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!   From%counts%to%func,onal%pa0erns:%impact%of%
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!  Low:level%processing%
!  Tes,ng%for%differen,al%expression%
!  Func,onal%summaries%of%the%transcrip,onal%responses%

!  Scanning%the%analysis%op,ons%across%3%layers:%%
%%%%what%3,456%100+:mer%vectors%can%tell%us%

!   Improving%func,onal%analysis%via%con,nuous%

dialogue%between%biology%and%sta,s,cs%

!  Star,ng%from%differen,al%expression:%unfolding%poten,al%of%

a%3:condi,on%model%
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 Generalized RNA-Seq analysis pipeline 
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Omitted: count normalization, gene clustering….  



 Relative impact of processing stages on the final result? 
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1. “Lever” Hypothesis 2. “Flashlight” Hypothesis 

Image source: http://etc.usf.edu/clipart/35900/35944/lever_35944_md.gif http://www.picture-newsletter.com/scuba-diving/diver-flashlight-7wi2.jpg 



 Multilayer evaluation of RNA-Seq analysis pipeline 
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 The biological case 
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 The biological case 

Control%%

Medium%

Naturally%Toxic%%Medium%

Ar,ficially%Toxic%%Medium%

SynH 
(“synthetic hydrolysate” 
without toxic compounds) 

ACSH 
(ammonia-pretreated corn stover hydrolysate ) 

SynH-LT 
(“synthetic hydrolysate” 
with a cocktail of toxic compounds 
discovered in ACSH - “lignotoxins” – added) 



 Method scanning overview 

2 read pre-processing strategies  
x 2 alignment / counting pipelines  
x 3 count normalization methods 
x 2 pairwise comparisons  
x 3 time points  
x 4 DE calling methods 
x 2 FPKM-based filtering options  
x 3 functional overrepresentation strategies 
x 4 geneset types 
_______________ 
= 6,912 ranked lists of functional enrichment results  
   (~1M of individual gene set enrichment p-values) 
   (+576 comparisons of DE lists with microarray data) 
 
                 



The in silico toolset 
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From Genes To Blocks of Biological Response (BBR): 
Downstream Analysis Assistant (DAA) pipeline 
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GLSeq%output%% QC%script%%
Global%correla,on%

table%

List%of%libraries%%

that%passed%the%QC%

Manual%

interven,on%

DE%/%hard%

clustering%script%%

Lists%of%DE%genes%%
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Pa0erns”)%
Pathway%/%Regulon%%
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The Low Level: alignments / counting 
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Read pre-processing options 
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A.  Take reads as they come from the sequencing facility - “RAW”   
      (read length=100) 

A.  Remove 12 nt from 5’ end and any number of nucleotides from 3’-end 
     that have the average quality score < 30 in a 3-nt sliding window;  
     keep the read if 36 or more nt are left – “QC” 



Alignment / counting options 
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A.  Align to genome with BWA, then estimate coverage with HTSeq 

B.  Align to transcriptome with Bowtie, then estimate coverage  
     probabilistically with RSEM (Li and Dewey, 2011) 



Count-based correlations between libraries 

RSEM (Transcriptome alignment; probabilistic counting) 

BWA-HTSeq (Genome alignment; hard-threshold counting) 

 



The advantage of probabilistic alignment / counting: 
RSEM vs. BWA-HTSeq 

132 
 
14 

78 
 
1 

137 
 
11 

73 
 
4 

Black numbers – correlation pairs from overall pool 
Green numbers – correlation pairs representing biological replicates  



Ranking of the preprocessing – alignment / counting 
combinations by number of individual highest correlations 

BWA-HTSeq 

RSEM 



Running conclusions: low-level processing 

!   Probabilis,c%coun,ng%with%RSEM%is%more%robust%

overall,%compared%to%tradi,onal%coun,ng%

!   Pre:processing%of%the%reads%may%be%either%

advantageous%or%disadvantageous,%depending%on%the%

fragile%balance%between%improving%the%overall%

nucleo,de%calling%quality%and%keeping%the%extra%

sequence%informa,on%

%
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Differential expression 
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Not all DE detection methods are created equal 
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The case for “critical coefficient” 
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-  Would we investigate why the treatment effect looks so different  
     with replicate 1 and replicate 2?  
-    Maybe… Next time… 



