches.  The  split  between  each  stage  of  the  selection  was  not 

 specified. 
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 5.4.  Discussion 

 In  this  Chapter,  we  have  begun  to  highlight  early  events  in  the  generation  of  monomorphism, 

 such  as  the  downregulation  of  ZC3H20  mRNA,  which  we  were  able  to  counteract  via 

 inducible  overexpression  of  the  same  gene.  We  highlight  20  genes  whose  expression  was 

 consistently  altered  during  the  development  of  monomorphism.  These  genes  were 

 significantly  enriched  for  those  bound  in  an  mRNA  tethering  assay  by  RBP10,  a 

 well-characterised  maintainer  of  the  slender  form  differentiation  state  (Mugo  and  Clayton, 

 2017;  Mugo  et  al.,  2017)  .  Although  ZC3H20  just  fell  outside  of  our  filtering  criteria  which 

 identified  the  20  common  differentially  expressed  genes  in  the  selected  monomorphic  lines, 

 ZC3H20  was  downregulated  in  all  clonal  selections  and  is  directly  bound  by  RBP10  (Liu  et 

 al., 2020)  . 

 RBP10  is  downregulated  in  stumpy-form  parasites  (Dejung  et  al.,  2016)  and  initiates  a 

 regulatory  cascade  by  binding  proteins  and  targeting  them  for  translational  repression  and 

 destruction  (Mugo  and  Clayton,  2017)  .  RNAi  against  RBP10  in  slender  forms  initiated  the 

 transition  to  procyclic  forms  when  grown  in  procyclic  media  and  overexpression  of  RBP10  in 

 the  procyclic  form  primes  the  parasites  for  growth  as  the  bloodstream  form  (Mugo  and 

 Clayton,  2017;  Mugo  et  al.,  2017)  ,  suggesting  that  the  downregulation  of  RBP10  should 

 induce  differentiation.  These  results  seem  to  oppose  our  findings  as  we  see  downregulation 

 of  RBP10  in  rapidly  dividing  slender-form  parasites  which  do  not  readily  differentiate  in  vivo 

 or  in  vitro  .  However,  Mugo  and  Clayton,  (2017)  did  not  directly  investigate  the  transition  from 

 the  slender  form  to  the  stumpy  form.  Instead,  they  focussed  on  the  transition  from  slender 

 directly  to  the  procyclic  form,  which  can  be  achieved  (Schuster  et  al.,  2021)  with  low 

 efficiency  (Matthews  and  Larcombe,  2022)  .  RBP10-bound  genes  were  often  differentially 

 expressed  in  the  opposite  direction  in  our  study  compared  to  RNAi  downregulation  of  RBP10 

 (Mugo  and  Clayton,  2017)  .  Therefore,  RBP10  could  perform  opposing  roles  in  the  same 
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 gene  pathways  at  different  stages  of  developmental  progression  from  the  slender  to  stumpy 

 form.  In  future  experiments,  we  will  perform  overexpression  of  RBP10  in  the 

 clonally-selected  monomorphic  cell  lines  in  an  attempt  to  rescue  pleomorphism,  similar  to 

 the  analysis  of  ZCH20.  Should  the  inducible  overexpression  of  RBP10  restore 

 developmental  competence,  we  can  then  dissect  the  hierarchy  of  the  RBP10  cascade 

 through  the  manipulation  of  genes  bound  by  RBP10  which  are  differentially  expressed  in 

 selected monomorphic parasites. 

 Although  there  were  only  20  differentially  expressed  genes  above  our  threshold  cutoffs, 

 variation  in  gene  expression  between  the  clonally  selected  monomorphic  lines  was  similar, 

 with  biological  replicates  of  one  clone  often  grouping  with  a  different  clone.  This  could 

 suggest  that  the  starting  population  was  already  clonal.  Alternatively  or  additionally,  as  the 

 clones  were  under  the  same  selection  pressure  as  one  another,  they  could  have  undergone 

 the  same  alterations  in  gene  expression  during  the  serial  passage,  suggesting  a  common 

 path  toward  monomorphism  in  each  line.  In  future,  we  will  knock  out  these  20  differently 

 expressed  genes  to  validate  their  role  in  developmental  competence.  Our  results  do  not 

 corroborate  the  findings  of  previously  selected  monomorphism  studies  performed  in  vivo 

 (Cai  et  al.,  2021)  since  the  two  genes  which  were  consistently  downregulated  in  their  study 

 (Tb927.11.370  and  Tb927.5.810)  were  not  consistently  significantly  downregulated  ours. 

