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Next-‐genera/on	   sequencing	   (NGS)	   has	   significantly	   improved	   the	   cost	   and	   turnaround	   /me	   for	   diagnos/c	   gene/c	  
tests.	   ACMG	   recommends	   variant	   confirma/on	   by	   an	   orthogonal	   method,	   unless	   sufficiently	   high	   sensi/vity	   and	  
specificity	   can	   be	   demonstrated	   using	   NGS	   alone	   (1).	   	   Most	   NGS	   laboratories	   make	   extensive	   use	   of	   Sanger	  
sequencing	  for	  secondary	  confirma/on	  of	  SNVs	  and	  indels,	  represen/ng	  a	  large	  frac/on	  of	  the	  cost	  and	  /me	  required	  
to	  deliver	  high	  quality	  gene/c	  data.	  Despite	  its	  established	  data	  quality,	  Sanger	  is	  not	  a	  high-‐throughput	  method	  by	  
today’s	  standards	  from	  either	  an	  assay	  or	  analysis	  standpoint,	  as	  it	  involves	  manual	  review	  of	  Sanger	  traces	  and	  is	  not	  
amenable	  to	  mul/plexing.	   	  Toward	  a	  scalable	  solu/on	  for	  confirma/on,	  Invitae	  has	  developed	  a	  fully	  automated	  and	  
LIMS-‐tracked	   assay	   and	   informa/cs	   pipeline	   that	   u/lizes	   the	   Pacific	   Biosciences	   RSII	   SMRT®	   sequencing	   plaDorm.	  
Using	  a	  barcoded-‐amplicon	  mul/plexing	  approach,	   individual	  variants	  for	  confirma/on	  are	  pooled	  from	  library	  prep	  
through	   sequencing	   to	   reduce	   laboratory	   hands-‐on	  /me	   and	   sequencing	   burden,	   in	   turn	   significantly	   lowering	   the	  
cost	  of	  variant	  confirma/on.	  U/lizing	  long	  (4hour)	  RSII	  movie	  lengths	  to	  sequence	  96	  barcoded-‐variants	  per	  SMRTcell,	  
individual	   amplicons	   can	  be	   sequenced	  at	   a	   depth	  of	   100-‐500X	  with	   an	   average	  of	   50	  CCS	  passes	  per	  molecule	   to	  
achieve	   sufficiently	   high	   accuracy	   for	   variant	   confirma/on.	   In	   a	   feasibility	   data	   set	   of	   243	   confirma/ons,	   we	  
demonstrate	   the	   superior	   percentage	   of	   variants	   confirmed	   by	   PacBio	   (96.4%	   vs.	   81.7%	   by	   Sanger).	   Further,	   we	  
performed	  a	  clinical	  valida/on	  of	  this	  approach	  using	  a	  representa/ve	  set	  of	  30	  previously	  Sanger-‐confirmed	  variants	  
to	   demonstrate	   the	   equivalence	   of	   PacBio	   to	   Sanger	   for	   variant	   confirma/on	   with	   100%	   accuracy.	   Finally,	   we	  
demonstrate	  the	  reduced	  cost	  per	  amplicon	  and	  enhanced	  scalability	  of	  the	  PacBio-‐driven	  confirma/on	  pipeline.	  	  
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Modern	   clinical	   diagnos/c	   laboratories	   must	   meet	   the	   highest	   standards	   in	   data	   quality	   in	   primary	   calling	   and	  
confirma/on	  of	  variants	  while	  enabling	  cost-‐	  and	  /me-‐savings	  for	  enhanced	  pa/ent	  care.	  We	  have	  demonstrated	  that	  
the	  use	  of	   PacBio’s	   RS	   II	   plaDorm	   is	   able	   to	  meet	   both	  demands	  by	   incorpora/ng	  high	  quality	   data	   into	   an	   en/rely	  
automated	  confirma/on	  pipeline	  for	  SNV’s	  and	  small	  indels.	  We	  have	  demonstrated	  that	  PacBio	  is	  not	  only	  equivalent,	  
but	   superior	   to	   Sanger	   sequencing	   for	   confirma/on	   purposes	   through	   the	   analysis	   of	   a	   feasibility	   data	   set	   of	   730	  
amplicons	   containing	   252	   unique	   pa/ent	   variants	   (96.4%	   vs.	   81.7%).	   This	   approach	  was	   rigorously	   validated	  with	   a	  
unique	  variant	  set	  of	  30	  dis/nct	  SNV’s	  and	  indels	  represen/ng	  a	  wide	  range	  of	  sequence	  contexts	  and	  sizes,	  in	  which	  
we	   demonstrated	   100%	   accuracy	   with	   Invitae’s	   PacBio-‐driven	   “SMRTer-‐Confirma/on”	   pipeline	   across	   three	  
independent	  sequencing	  runs.	  As	  the	  volume	  of	  samples	  increases,	  we	  will	  be	  able	  to	  keep	  pace	  with	  the	  demands	  of	  
the	  confirma/on	  burden	  with	  minimal	  addi/onal	  capital	  equipment	  costs	  or	  hand-‐on	  labor	  needs	  due	  to	  the	  enhanced	  
scalability	   of	   the	  mul/plexed	  PacBio	  workflow.	   Further	   cost	   and	  /me	   savings	  will	   be	   possible	   through	   the	   ability	   to	  
mul/plex	  up	  to	  384	  amplicons	  per	  pool.	  	  
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“SMRTer	  Confirma/on”	  Workflow	  

