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Abstract	
  

Developmental	
  programming	
  is	
  the	
  concept	
  that	
  environmental	
  factors,	
  particularly	
  

during	
  foetal	
  life,	
  can	
  alter	
  development,	
  metabolism	
  and	
  physiology	
  of	
  an	
  organism	
  and	
  this	
  

can	
   have	
   consequences	
   later	
   in	
   life.	
   There	
   is	
   growing	
   interest	
   in	
   developmental	
  

programming	
  in	
  livestock	
  species,	
  particularly	
  effects	
  of	
  maternal	
  pregnancy	
  nutrition,	
  which	
  

is	
   easy	
   to	
   manipulate.	
   Recent	
   research,	
   using	
   a	
   sheep	
   model,	
   has	
   shown	
   that	
   milk	
  

production	
  in	
  ewe	
  offspring	
  may	
  be	
  susceptible	
  to	
  maternal	
  nutritional	
  programming,	
  such	
  

that	
  over	
  nutrition	
  (ad	
  libitum)	
  of	
  the	
  pregnant	
  dam,	
  compared	
  with	
  maintenance	
  nutrition,	
  

may	
  impair	
  their	
  first	
  lactation	
  performance	
  and	
  result	
  in	
  the	
  weaning	
  of	
  lighter	
  lambs.	
  The	
  

present	
  study	
  however	
  revealed	
  that	
  maternal	
  nutritional	
  programming	
  effects	
  on	
  lactation	
  

performance	
  in	
  ewe	
  offspring	
  did	
  not	
  persist	
  over	
  their	
  productive	
  lifetime.	
  	
  

In	
   a	
   new	
   study,	
   the	
   critical	
   programming	
   period	
   was	
   narrowed	
   down	
   to	
   early	
  

gestation,	
   coinciding	
  with	
   early	
  mammogenesis	
   in	
   the	
   foetus.	
   In	
   this	
   study	
  only	
   twin-­‐born	
  

ewes	
  were	
   examined	
   due	
   to	
   their	
   economic	
   significance	
   in	
   commercial	
   sheep	
   production	
  

and	
  due	
  to	
  their	
  increased	
  susceptibility	
  to	
  nutritional	
  insult	
  in-­‐utero.	
  It	
  was	
  revealed	
  that,	
  in	
  

addition	
  to	
  over	
  nutrition	
  (ad	
  libitum),	
  under-­‐nutrition	
  (sub-­‐maintenance)	
  of	
  the	
  dam	
  during	
  

early	
  pregnancy	
  also	
  impaired	
  first	
   lactation	
  performance	
  of	
  twin-­‐born	
  ewe	
  offspring	
  when	
  

compared	
  with	
  maintenance.	
  	
  

Transcriptomics	
   analysis	
   using	
   RNA-­‐seq	
   identified	
   that	
   nutritional	
   programming	
  

affects	
   late	
  pregnancy	
  mammogenesis,	
  rather	
  than	
  secretory	
  cell	
   function	
  during	
   lactation,	
  

in	
   ewe	
   offspring	
   during	
   their	
   first	
   parity.	
   Ewes	
   born	
   to	
  ad	
   libitum-­‐fed	
   dams,	
   in	
   particular,	
  

appeared	
  to	
  have	
  impaired	
  regulation	
  of	
  cell	
  cycle	
  while	
  ewes	
  born	
  to	
  sub-­‐maintenance-­‐fed	
  

dams	
   had	
   reduced	
   expression	
   of	
   genes	
   associated	
   with	
   the	
   extracellular	
   matrix,	
   both	
   of	
  

which	
  may	
  influence	
  cell	
  proliferation.	
  As	
  a	
  consequence,	
  both	
  ewes	
  born	
  to	
  ad	
  libitum	
  and	
  

sub-­‐maintenance-­‐fed	
   dams	
   may	
   have	
   had	
   fewer	
   mammary	
   secretory	
   cells,	
   resulting	
   in	
  

reduced	
  lactation	
  performance.	
  	