 Whilst  this  could  suggest  that  there  are  multiple  routes  to  generate  a  monomorphic 

 phenotype,  we  have  concerns  regarding  the  clustering  of  the  in  vivo  selected  RNAseq 

 replicates  (Cai  et  al.,  2021)  ,  which  could  have  precluded  the  identification  of  common 

 differentially expressed transcripts with their data. 

 As  for  Chapter  4,  we  have  largely  used  in  vitro  techniques  to  validate  the  differentiation 

 capacity  of  the  selected  monomorphic  and  rescue  cell  lines.  Ultimately,  our  findings  will  be 

 validated  in  vivo  .  At  P6,  the  BHI-selected  clone  displayed  a  rapid  growth  rate  in  vivo  and 

 reduced  developmental  competence.  In  contrast,  developmental  competence  had  been  lost 
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 by  P31  but  the  growth  rate  was  slower  than  in  P6.  We  suggest  this  was  caused  by  culture 

 adaptation  of  parasites  at  P31  rendering  them  less  able  to  grow  effectively  in  vivo  compared 

 to  earlier  passages.  Future  experiments  will  begin  the  infection  from  the  bloodstock  of  a 

 donor  mouse,  ensuring  an  equivalent  infection  dose  with  viable  parasites  is  delivered,  and 

 the  mice  will  be  cyclophosphamide  treated  before  the  infection  to  counteract  any  differential 

 sensitivity  to  the  host  immune  system  between  the  lines.  Although  we  saw  a  phenotype  upon 

 induction  of  ZC3H20  overexpression,  we  were  unable  to  detect  the  overexpression  of 

 ZC3H20  via  a  western  blot  against  the  Ty1  tag.  In  future,  we  will  confirm  the  expression  of 

 the  construct  with  RT-qPCR.  This  will  also  inform  on  the  potential  leakiness  of  the 

 overexpression plasmid. 

 Our  preliminary  results  suggest  that  monomorphism  is  initially  a  reversible  phenotype, 

 associated  with  the  misregulation  of  genes  such  as  RBP10  and  ZC3H20,  which  can  be 

 counteracted  by  their  re-expression.  We  suggest  that  such  parasites  could  be  described  as 

 proto-monomorphic.  In  the  field,  parasites  which  have  escaped  the  geographical  range  of 

 the  tsetse  fly  could  display  this  proto-monomorphic  phenotype.  Continual  evolution  as  a 

 proto-monomorph  would  enforce  obligate  asexual  reproduction,  reduced  population  genetic 

 diversity,  erosion  of  kDNA  and  the  accumulation  of  deleterious  mutations  in  genes  required 

 for a developmentally competent complex life cycle. 
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 5.5. Supplementary material 

 Figure S5.1:  Parasite density throughout the 72-day  selection of the UPA cell line in HMI-9. 

 Figure  S5.2:  Western  blot  was  unable  to  confirm  the  expression  of 

 Tb927.7.2660-ZC3H20-pDEX-577y.  Samples  of  the  UPA  P30-ZC3H20-pDEX-577y  cell  line 

 with  doxycycline-induced  expression  (lane  5)  and  uninduced  (lane  6)  compared  to  four 

 positive  control  samples  (lanes  1-4)  (two  bands  at  40kDa).  (a)  Ponceau  S  stain  loading 

 control and  (b)  BB2 anti-Ty1 western blot.  Tb927.7.2660-Ty1  expected size = 44 kDa. 
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 Figure  S5.3:  Parasite  density  throughout  the  68-day  selection  of  clone  A1  in  either  HMI-9  or 

 HMI-9 supplemented with BHI oligopeptides. 