Confirma,on	  pipeline:	  An	  automated	  pipeline	  was	   developed	   for	   the	  PacBio	   confirma/on	  workflow	   (Fig.	   3).	   The	  
pipeline	  processes	  PacBio	  output	  and	  generates	  de-‐mul/plexed	  fastq	  files	  with	  circular	  consensus	  sequencing	  (CCS)	  
reads,	   then	  uses	  BWA-‐MEM	  and	  GATK	  HaplotypeCaller	   to	  align	  the	  reads	  and	  call	  variants.	  For	  each	  barcode,	   the	  
variants	   are	   compared	   to	   the	   variant	   being	   confirmed	   using	   CGA	   Tools	   ‘testvariants’.	   Since	   each	   variant	   can	   be	  
confirmed	  using	  more	  than	  one	  amplicon,	  the	  individual	  amplicon	  confirma/on	  results	  need	  to	  be	  aggregated	  into	  a	  
"confirma/on	   consensus"	   call.	   If	   the	   "confirma/on	   consensus"	   call	   is	   not	   a	   no-‐call,	   the	   variant	   confirma/on	   is	  
considered	  complete	  and	  saved	  to	  Invitae’s	  internal	  variant	  database.	  	  	  
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2.	  Invitae’s	  PacBio-‐driven	  Variant	  Calling	  &	  Confirma/on	  Pipeline	  