  

The	
  findings	
  of	
  this	
  thesis	
  indicate	
  that	
  differences	
  in	
  first-­‐lactation	
  performance	
  of	
  

ewe	
   offspring,	
   as	
   a	
   result	
   of	
   maternal	
   nutritional	
   programming,	
   may	
   be	
   mediated	
   by	
  

impaired	
   proliferation	
   of	
   secretory	
   epithelial	
   cells.	
   These	
   findings	
   contribute	
   to	
   our	
  

knowledge	
  of	
  the	
  mechanisms	
  of	
  developmental	
  programming	
  of	
  the	
  mammary	
  gland	
  and	
  

presents	
   a	
   platform	
   for	
   future	
   investigations	
   which	
   may	
   ultimately	
   lead	
   to	
   the	
   ability	
   to	
  

manage	
  and	
  manipulate	
  lactation	
  performance.	
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  8.1	
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  design	
  and	
  RNA-­‐pooling	
  strategy	
  used	
  for	
  this	
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  gene	
  study.	
  

A:	
  Maternal-­‐feeding	
  paradigm.	
  Romney	
  ewes	
  (G0)	
  were	
  fed	
  ad	
   libitum	
  until	
  day	
  21	
  of	
  

pregnancy	
   when	
   animals	
   were	
   randomly	
   allocated	
   to	
   a	
   sub-­‐maintenance	
   (Sm),	
  

maintenance	
  (M)	
  or	
  ad	
  libitum	
  (Ad)	
  diet.	
  At	
  day	
  50	
  of	
  pregnancy,	
  ewes	
  were	
  randomly	
  

reallocated	
   to	
   either	
   a	
   maintenance	
   (M)	
   or	
   ad	
   libitum	
   (Ad)	
   diet	
   until	
   day	
   140	
   of	
  

pregnancy	
  when	
   all	
   ewes	
  were	
   switched	
   to	
   an	
  ad	
   libitum	
  diet.	
  B:	
   The	
   offspring	
   (G1)	
  

exposed	
  to	
  maternal	
  nutritional	
  programming	
  treatment	
  are	
  identified	
  according	
  to	
  the	
  

nutrition	
   that	
   their	
   G0	
   mothers	
   received	
   during	
   pregnancy	
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   the	
   SmM	
   groups’	
  

mothers	
  were	
  allocated	
  a	
  sub-­‐maintenance	
  diet	
   in	
  early	
  gestation	
  and	
  a	
  maintenance	
  

diet	
  in	
  mid-­‐late	
  gestation	
  as	
  detailed	
  in	
  Table	
  8.1.	
  All	
  G1	
  offspring	
  were	
  fed	
  ad	
  libitum.	
  

RNA	
  was	
  extracted	
  from	
  G1	
  mammary	
  biopsies	
  collected	
  during	
  late	
  pregnancy	
  (LP)	
  or	
  

lactation	
   (L),	
   and	
   the	
  number	
  of	
   individual	
   RNA	
   samples	
   isolated	
   are	
   indicated	
   in	
   the	
  

diagram	
  (C).	
  For	
  RT-­‐qPCR	
  of	
   individual	
  animals	
  only	
  three	
  RNA	
  samples	
  were	
  used	
  for	
  

each	
   group	
   to	
   conserve	
   RNA	
   for	
   future	
   experiments.	
   For	
   pooling,	
   RNA	
   samples	
  were	
  

randomly	
  allocated	
  to	
  one	
  of	
  three	
  pools	
  for	
  LP	
  and	
  one	
  of	
  two	
  pools	
  for	
  L;	
  each	
  pool	
  

consisted	
  of	
  RNA	
  isolated	
  from	
  three	
  individual	
  animals.	
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Figure	
   8.2	
   Expression	
   and	
   stability	
   analysis	
   of	
   the	
   eight	
   candidate	
   genes	
   in	
   pooled	
   RNA	
  