The case for “critical coefficient” 
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“Critical coefficient” in RNA-Seq realm 
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Curious preference 
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cC1%%%%%%%%%%%%%%C2%%%%%%%%%%%%%T1%%%%%%%%%%%%%%T2%%%%%%%%%%%%%T3%

EBSeq:  0.87 
DESeq:  0.60 
edgeR:   0.0000082 
voom:    0.97 



Agreement between RNA-Seq and microarray results 

www.glbrc.org%

Relative intersection =   

Number of genes called DE  
by both platforms (same directionality of change) 

Size of the pool of genes  
called DE by any platform 

_______________________________________ 



Agreement between RNA-Seq and microarray results: 
the range across 576 comparisons 
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Agreement between RNA-Seq and microarray results:  
Influence of low-level processing 
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Agreement between RNA-Seq and microarray results:  
Influence of differential expression methodology - 1 
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Agreement between RNA-Seq and microarray results:  
Influence of differential expression methodology - 2 
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Agreement between RNA-Seq and microarray results:  
Influence of biological phenomena 
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Agreement between RNA-Seq and microarray results:  
generalized model 
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relInt ~ QC + align + norm + comp + time + DE + crit 

                           Estimate  Std. Error t value  Pr(>|t|)        
normUPPER   -0.016931   0.006150  -2.753   0.0061 **  
compsynHLT   0.150192   0.005022  29.909  < 2e-16 *** 
timeT3      -0.024140   0.006150  -3.925 9.74e-05 *** 
timeT4      -0.172025   0.006150 -27.971  < 2e-16 *** 
DEEBSeq      0.068720   0.007102   9.677  < 2e-16 *** 
DEedgeR      0.045171   0.007102   6.361 4.15e-10 *** 



Functional pattern detection  
and the overall “method impact” model 
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Functional pattern detection:  
Types of knowledge-based gene sets 

!   KEGG%Pathways%
!   Species:specific%pathways%
! Regulons%

!   Transporters%
!   Global%biclusters%

www.glbrc.org%



 Functional enrichment reports:  
the democracy advantage !

Gene:level%data%

Gene%clusters% P:values%
Fold%

changes%

Func,onal%gene%sets%

Set-vs.-set analysis 
 (goseq)  

Summarization  
of gene-level  
p-values 
        

Summarization  
of gene-level  
fold changes 
          



Looking through the analytical layers:  
impact on consistency between functionality profiles 

       ACSH vs. SynH 
SynH + LT vs. SynH 

Func-profiles 
Func-profiles 

cor 



Looking through the analytical layers:  
impact on consistency between functionality profiles 

       ACSH vs. SynH 
SynH + LT vs. SynH 

Func-profiles 
Func-profiles 

cor 

Cor(Func-prof)  ~ readQC + Counting + Norm + DE + FuncEnrich + TimePoint   



Looking through the analytical layers:  
impact on consistency between functionality profiles 

       ACSH vs. SynH 
SynH + LT vs. SynH 

Func-profiles 
Func-profiles 

cor 

Cor(Func-prof)  ~ readQC + Counting + Norm + DE + FuncEnrich + TimePoint   

Low-Level 
Processing 

DE Func. Dimens. 
Reduction 

Biological 
Context 



Looking through the analytical layers:  
impact on consistency between functionality profiles 

       ACSH vs. SynH 
SynH + LT vs. SynH 

Func-profiles 
Func-profiles 

cor 

Cor(Func-prof)  ~ readQC + Counting + Norm + DE + FuncEnrich + TimePoint   

Low-Level 
Processing 

DE Func. Dimens. 
Reduction 

Biological 
Context 

✔ 



Running conclusions: overall method impact 

!   With%all%the%within:level%differences%and%peculiari,es,%

low:level%processing%and%DE%op,ons%have%surprisingly%

low%impact%on%the%final%func,onality%profiles;%main%

a0en,on%should%be%devoted%to%op,miza,on%of%the%

func,onal%enrichment%stage%

%

%
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Multicondition designs and functionality representations:  
 the dialogue between biology and statistics 
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The Bayesian Model Involving 3 Conditions: DE Patterns 
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CEBF case 
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CEBF case 
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Quality-Quantity Dilemma Solved:  
Detecting Massive Clean Response 
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CEBF >= 0.95 
     crt  >= 1.15 
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 12 directional expression patterns (“hard clusters”)  
based on EBSeq results 