 Figure  S5.4:  Parasite  density  throughout  the  71-day  selection  of  clones  A2-A7  in  HMI-9 

 supplemented with BHI oligopeptides. 
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 6  General discussion 
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 6.1. Summary and future directions 

 6.1.1. Summary of aims 

 To  identify  the  cause  of  developmental  incompetence  (monomorphism)  in  naturally  occurring 

 and laboratory-selected  T. brucei  , we proposed three  aims; 

 1.  Confirm  the  evolutionary  relationships  between  naturally  occurring  monomorphic 

 isolates and highlight features of monomorphism at the genome level. 

 2.  Identify  mutations  in  naturally  occurring  monomorphic  T.  brucei  isolate,  which  could 

 give  rise  to  developmental  incompetence,  and  validate  the  role  of  these  mutations  in 

 the laboratory. 

 3.  Identify  the  early  transcriptional  events  in  the  generation  of  monomorphism,  by 

 selecting  for  monomorphism  with  a  pleomorphic  cell  line.  Confirm  the  role  of  these 

 transcriptional modifications via manipulation of the target transcripts. 

 Our  results  highlight  potential  early  and  late  events  in  the  evolution  of  monomorphism,  and 

 how  the  complex  QS  pathway  is  constructed  and  perturbed,  providing  molecular  predictors 

 for increased virulence associated with monomorphic  T. brucei  in the field. 

 6.1.2.  Aim  1:  Monomorphic  T.  brucei  form  at  least  four  independent 

 clades 

 Developmentally  incompetent  monomorphic  clades  have  arisen  from  developmentally 

 competent  T.  brucei  at  least  four  times  independently  of  one  another  (Cuypers  et  al.,  2017; 
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 Oldrieve  et  al.,  2022)  .  To  fully  acknowledge  their  polyphyletic  origin,  and  distinct  evolutionary 

 histories,  we  suggest  the  taxonomy  of  monomorphic  Trypanozoon  should  be  based  on  whole 

 genome  analysis  alone,  which  is  quantitative,  non-subjective  and  can  be  assessed  from 

 samples  lacking  detailed  records.  The  disease  manifestation  and  tissue  specificity  of  the 

 IVM-t1  isolate  also  suggest  that  T.  brucei  evansi  type  B  or  a  fifth  monomorphic  clade  can 

 manifest  dourine  symptoms  with  sexual  transmission,  although  direct  transmission  evidence 

 is needed to confirm this. 

 The  incongruity  between  the  parasites’  evolutionary  position  and  the  induced  pathology, 

 mode  of  transmission  and  tissue  tropism  highlights  the  potential  for  the  host  physiology  and 

 immune  response  to  contribute  to  clinical  disease  manifestation,  rather  than  being  solely 

 parasite-driven  (Büscher  et  al.,  2019)  .  This  provides  an  important  example  of  the  potential 

 complexity  regarding  the  described  taxonomic  position  of  monomorphic  trypanosomes  and 

 the  diseases  they  cause.  Notably,  the  separate  clades  display  lineage-specific  genomic 

 features  whilst  sharing  a  remarkably  similar  phenotype.  The  convergent  phenotype  can 

 confuse  attempts  to  study  the  basis  of  their  developmental  incompetence.  Future  studies  will 

 analyse  the  emergence  of  each  monomorphic  clade,  using  tools  such  as  the  Bayesian 

 Evolutionary  Analysis  by  Sampling  Trees  (BEAST)  software  package  which  can  date 

 phylogenetic  events  via  analysis  of  sequence  data  (Suchard  et  al.,  2018)  .  Using  Markov 

 chain  Monte  Carlo  integration,  BEAST  adds  divergence  time  dating  to  phylogenetic 

 reconstructions.  Dating  the  emergence  of  each  clade  would  allow  us  to  confirm  our 

 hypothesis  that  T.  b.  equiperdum  type  OVI  is  the  most  ancient  monomorphic  clade  and 

 finalise the independent evolutionary origins of these monomorphic clades. 
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 6.1.3.  Aim  2:  Monomorphic  T.  brucei  have  lineage-specific  mutations 

 which affect developmental competence, growth rate and motility 

 After  confirming  the  relationships  between  each  monomorphic  clade,  we  identified  distinct 

 mutations  in  APPBP1  (Tb927.2.4020)  and  a  hypothetical  mitochondrial  protein 