Results	  
1.	  Assay	  Scalability	  &	  Cost	  Comparison	  
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Variants:	   Inser/ons	  or	  dele/ons	  eligible	  for	  read-‐through	  variant	  confirma/on	  were	  ≤	  50nt.	  Feasibility	  variants	  were	  
those	  run	  in	  real-‐/me	  through	  Invitae’s	  Sanger	  confirma/on	  pipeline,	  then	  run	  in	  parallel	  with	  the	  PacBio	  method.	  No	  
prior	   knowledge	  of	   true-‐posi/ve	  or	   true-‐nega/ve	   status	  was	  determined.	  Samples	   chosen	   for	   the	   clinical	   valida/on	  
were	  previously	  tested	  and	  determined	  to	  have	  SNV’s	  or	  small	  inser/ons	  or	  dele/ons	  (≤50nt).	  	  These	  variants	  were	  all	  
discovered	  via	   Invitae’s	  NGS	  assay	  and	  were	  all	  previously	  confirmed	  via	  Sanger	  sequencing.	  Each	  of	  the	  30	  variants	  
was	   repeated	   in	   triplicate	  within	   each	   PacBio	   pool	   and	   sequencing	   run.	   These	  were	   run	   alongside	   a	   posi/ve	   and	   a	  
nega/ve	  control	  	  (also	  run	  in	  triplicate),	  for	  a	  total	  batch	  size	  of	  96.	  The	  en/re	  batch	  of	  96	  was	  repeated	  in	  triplicate	  for	  
inter-‐run	   reproducibility.	   Each	   variant	   selected	   was	   only	   confirmed	   with	   one	   primer	   pair	   (selected	   from	   previous	  
successful	  Sanger	  confirma/on	  results).	  PCR	  primers:	  Primers	  were	  designed	  using	  Primer3	  sovware	  (2).	  Primer	  pairs	  
for	  each	  target	  were	  designed	  in	  symmetric	  fashion	  (see	  Fig.2)	  with	  1	  of	  the	  384	  pre-‐validated	  16nt	  sequences	  from	  
PacBio.	   Amplicon	   designs	   ranged	   from	   200bp-‐1kb.	   Template	   prep	   &	   sequencing:	   Equimolar-‐pooled,	   barcoded	  
amplicons	  were	  converted	  to	  SMRTbell	  templates	  using	  the	  SMRTbell	  Template	  Prep	  Kit	  1.0.	  Primer	  annealing,	  binding,	  
and	  dilu/on	  was	  performed	  according	  to	  the	  PacBio	  Binding	  Calculator	  recommenda/ons.	  DNA	  Polymerase	  Binding	  Kit	  
P6	  v2	  was	  used	  for	  binding	  chemistry.	  PacBio	  RSII	  DNA	  Internal	  Control	  Complex,	  DNA	  Sequencing	  Reagent	  Kit	  4.0	  v2,	  
and	   PacBio	   RSII	   SMRTcells	   8Pac	   v3	  were	   employed	   for	   sequencing.	   	   RSII	   sequencing	  was	   performed	   using	   240min	  
movie	  lengths	  with	  standard	  diffusion	  loading.	  	  	  
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Figure 1. Comparison of Sanger and 
PacBio confirmation assay pipelines 

Figure 2. Per-variant symmetric barcoding method 

Figure 3. Invitae Read-through variant 
calling & confirmation pipeline 

Figure 5. Per amplicon confirmation cost 
comparison. Includes all reagent & labor costs. 

Figure 4. PacBio vs. 
Sanger Confirmation 
Assay Scalability: Based 
on hypothetical monthly 
volume & capacity.  

Table 7. Confirmation assay 
failures: Two INDEL assays failed 
to produce sufficient coverage 
(due to either mis-amplification or 
true low-coverage) to successfully 
call a variant. These two assays 
correspond to INDEL1 and 
INDEL12 in sequencing run RU#2. 
The other two assay replicates of 
INDEL1 and INDEL12 in RU#2 
were successful.  

Table 6. Accuracy by Run and Variant Type. 
Three sequencing runs (RU’s) were completed for 
the same batch of 96 variants (Table 5) for inter- 
and intra-run reproducibility. Not including 2 assay 
failures in RU#2 (Table 7), the accuracy for indels 
and SNV’s was 100% for each run and across all 
runs.   

2.	  Feasibility	  

Tables 1 & 2. Clinical Feasibility Data 
per Amplicon: Table 1 (left) shows 
confirmation status per amplicon for a 
total of 730 amplicons. Table 2 (right) 
PacBio confirmed 90.7% of variants 
(single amplicon assessment) vs. 
58.9% by Sanger. 

Table 5. Variant Categories 
and Sample Size Included for 
3 Validation Runs. A total of 30  
unique SNV’s & indels were run 
in triplicate along with a negative  
& positive control within each 
sequencing run for a batch size 
of 96 variants/pool/SMRTcell.  

Tables 3 & 4. Clinical Feasibility 
Confirmation Consensus per Variant: 
Table 3 (left) shows the consensus 
confirmation status per variant across 
multiple amplicons per variant for a total 
of 730 amplicons. Table 4 (right) 
PacBio confirmed 96.4% of variants 
vs. 81.7% by Sanger. 
 