 

Specific%condi,on%in%
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Transi,onal%condi,on%in%

pa0ern%5%
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 Pattern population alone may already tell the story 
 
!Pa'ern!! Assigned!genes!

2.1%%ACSH%<%(synHv3%|%synHv3+LT)% 18%

2.2%%ACSH%>%(synHv3%|%synHv3+LT)% 64%

3.1%%synHv3+LT%<%(synHv3%|%ACSH)% 68%

3.2%%synHv3+LT%>%(synHv3%|%ACSH)% 65%

4.1%%synHv3%<%(synHv3+LT%|%ACSH)% 263%

4.2%%synHv3%>%(synHv3+LT%|%ACSH)% 249%

5.1%%synHv3%>%ACSH%>%synHv3+LT% 10%

5.2%%synHv3+LT%>%ACSH%>%synHv3% 20%

5.3%%synHv3%>%synHv3+LT%>%ACSH% 17%

5.4%%ACSH%>%synHv3+LT%>%synHv3% 35%

5.5%%synHv3+LT%>%synHv3%>%ACSH% 4%

5.6%%ACSH%>%synHv3%>%synHv3+LT% 15%



 Next-Generation Pairwise Comparisons: B vs. A, Down 
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 Next-Generation Pairwise Comparisons: B vs. A, Up 
 

Pattern 3.2 

Pattern 4.1 

Pattern 5.2 Pattern 5.4 
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 Next Generation Pairwise Comparison for generating  
gene-level statistics from a 3-condition EBSeq model 

!
NGPC for geneset vs geneset (goseq) analysis was described earlier. 
Edition of NGPC for genome-wide enrichment analysis with gene-level statistics follows: 
 
P(EE) –     posterior probability of Equal Expression (Pattern 1) 
P(EP) –     posterior probability of assignment to a pattern that implies equal expression         
in the current pairwise comparison (one of P(Pattern2), P(Pattern3), P(Pattern4)) 
 

pNG = P(EE) + P(EP)  
 
Example:  
 
For B vs. A, Pattern2 implies no DE, Patterns 3-5 imply DE.  
P(DE_AB) = P(Pattern3)+P(Pattern4)+P(Pattern5)  
P(Pattern1)+P(Pattern2)+P(Pattern3)+P(Pattern4)+P(Pattern5) = 1 
p = 1-PP(DE_AB) = P(Pattern1) + P(Pattern2) = P(EE) + P(EP) = pNG  
 
 
  
 

B vs. A C vs. A C vs. B 



 Revised functional analysis for E.coli LT experiment 
(-log10(FDR))!

! ACSH%vs.%SynH,%T2 ACSH%vs.%SynH,%T3 ACSH%vs.%SynH,%T4 SynH+LT%vs.%SynH,%T2 SynH+LT%vs.%SynH,%T3 SynH+LT%vs.%SynH,%T4
PD00406_SoxS*transcriptional*activator_b4062 3.63 3.33 2.85 3.45 2.85 3.15
PD00365_MarA*transcriptional*activator_b1531 3.63 2.02 2.07 3.45 2.18 2.29
PD04418_Rob*transcriptional*activator_b4396 3.63 1.55 2.85 3.45 1.11 3.15
PC00040_CysB*transcriptional*dual*regulator_b1275 3.63 0.00 0.00 3.45 0.00 0.00
PD00196_Fis*transcriptional*dual*regulator_b3261 3.63 0.00 0.00 3.25 0.00 0.00
PD00364_MarR*transcriptional*repressor_b1530 2.19 0.40 1.85 2.12 0.18 1.93
PD01196_DeoR*transcriptional*repressor_b0840 1.66 0.00 0.00 1.67 0.00 0.00
PC00010_LexA*transcriptional*repressor_b4043 0.00 1.55 0.00 0.00 1.84 0.00