 (Tb927.5.2580)  which  were  present  in  independent  naturally  occurring  monomorphic  clades 

 and  hinder  the  generation  of  the  stumpy  form.  We  have  also  identified  monomorphic 

 clade-specific  mutations  in  GPR89  (  Tb927.8.1530  )  which  reduces  the  growth  rate  and 

 FAZ41  (  Tb927.11.3400  )  which  alters  motility.  A  recent  study  highlighted  a  gene  deletion 

 and/or  frameshift  in  PAG3  which  corroborates  our  evidence  for  an  accumulation  of 

 deleterious  mutations  in  monomorphic  Trypanozoon  which  affect  developmental  competence 

 (Wen et al., 2022)  . 

 Despite  the  identification  of  these  distinct  mutations  in  different  clades  we  are  unable  to 

 confirm  that  these  mutations  were  the  initial  cause  of  monomorphism.  The  mutation  could 

 have  arisen  after,  before  or  during  the  transition  to  monomorphism.  The  disparate 

 phenotypes  we  identified  could  be  indicative  of  an  accumulation  of  deleterious  mutations 

 which  is  often  found  in  obligate  asexual  organisms  (Jaron  et  al.,  2021;  Schwander  et  al., 

 2013)  .  For  the  APPBP1  and  hypothetical  mitochondrial  protein  (Tb927.5.2580)  experiments, 

 we  were  unable  to  recreate  the  incompetent  phenotype  with  a  single  mutation,  instead,  the 

 mutations  took  effect  when  in  combination  with  a  background  of  mutations  specific  to  the 

 gene  of  interest  in  the  monomorphic  clade.  In  future,  we  will  explore  why  the  full  complement 

 of monomorphic mutations is required. 
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 6.1.4.  Aim  3:  Monomorphism  is  initially  generated  via  downregulation  of 

 key transcripts, such as ZC3H20, which can be reversed 

 We  propose  that  in  the  field,  the  generation  of  monomorphism  may  be  associated  with  the 

 migration  of  infected  mammals  away  from  tsetse  endemic  regions,  or  an  alteration  in  the 

 range  of  the  tsetse  fly,  which  removes  them  from  a  geographic  region  containing  infected 

 mammals.  In  the  absence  of,  or  with  reduced  exposure  to,  the  tsetse  fly  vector,  reducing  the 

 control  of  parasitaemia  would  improve  the  opportunity,  although  not  the  efficiency,  of 

 mechanical  transmission  (Desquesnes  et  al.,  2009)  .  In  this  scenario,  there  would  be  strong 

 selection  pressure  to  suppress  the  expression  of  QS-associated  genes,  such  as  ZC3H20 

 and  RBP10,  which  restrict  parasitaemia  at  high  population  densities.  Continual  mechanical 

 transmission,  facilitated  by  the  downregulation  of  QS  genes  in  the  absence  of  the  tsetse 

 vector,  would  begin  to  create  a  monomorphic  (proto-monomorphic)  phenotype  which  is 

 potentially  reversible  in  the  first  instance  by  restoration  of  the  expression  of  the  repressed 

 genes.  We  have  recreated  this  scenario  through  the  selected  monomorphic  cell  lines  we 

 generated  in  Chapter  5,  where  the  re-expression  of  ZC3H20  restored  stumpy  formation.  In 

 future,  re-adapting  parasites  to  a  cyclical  life  cycle,  via  continual  passage  through  the  tsetse 

 fly  vector,  followed  by  monitoring  of  ZC3H20  expression  levels  would  prove  the  true 

 reversibility of the proto-monomorphic phenotype. 