samples.	
   A:	
   Relative	
   quantity	
   of	
   the	
   eight	
   candidate	
   reference	
   genes	
   in	
   pooled	
   RNA	
  

samples	
  across	
  the	
  two	
  physiological	
  states	
  [late	
  pregnancy	
  (Lpreg)	
  and	
  lactation	
  (Lact)]	
  

and	
   three	
   maternal	
   programming	
   treatment	
   groups,	
   ad	
   libitum/maintenance	
   (AdM),	
  

maintenance/maintenance	
   (MM),	
   sub-­‐maintenance/maintenance	
   (SmM).	
   B:	
   geNorm	
  

stability	
   analysis	
   (M	
   value)	
   of	
   the	
   candidate	
   reference	
   genes.	
   Low	
  M	
   values	
   indicate	
  

more	
  stable	
  expression.	
  All	
  M	
  values	
  <	
  0.5	
  which	
  is	
  considered	
  highly	
  stable.	
  C:	
  geNorm	
  

pairwise	
  variation	
  analysis	
  (V	
  value)	
  of	
  the	
  candidate	
  reference	
  genes.	
  V	
  <	
  0.15	
  (marked	
  

by	
  dashed	
  line)	
  is	
  considered	
  as	
  the	
  upper	
  limit	
  for	
  selecting	
  an	
  adequate	
  combination	
  

of	
   reference	
   genes,	
   all	
   combinations	
   of	
   pairwise	
   variation	
  meet	
   this	
   criteria	
   and	
   two	
  

reference	
  genes	
  are	
  recommended.	
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Figure	
   8.3	
   Expression	
   and	
   stability	
   analysis	
   of	
   the	
   eight	
   candidate	
   genes	
   in	
   individual	
   RNA	
  

samples.	
  A:	
  Relative	
  quantity	
  of	
  the	
  eight	
  candidate	
  reference	
  genes	
  in	
  individual	
  RNA	
  

samples	
   across	
   the	
   two	
   physiological	
   states	
   (Lpreg	
   and	
   Lact)	
   and	
   in	
   the	
   six	
  maternal	
  



	
   	
   	
  
	
  

	
  xvii	
  

programming	
   treatment	
   groups:	
   ad	
   libitum/maintenance	
   (AdM),	
  

maintenance/maintenance	
   (MM),	
   sub-­‐	
  maintenance/maintenance	
   (SmM),	
  ad	
   libitum/	
  

ad	
   libitum	
   (AdAd),	
   maintenance	
   /	
   ad	
   libitum	
   (MAd),	
   sub-­‐maintenance/ad	
   libitum	
  

(SmAd).	
  B:	
  geNorm	
  stability	
  analysis	
  (M	
  value)	
  of	
  the	
  candidate	
  reference	
  genes	
  in	
  late	
  

pregnancy.	
   Low	
   M	
   values	
   indicate	
   more	
   stable	
   expression.	
   All	
   M	
   values,	
   with	
   the	
  

exception	
   of	
   Sf1,	
   are	
   <	
   1	
  which	
   is	
   considered	
  moderately	
   stable.	
  C:	
   geNorm	
  pairwise	
  

variation	
  analysis	
  (V	
  value)	
  of	
  the	
  candidate	
  reference	
  genes	
  in	
  late	
  pregnancy.	
  V	
  <	
  0.15	
  