ACSH%vs.%SynH,%T2 ACSH%vs.%SynH,%T3 ACSH%vs.%SynH,%T4 SynH+LT%vs.%SynH,%T2 SynH+LT%vs.%SynH,%T3 SynH+LT%vs.%SynH,%T4
EG20253'MONOMER_XylR0transcriptional0activator_b3569 3.15 3.75 0.91 2.85 3.55 0.76
PD00967_AppY0transcriptional0activator_b0564 3.15 0.00 0.00 3.15 0.00 0.00
EG12344'MONOMER_PspF0transcriptional0activator_b1303 2.85 3.75 0.00 3.15 3.50 0.22
PC00084_RcsB0transcriptional0activator_b2217 2.61 0.00 0.20 2.55 0.00 0.14
PD00353_Lrp0transcriptional0dual0regulator_b0889 1.10 3.75 0.00 1.32 3.55 0.00
PD00288_H'NS0transcriptional0dual0regulator_b1237 0.60 1.73 0.00 0.58 2.24 0.00
PC00063_GatR0transcriptional0repressor_b2090 0.25 3.75 0.48 0.17 3.50 0.39
PC00027_IHF0transcriptional0dual0regulator_b1712 0.17 1.68 2.63 0.00 1.59 2.25
PC00040_CysB0transcriptional0dual0regulator_b1275 0.00 3.75 0.00 0.00 3.55 0.04
PD00413_TyrR0transcriptional0dual0regulator_b1323 0.00 3.75 0.00 0.00 3.50 0.00
PD01896_Mlc0transcriptional0repressor_b1594 0.00 3.75 0.00 1.87 2.64 0.00
PD04032_MetJ0transcriptional0repressor_b3938 0.00 3.75 0.00 0.00 3.37 0.00
PC00007_TrpR0transcriptional0repressor_b4393 0.00 3.20 0.00 0.00 3.50 0.00
PC00004_CRP0transcriptional0dual0regulator_b3357 0.00 2.85 3.55 0.00 3.55 3.25
PD00237_MalT0transcriptional0activator_b3418 0.00 2.85 0.00 0.00 3.55 0.00
PD00197_FNR0transcriptional0dual0regulator_b1334 0.00 2.67 0.08 0.00 1.79 0.00
EG11519'MONOMER_nickel'responsive0transcriptional0regulator_b3481 0.00 2.53 2.42 0.00 1.79 2.10
PD00763_LacI0transcriptional0repressor_b0345 0.00 2.47 0.00 0.00 1.79 0.00
EG12278'MONOMER_YiaJ0transcriptional0repressor_b3574 0.00 0.00 3.55 0.00 0.00 3.25
G7630'MONOMER_AgaR0transcriptional0regulator_b3131 0.00 0.00 3.55 0.00 0.00 3.25
PD02936_FhlA0transcriptional0activator_b2731 0.00 0.00 3.55 0.00 0.00 3.25
PHOB'MONOMER_PhoB0transcriptional0dual0regulator_b0399 0.00 0.00 3.55 0.00 0.00 3.25
G7308'MONOMER_HyfR0transcriptional0activator_b2491 0.00 0.00 2.32 0.00 0.00 2.07
PC00009_Fur0transcriptional0dual0regulator_b0683 0.00 0.00 2.04 0.00 0.00 2.07
G6201'MONOMER_MhpR0transcriptional0regulator_b0346 0.00 0.00 2.02 0.00 0.00 1.75

Regulons - UP 

Regulons - DOWN 

The trend of consistent 
changes  
between ACSH vs. synH 
and  
synH+LT vs. synH  
holds true for  
pathways and transporters 
(not shown) 



 Our approach to biological interpretation  
of multicondition RNA-Seq experiments:  

an example multifactorial design !
!