 Proto-monomorphs  could  be  obligately  or  facultatively  asexual,  depending  upon  whether 

 they  were  transmitted  through  the  insect  vector.  They  would  likely  exist  on  a  spectrum  of 

 developmental  competence,  displaying  the  ability  to  transmit  through  the  tsetse,  but  a  trend 

 towards  mechanical  transmission.  Indeed,  mechanical  transmission  occurs  even  when 

 tsetse  flies  are  present,  which  increases  the  circulation  of  parasites  (Desquesnes  et  al., 

 2009;  Moloo  et  al.,  2000)  .  Furthermore,  slender  forms  can  generate  a  tsetse  infection  in 

 laboratory  studies  (Schuster  et  al.,  2021)  at  low  efficiency  (Matthews  and  Larcombe,  2022)  . 
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 However,  continual  mechanical  transmission,  contributed  to  by  the  downregulation  of  QS 

 genes  and  asexual  reproduction,  could  thereafter  lead  to  the  accumulation  of  mutations  in 

 QS  genes  and  the  loss  or  removal  of  kDNA  (Dewar  et  al.,  2018)  ,  locking  the 

 proto-monomorphs  into  a  fully  monomorphic  phenotype.  Mechanical  transmission  would  be 

 advantageous  in  the  short  run,  providing  an  abundance  of  new  geographical  and  host 

 niches.  Muller’s  ratchet  suggests  that  the  accumulation  of  deleterious  mutations,  with  an 

 inability  to  reverse  these  mutations  through  recombination  in  the  obligate  asexual  population, 

 could  eventually  doom  the  monomorphic  clades  to  extinction.  This  prediction  is  supported  by 

 modelling  the  population  dynamics  of  asexual  parasites.  Howard  and  Lively,  (2002)  showed 

 that  a  parasite  population  with  high  levels  of  virulence  and  transmission  will  endure 

 population  bottlenecks  during  host-parasite  coevolution.  The  rapid  accumulation  of 

 mutations,  in  the  frequently  bottlenecked  asexual  population,  led  to  rapid  elimination  of  the 

 asexual  lineage  (Howard  and  Lively,  2002)  .  These  findings  could  indicate  why  sexual 

 reproduction is common amongst parasitic organisms. 

 When  we  selected  monomorphic  T.  brucei  via  serial  passage  and  then  tested  their 

 developmental  competencies  in  vitro  ,  we  found  that  insensitivity  to  the  oligopeptide  signal 

 was  observed  after  just  six  passages  (P6),  even  when  initiated  with  clonal  parasite  lines. 

 Thus,  when  P6  cells  were  used  to  infect  three  mice,  the  cells  retained  developmental 

 competence  but  the  population  grew  rapidly,  potentially  associated  with  a  loosening  of  the 

 QS  density  control  mechanisms.  This  raises  the  question  of  whether  at  P6  the  whole 

 population  gradually  loosened  the  density  control  mechanisms  or  whether  a  small 

 percentage  of  the  population  had  rapidly  become  monomorphic.  In  the  second  scenario,  this 

 small  percentage  would  then  be  selected  over  time  to  establish  a  monomorphic  population. 

 Future  studies  could  address  the  heterogeneity  of  the  population  via  scRNA-seq  of  P6. 

 Sequencing  RNA  from  1000s  of  cells  will  enable  us  to  identify  any  sub-populations  of 

 monomorphic  cells  within  the  population  as  a  whole,  which  is  impossible  using  traditional 

 bulk  RNAseq  (Luzak  et  al.,  2021)  .  We  will  also  extend  our  analysis  of  the  selected 
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 monomorphic  cell  lines  to  understand  underlying  molecular  changes  via  analysis  of 

 transposase-accessible  chromatin  with  ATAC-Seq  which  could  give  rise  to  the 

 downregulation  of  transcripts  during  the  selection  for  monomorphism  (Buenrostro  et  al., 

 2013; Müller et al., 2018)  . 