(marked	
   by	
   dashed	
   line)	
   is	
   considered	
   as	
   the	
   upper	
   limit	
   for	
   selecting	
   an	
   adequate	
  

combination	
  of	
   reference	
  genes	
  and	
  only	
   the	
   inclusion	
  of	
   five	
   reference	
  genes	
  meets	
  

this	
  criteria.	
  D:	
  geNorm	
  stability	
  analysis	
  (M	
  value)	
  of	
  the	
  candidate	
  reference	
  genes	
  in	
  

lactation.	
   Low	
   M	
   values	
   indicate	
   more	
   stable	
   expression.	
   All	
   M	
   values,	
   with	
   the	
  

exception	
  of	
  Prpf3	
  and	
  Sf1,	
  are	
  <	
  1	
  which	
   is	
  considered	
  moderately	
  stable.	
  E:	
  geNorm	
  

pairwise	
  variation	
  analysis	
  (V	
  value)	
  of	
  the	
  candidate	
  reference	
  genes	
   in	
   lactation.	
  V	
  <	
  

0.15	
  (marked	
  by	
  dashed	
  line)	
  is	
  considered	
  as	
  the	
  upper	
  limit	
  for	
  selecting	
  an	
  adequate	
  

combination	
  of	
   reference	
  genes	
  and	
  only	
   the	
   inclusion	
  of	
   five	
   reference	
  genes	
  meets	
  

this	
  criteria.	
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Figure	
  8.4	
  Expression	
  and	
  stability	
  analysis	
  of	
  the	
  eight	
  candidate	
  genes	
  in	
  the	
  individual	
  RNA	
  

samples	
   that	
  were	
  used	
   to	
   constitute	
   the	
  RNA	
  pools.	
  A:	
   geNorm	
   stability	
   analysis	
   (M	
  

value)	
   of	
   the	
   candidate	
   reference	
   genes	
   in	
   both	
   physiological	
   states.	
   Low	
   M	
   values	
  

indicate	
  more	
  stable	
  expression.	
  All	
  M	
  values,	
  with	
  the	
  exception	
  of	
  Sf1	
  and	
  Prpf3,	
  are	
  <	
  

1	
   which	
   is	
   considered	
   moderately	
   stable.	
   B:	
   geNorm	
   pairwise	
   variation	
   analysis	
   (V	
  

value)	
  of	
  the	
  candidate	
  reference	
  genes	
  in	
  late	
  pregnancy.	
  V	
  <	
  0.15	
  (marked	
  by	
  dashed	
  

line)	
   is	
   considered	
   as	
   the	
   upper	
   limit	
   for	
   selecting	
   an	
   adequate	
   combination	
   of	
  

reference	
   genes	
   and	
   no	
   combination	
   of	
   reference	
   genes	
   satisfied	
   this	
   criteria.	
   C:	
  

geNorm	
  stability	
  analysis	
  (M	
  value)	
  of	
  the	
  candidate	
  reference	
  genes	
  in	
  late	
  pregnancy.	
  

Low	
  M	
  values	
  indicate	
  more	
  stable	
  expression.	
  All	
  M	
  values,	
  with	
  the	
  exception	
  of	
  Sf1,	
  

are	
  <	
  1	
  which	
  is	
  considered	
  moderately	
  stable.	
  D:	
  geNorm	
  pairwise	
  variation	
  analysis	
  (V	
  

value)	
   indicates	
   that	
   the	
   most	
   stable	
   five	
   or	
   six	
   genes	
   would	
   be	
   appropriate	
   for	
  

normalizing	
   RT-­‐qPCR	
   data.	
   E:	
   geNorm	
   stability	
   analysis	
   (M	
   value)	
   of	
   the	
   candidate	
  

reference	
  genes	
   in	
   lactation.	
  Low	
  M	
  values	
   indicate	
  more	
  stable	
  expression.	
  Only	
  four	
  

of	
   the	
   tested	
   genes	
   have	
  moderately	
   stable	
   expression	
   (M	
   <	
   1).	
   F:	
   geNorm	
   pairwise	
  

variation	
   analysis	
   (V	
   value)	
   indicates	
   that	
   no	
   combination	
   of	
   reference	
   genes	
   can	
   be	
  

used	
  for	
  normalizing	
  RT-­‐qPCR	
  data.	
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Figure	
   8.5	
   Normalization	
   of	
   Tet1	
   expression	
   with	
   stable	
   reference	
   gens	
   and	
   sub-­‐optimal	
  

reference	
   genes.	
  A:	
   Tet1	
   expression	
   differs	
   significantly	
   between	
   late	
   pregnancy	
   and	
  

lactation	
   when	
   using	
   stable	
   reference	
   genes	
   (Senp2,	
   Eif6,	
  Mrpl39,	
  Atp1a1	
   and	
   Cul1).	
  