F2L1 

F2L2 

F2L3 

F3L1 F3L2 F3L3 

F1L1%

F1L2%

F1 – main treatment 
F2 – extra treatment 
F3 - time 



 Our approach to biological interpretation  
of multiconditional RNA-Seq experiments: 

squeezing the functional analysis  
between subsets of experimental factors 

!
!

Functional View 1: 
3-way F2-centric models 

Functional View 2: 
2-way F1-centric models 

Nontoxic(LogNontoxic(GluNontoxic(NogToxic(Log Toxic(Glu Toxic(Nog
PC00004_CRP'transcriptional'dual'regulator_b3357 5.00 0.14 0.00 0.38 1.42 0.27
G7630@MONOMER_AgaR'transcriptional'regulator_b3131 4.70 0.00 0.00 0.00 1.10 2.50
EG20253@MONOMER_XylR'transcriptional'activator_b3569 1.80 0.00 0.22 4.22 0.74 0.51
EG12344@MONOMER_PspF'transcriptional'activator_b1303 0.00 3.96 0.00 0.00 0.00 0.00
EG12278@MONOMER_YiaJ'transcriptional'repressor_b3574 3.68 0.00 0.00 0.00 2.89 1.90
G6720@MONOMER_PaaX'transcriptional'regulator_b1399 3.35 0.86 0.08 0.00 3.30 3.66
EG12243@MONOMER_GadX'transcriptional'activator_b3516 0.19 0.00 0.04 3.64 0.09 0.48
EG10143@MONOMER_ChbR'transcriptional'regulator_b1735 0.46 0.00 3.42 0.00 2.30 1.96
PC00086_RhaS'transcriptional'activator_b3905 2.86 0.00 0.00 0.00 0.16 0.00
PD00364_MarR'transcriptional'repressor_b1530 0.00 1.43 2.65 0.00 0.00 0.00
PC00027_IHF'transcriptional'dual'regulator_b1712 2.60 1.83 0.00 0.00 0.44 0.54
PD00297_DsdC'transcriptional'dual'regulator_b2364 0.31 0.00 2.57 0.00 0.23 0.34

(dynamics off involvement of 
functional entities into formation 
of a particular F2-centric 
expression pattern 
for each of the 2 levels of F1)  
 

AraLog AraGlu AraNog MannLog MannGlu MannNog XylLog XylGlu XylNog
5.00 0.00 0.00 5.00 0.00 0.00 0.00 0.00 0.00
0.00 5.00 5.00 0.00 4.70 4.52 0.00 0.00 0.00
5.00 0.06 0.55 2.86 0.00 0.33 0.00 0.00 0.00
0.41 5.00 3.20 0.70 2.25 1.94 0.00 0.00 0.00
2.72 3.96 5.00 3.32 1.91 5.00 0.00 0.00 0.00
0.75 2.24 2.80 0.41 4.70 3.62 0.00 0.00 0.00
0.00 0.00 0.00 0.00 4.10 0.00 0.00 4.22 0.00
0.39 3.42 3.47 0.00 3.96 2.58 0.00 0.00 0.00
0.00 0.00 0.70 0.00 0.00 2.07 0.00 0.00 0.00
0.17 2.39 3.32 0.02 2.99 2.83 0.00 0.00 0.00
0.77 0.30 0.06 0.00 2.06 1.71 0.00 2.28 0.00

(explicit effects of F1  
at functional level at every  
F2 + F3 combination)  
 

F1L1%%%%%%%%%%%%%%%%%%%%%%%F1L2!
F3L1%%F3L2%%F3L3%%%F3L1%%%F3L2%%F3L3%%%%%%%%%%%

F2L1%%%%%%%%%%%%%%%%%%%%%%F2L2%%%%%%%%%%%%%%%%%%%%%%F2L3!
F3L1%%F3L2%%F3L3%%F3L1%%F3L2%%F3L3%F3L1%%F3L2%F3L3%%%%%%%%%%%%



Conclusions!
!

!  Later data processing stages have more 
impact on the conclusions about functional 
biological responses than earlier / upstream 
stages 

!  Running functional analysis over subsets of 
factors in multifactorial designs improves the 
interpretability of the results   

!  Look at the raw data for inspiration! 
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