 A  comparison  of  molecular  changes  found  in  the  field  and  laboratory  monomorphic  T.  brucei 

 might  help  identify  common  changes  which  were  missed  when  the  data  were  analysed 

 separately.  This  would  be  performed  by  building  a  database  from  the  results  of  this  study, 

 and  publicly  available  data  available  on  TriTrypDB  (Aslett  et  al.,  2010)  ,  for  each  gene  in  the 

 TREU927/4  reference  genome.  Using  machine  learning,  we  could  then  analyse  the 

 database  to  predict  genes  which  are  associated  with  developmental  competence.  The 

 analysis  could  be  performed  using  the  Python-based  machine  learning  tool  Scikit-learn 

 (Pedregosa  et  al.,  2012)  and  validated  with  known  developmental  regulators  as  a  ‘truth  set’ 

 (Mony et al., 2014)  . 
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 6.2. Implications 

 6.2.1. Costs and benefits of a complex life cycle 

 The  transition  from  a  complex  to  a  simple  life  cycle  is  relevant  to  wildlife  and  livestock  but 

 also  provides  a  fascinating  opportunity  to  study  the  evolutionary  consequences  of  life  history 

 alterations.  Many  species,  from  bacteria  (Pal  and  Fikrig,  2003)  to  arthropods  (Riley,  1983)  , 

 have  a  complex  life  cycle  that  can  require  up  to  four  obligate  host  species  (Cribb  et  al., 

 2003)  .  Complex  life  cycles  might  appear  cumbersome  and  risky,  with  parasites  relying  upon 

 a  precise  sequence  of  transmission  events,  however,  they  are  abundant  and  present 

 fascinating examples of evolutionary trade-offs. 

 Complex  life  cycles  allow  the  parasite  to  separate  growth  and  reproduction  depending  on  its 

 host  environment  (Auld  and  Tinsley,  2015)  .  For  example,  parasites  such  as  Plasmodium 

 spp.  and  Theileria  spp.  reproduce  sexually  in  their  insect  vector  and  asexually  in  their 

 intermediate  host  (Roos,  2005)  .  As  the  insect  stage  is  predicted  to  be  the  ancestral  stage  of 

 the  parasite's  life  cycle  (Flegontov  et  al.,  2013)  ,  the  expansion  into  the  mammalian  host 

 likely  increased  the  growth  rate,  prevalence  (asexual  reproduction)  and  potential  for 

 transmission  that  the  parasite  can  achieve,  whilst  retaining  sexual  reproduction  in  the  insect 

 stage.  This  can  be  seen  in  Plasmodium  chabaudi  chabaudi  which  displays  increased 

 virulence  when  serially  passaged  without  transferring  through  its  insect  vector.  The  virulence 

 can  be  attenuated  via  transmission  of  the  parasite  back  through  its  mosquito  host  (Spence  et 

 al.,  2013)  .  Although  the  parasite  population  grows  within  the  insect  host,  sexual  reproduction 

 is  absent  from  the  mammalian  host  stage.  Therefore,  in  the  mammalian  host,  a  parasite  can 

 focus on adaptations specific to growth. 
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 Toxoplasma  gondii  normally  establishes  an  infection  in  an  intermediate  vertebrate,  where  it 

 asexually  reproduces.  Upon  infection  of  a  felid,  T.  gondii  sexually  reproduces.  However, 

 clades  of  T.  gondii  that  are  capable  of  sexual  reproduction  have  forgone  the  felid  host  and 

 therefore,  sexual  reproduction.  These  clonal  clades  can  be  transmitted  orally  and  display 

 increased  virulence  in  humans  (Su  et  al.,  2003)  .  It  has  been  proposed  that  the  drastically 

 reduced  genetic  diversity  of  the  clonal  T.  gondii  clades  arose  due  to  a  genetic  sweep  which 

 fixed  the  loci  of  many  genes  via  the  hitchhiking  effect  (Smith  and  Haigh,  1974)  .  The  selective 

 advantage  of  oral  transmission  ultimately  led  to  alterations  in  the  parasites’  complex  life 

 cycles,  drastically  influencing  the  biology  of  the  asexual  T.  gondii  clades.  However,  the 

 increased  virulence  seen  in  these  clades,  and  serially  passaged  P.  c.  chabaudi  ,  could  be 

 maladaptive  in  the  long  term  as  their  increased  virulence  leads  to  a  reduction  in  the  host's 

 lifespan and a reduction in the genetic diversity of the parasite population. 