When	
  Tet1	
  expression	
  is	
  normalised	
  to	
  sub-­‐optimal	
  reference	
  genes	
  (right),	
  a	
  significant	
  

difference	
  in	
  gene	
  expression	
  is	
  observed,	
  but	
  there	
  is	
  more	
  variation	
  in	
  the	
  normalised	
  

expression	
   values.	
   B:	
   Tet1	
   expression	
   is	
   responsive	
   to	
   maternal	
   nutritional	
  

programming.	
   Ad	
   libitum	
   feeding	
   in	
   late	
   pregnancy	
   results	
   in	
   lower	
   levels	
   of	
   Tet1	
  

expression	
   in	
   the	
  mammary	
  glands	
  of	
   the	
  adult	
   offspring	
  when	
  data	
   is	
   normalised	
   to	
  

the	
  expression	
  of	
   stable	
   reference	
  genes	
   (left).	
  When	
   the	
   same	
  data	
   is	
  normalised	
   to	
  

sub-­‐optimal	
  reference	
  genes	
  (right),	
  no	
  difference	
  in	
  Tet1	
  expression	
  is	
  observed.	
  ...	
  171	
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  =	
  ad	
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AdAd	
  =	
  ad	
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  dam	
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  and	
  mid-­‐to-­‐late	
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  =	
  ad	
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  =	
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  dam	
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  during	
  early	
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  and	
  maintenance	
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  during	
  
mid-­‐to-­‐late	
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  =	
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  diphosphate	
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  =	
  ad	
  libitum	
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  during	
  early	
  pregnancy	
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BR	
  =	
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  RT-­‐qPCR	
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HL	
  =	
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  =	
  hypothalamic-­‐pituitary-­‐adrenal	
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  =	
  high-­‐throughput	
  sequencing	
  
Hv	
  =	
  heavy	
  
IDH	
  =	
  isocitrate	
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IGF1	
  =	
  insulin-­‐like	
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  factor	
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IGF1-­‐R	
  =	
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  binding	
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  binding	
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  in	
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  =	
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L	
  =	
  lactation	
  
LP	
  =	
  late	
  pregnancy	
  
LR	
  =	
  leptin	
  receptor	
  
Lt	
  =	
  light	
  
LW	
  =	
  live	
  weight	
  
LWG	
  =	
  live	
  weight	
  gain	
  (growth	
  rate)	
  
LY	
  =	
  lactose	
  yield	
  
M	
  =	
  maintenance	
  
MAd	
  =	
  maintenance	
  dam	
  nutrition	
  during	
  early	
  pregnancy	
  and	
  ad	
  libitum	
  dam	
  nutrition	
  during	
  
mid-­‐to-­‐late	
  pregnancy	
  
MAPK	
  =	
  mitogen-­‐activated	
  protein	
  kinase	
  
MD	
  =	
  muscle	
  depth	
  
MEC	
  =	
  mammary	
  epithelial	
  cells	
  
MHv	
  =	
  maintenance-­‐fed,	
  heavy	
  dam	
  
MLt	
  =	
  maintenance-­‐fed,	
  light	
  dam	
  
MM	
  =	
  maintenance	
  dam	
  nutrition	
  during	
  early	
  and	
  mid-­‐to-­‐late	
  pregnancy	
  
MP21-­‐50	
  =	
  maintenance	
  dam	
  nutrition	
  during	
  early	
  pregnancy	
  