 Genetic  diversity  directly  affects  the  lag  time  in  co-evolution  between  host  and  parasite  and 

 therefore  the  evolutionary  potential  of  the  parasite  to  genetically  adapt  to  environmental 

 pressure.  The  fungal  parasite  Podosphaera  plantaginis  employs  both  sexual  and  asexual 

 reproduction  to  increase  its  chances  of  infecting  its  plant  host,  Plantago  lanceolata  (ribwort 

 plantain).  Areas  where  there  are  higher  rates  of  coinfection,  and  therefore  increased 

 likelihood  of  genetic  diversity,  have  an  increased  chance  of  parasite  survival  through  winter 

 (Laine  et  al.,  2019)  .  Pockets  of  diverse  parasite  populations  emerged  depending  on  each 

 area's  evolutionary  rate,  leading  to  local  clusters  of  new  genotypes  (Thompson,  2005)  .  Such 

 new  genotypes  could  prove  costly  if  the  genotype  has  a  lower  fitness.  However,  the 

 parasites  hedge  their  bets  to  create  rare  genotypes  with  the  potential  to  thrive  in  stressful 

 situations  (Starrfelt and Kokko, 2012)  . 

 Asexual  monomorphic  T.  brucei  have  forgone  sexual  reproduction,  potentially  reducing  their 

 ability  to  respond  to  future  environmental  stresses.  In  developmentally  competent  T.  brucei  , 

 the  parasite’s  complex  life  cycle  facilitates  attenuated  virulence  and  the  maintenance  of 

 228 



 genetic  diversity,  monomorphic  T.  brucei  have  forgone  these  benefits  to  expand  into  new 

 geographic and host niches. 

 6.2.2. Climate change and the expansion of monomorphism 

 Given  the  initial  advantage  of  monomorphism,  monomorphic  T.  brucei  clades  will  likely 

 continue  to  emerge.  Indeed,  increasing  sampling  efforts  might  identify  new  monomorphic 

 clades  already  in  circulation.  We  further  suggest  that  the  rapidly  changing  climate  may 

 facilitate  an  explosion  of  new  monomorphic  clades,  as  the  range  of  the  tsetse  fly  vector 

 adapts  to  changing  climatic  norms  (Longbottom  et  al.,  2020;  Lord  et  al.,  2018)  .  Thus, 

 parasites  in  areas  where  tsetse  was  previously  located,  but  have  now  been  displaced  due  to 

 a  changing  climate,  can  only  persist  through  mechanical  transmission.  These  monomorphic 

 clades,  which  have  lost  or  reduced  their  growth  control  mechanism,  may  both  exhibit  high 

 virulence  and  pose  the  risk  of  further  spread  outside  traditional  disease  boundaries. 

 Escaping  transmission  by  the  tsetse  fly  facilitated  the  expansion  of  monomorphic 

 trypanosomes  to  other  regions  of  Africa,  Asia,  Europe  and  the  Americas,  although  they  have 

 subsequently  been  eradicated  from  North  America  and  limited  to  local  outbreaks  in  Europe 

 (Radwanska  et  al.,  2018)  .  A  single  disease  outbreak  of  T.  vivax  in  South  America  in  1995 

 was  estimated  to  cause  more  than  $160  million  in  damages  to  cattle  and  equids,  highlighting 

 the  risk  of  the  emergence  of  new  strains  of  monomorphic  T.  brucei  (Seidl  et  al.,  1999)  .  The 

 risk  is  further  exacerbated  by  the  potential  for  human  infective  T.  b.  rhodesiense  ,  which  is 

 zoonotic, spreading beyond the tsetse belt and at higher virulence. 