MP50-­‐140	
  =	
  maintenance	
  dam	
  nutrition	
  during	
  mid-­‐to-­‐late	
  pregnancy	
  
mRNA	
  =	
  messenger	
  RNA	
  
mTOR	
  =	
  mammalian	
  target	
  of	
  rapomycin	
  
NADH	
  =	
  nicotinamide	
  adenine	
  dinucleotide	
  
NADPH	
  =	
  nicotinamide	
  adenine	
  dinucleotide	
  phosphate	
  
ncRNA	
  =	
  non-­‐coding	
  RNA	
  
NE	
  =	
  net	
  energy	
  
NEY	
  =	
  net	
  energy	
  yield	
  
P	
  =	
  day	
  of	
  pregnancy,	
  e.g.,	
  P0	
  =	
  day	
  zero	
  of	
  pregnancy.	
  
P	
  =	
  progesterone	
  
P21-­‐50	
  =	
  day	
  21	
  to	
  50	
  of	
  pregnancy	
  (early	
  pregnancy)	
  
P50-­‐140	
  =	
  day	
  50	
  to	
  140	
  of	
  pregnancy	
  (mid-­‐to-­‐late	
  pregnancy)	
  
p53	
  =	
  putative	
  tumour	
  protein	
  53	
  
PCR	
  =	
  polymerase	
  chain	
  reaction	
  
PL	
  =	
  placental	
  lactogen	
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PPAR	
  =	
  peroxisome	
  proliferator-­‐activated	
  receptors	
  
PPP	
  =	
  pentose	
  phosphate	
  pathway	
  
PR	
  =	
  progesterone	
  receptor	
  
Prl	
  =	
  prolactin	
  
PrlR	
  =	
  prolactin	
  receptor	
  
R	
  =	
  ram	
  
RER	
  =	
  rough	
  endoplasmic	
  reticulum	
  
rRNA	
  =	
  ribosomal	
  RNA	
  
RT-­‐PCR	
  =	
  reverse	
  transcriptase	
  PCR	
  
RT-­‐qPCR	
  =	
  quantitative	
  (or	
  real-­‐time)	
  RT-­‐PCR	
  
S	
  =	
  single	
  (lamb)	
  
SER	
  –	
  smooth	
  endoplasmic	
  reticulum	
  
SmAd	
  =	
  sub-­‐maintenance	
  dam	
  nutrition	
  during	
  early	
  pregnancy	
  and	
  ad	
  libitum	
  dam	
  nutrition	
  
during	
  mid-­‐to-­‐late	
  pregnancy	
  
SmM	
  =	
  sub-­‐maintenance	
  dam	
  nutrition	
  during	
  early	
  pregnancy	
  and	
  maintenance	
  dam	
  
nutrition	
  during	
  mid-­‐to-­‐late	
  pregnancy	
  
SmP21-­‐50	
  =	
  sub-­‐maintenance	
  dam	
  nutrition	
  during	
  early	
  pregnancy	
  
SREBP	
  =	
  sterol	
  regulatory	
  element	
  binding	
  protein	
  
STAT	
  =	
  signal	
  transducing	
  activator	
  of	
  transcription	
  
T	
  =	
  twin	
  (lamb)	
  
TAG	
  =	
  triacyl	
  glycerol	
  
TCA	
  =	
  citric	
  acid	
  cycle	
  
TEB	
  =	
  terminal	
  end	
  buds	
  
TGF	
  =	
  transforming	
  growth	
  factor	
  
TGFβ	
  =	
  transforming	
  growth	
  factor	
  beta	
  
TP	
  =	
  true	
  protein	
  
TPY	
  =	
  true	
  protein	
  yield	
  
TS	
  =	
  twin	
  born,	
  single	
  reared	
  (lamb)	
  
VFA	
  =	
  volatile	
  fatty	
  acid	
  
VLDL	
  =	
  very	
  low	
  density	
  lipoprotein	
  
	
  

	
   	
  