 6.2.3. Molecular tools to track monomorphism in the field 
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 We  have  discussed  that  new  monomorphic  clades  likely  continually  emerge  from 

 pleomorphic  T.  brucei  in  the  field.  To  explore  this,  future  studies  could  sample  field  isolates 

 from  areas  where  the  tsetse  fly  range  has  recently  altered.  Should  the  area  still  contain 

 mammals  with  T.  brucei  infections,  these  isolates  may  display  proto-monomorphic  traits.  By 

 sequencing  the  genomes  of  these  organisms,  or  analysing  their  transcriptomes,  we  could 

 build  a  database  of  early  genomic  events  during  the  transition  from  proto-monomorph  to 

 monomorph  which  could  be  tracked.  This  would  build  on  the  detection  of  mutations,  and 

 transcriptional  changes,  we  have  identified  in  this  study.  Using  miniaturised  sequencing 

 technologies,  such  as  the  minION  nanopore,  will  allow  us  to  do  this  in  real-time  in  a 

 low-resource  field-based  setting.  The  rapid  improvement  of  Nanopore  data  quality  means 

 that  it  is  not  necessary  to  sequence  the  genome  using  short-read  technology  and  that 

 adaptive  genome  sequencing  might  allow  for  the  enrichment  of  target  parasite  DNA  by 

 depleting  the  host  background  (Marquet  et  al.,  2022)  .  This  approach  could  allow  for 

 sampling  directly  from  host  tissue/blood  rather  than  requiring  resource-intense  culture 

 facilities,  avoiding  the  pitfalls  of  methods  currently  suggested  by  the  World  Organisation  for 

 Animal Health (discussed in detail in Chapter 2). 
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 6.3. Concluding remarks 

 We  have  highlighted  immediate  and  long-term  alterations  that  occur  during  the  generation  of 

 developmental  incompetence  in  T.  brucei,  providing  new  insight  into  T.  brucei  developmental 

 biology  ,  and  how  it  can  be  disrupted.  Developmentally  incompetent  T.  brucei  present  a 

 fascinating  system  to  study  the  evolutionary  consequences  of  transitions  between  complex 

 and  simple  lifecycles,  and  the  associated  loss  of  sexual  reproduction.  Furthermore,  we  have 

 highlighted  the  threat  of  new  developmentally  incompetent  lineages,  whilst  providing 

 molecular predictors to help identify and understand these isolates in the field. 
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 7  The  genomic  basis  of  host  and  vector  specificity  in 
 non-pathogenic trypanosomatids 

 232 



 7.1.  Preface 

 Trypanosoma  theileri  ,  a  non-pathogenic  trypanosome  which  infects  cattle  and  is  transmitted 

 by  tabanid  flies  is  closely  related  to  Trypanosoma  melophagium  ,  which  infects  sheep  and  is 

 transmitted  by  the  sheep  ked.  The  T.  theileri  genome  was  published  in  2017  and  we 

 sequenced  and  assembled  the  T.  melophagium  genome  to  identify  the  genomic  basis  of  the 

 host  and  vector  specificity  exhibited  by  these  closely  related  species  (Oldrieve  et  al.,  2022)  . 

 Whilst  our  ultimate  motive  was  to  answer  this  fascinating  biological  question,  the  project 

 could  be  completed  almost  entirely  from  home  (at  a  time  when  laboratories  were  closed)  and 

 involved  learning  new  techniques,  such  as  using  the  portable  minION  genome  sequencer. 

 The  project  also  provided  an  opportunity  to  gain  supervision  experience,  as  the  T. 

 melophagium  genome  was  assembled  with  the  help  of  Beatrice  Malacart,  an  undergraduate 

 student  in  the  Matthews  lab  and  a  co-author  on  the  following  publication  (Oldrieve,  2022)  . 

 Our  orthologous  protein  clustering  results  have  been  used  to  compare  the  conservation  of 

 cell  cycle-regulated  genes  across  trypanosomatids  in  a  recent  scRNA-Seq  analysis  (Briggs 

 et al., 2023)  . 
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 7.2.  The  genomic  basis  of  host  and  vector  specificity  in 

 non-pathogenic trypanosomatids 
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