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Introduction
Abstract

This vignette is concerned with the use of tami. We propose different ways to do the same
things. All functionalities are used. This is our purpose.



Differential expression analysis for microarrays

Packages
The following code download and install the package.

url_tami = "http://www.uv.es/ayala/docencia/tami/tami_1.0.tar.gz"
install.packages(url_tami,repos= NULL,type="source")

We load the package.
pacman: :p_load(tami)
We will use data in the package tamidata. This package can be installed with

url_tamidata = "http://www.uv.es/ayala/docencia/tami/tamidata_0.6.tar.gz"

install.packages(url_tamidata,repos= NULL,type="source")
We need some additional packages.

pacman: :p_load("Biobase","hgul33a.db","ggplot2","ggfortify")

How to create an ExpressionData starting from scratch

An ExpressionDatais an S4 class with three slots. The first one is matrix exprm and we
use the attribute rownames of the matrix (rownames (exprm)) as annotation. The second slot
is the phenotypic variable, covariable or experimental factor with two levels indicating the
classification of each column (sample) in one experimental group.

Let us make an ExpressionData starting from scratch. The expression matrix is just a matrix.
The expression values (no real interest) will be random values generated according a standard
normal distribution (null mean and standard deviation one)

exprm0 = matrix(rnorm(100),ncol=5)

Now exprmO has no attribute rownames.

rownames (exprm0)

NULL



We are going to define as rownames
rownames (exprm0) = letters[1:20]
This is the (small) expression matrix.

exprmO

[,1] [,2] [,3] [,4] [,5]
-0.13395778 -0.52694857 -1.62055255 0.76921858 0.1778992
-0.19847157 1.40729154 -0.78984780 -1.11245003 0.2684750

0.02942477 0.06365622 0.68599039 -0.86263981 0.7119576
0.70182517 0.17876688 0.95758190 0.27424972 -0.6066414
-0.01556446 -1.19474417 -0.08523030 0.73606553 0.0494633

0.47088521 0.89509217 -0.32369767 -1.89714583 0.9158007
-1.07647246 -1.39430697 0.86033954 0.21380849 0.5444653
0.24547289 0.13391582 -0.38755958 -0.67868435 1.1338404
0.95261822 -1.78834569 -0.52905443 -0.02855158 1.6575092
-0.12453040 -1.28912722 -0.23469254 -1.62505039 -0.8494635
.48368478 -1.41425128 -0.67015673 -0.35315417 1.2475888
0.43712072 0.38737223 0.72754472 0.96984977 -1.5179842
-1.67478938 0.66272055 0.09224186 1.06563964 -0.2136650
-0.31457780 0.27625934 -0.15737684 1.70668545 -1.0151194
-0.10427078 0.60232294 -0.07849946 0.23142902 -0.4011241

1.17104783 -1.30075687 1.50518174 1.19072294 1.3003441
-0.42979387 -1.09950255 -0.29279656 -0.49743631 -0.7497046
-1.40603336 0.16666155 .93965379 0.54379823 -0.1409341
0.40313081 -0.14196465 .98892105 -0.12999754 1.4466878
0.41833103 -2.01837845 .75990847 0.31668069 -0.5252003
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The second slot is the covariable groups, the experimental factor with two levels. The first
level will be labelled “A” and the second levels as “B”. The samples corresponding to group
“A” occupies the columns 1, 4 and 5. The other columns (samples) corresponding to group
((B”.

groups0 = factor(c(1,2,2,1,1),levels = 1:2,1labels=c("A","B"))

Note that the variable or factor groups0O takes numerical values 1 and 2 but R knows that
it represents categories or groups. The labels of the categories will be used in plots and
summaries.

Now we can construct the ExpressionData. We have two possibilities. The simplest and
preferred is (we use the constructor).



x = new("ExpressionData",exprm = exprm0,groups=groups0)

A simple summary can be obtained with

X

An object of class ExpressionData
The primary identifiers are
abcdef
The expression matrix is
-0.1339578 -0.1984716 -0.5269486 1.407292 -1.620553 -0.7898478 0.7692186 -1.11245 0.1778992
The experimental factor is
12211

The other equivalent procedure to make the ExpressionData is

x = new("ExpressionData",exprm = exprmO, groups = groupsO)

From ExpressionSet to ExpressionData

Usually, we will start our analysis with a data set organized using a Biobase: :ExpressionSet.
For instance, tamidata: :gse21942. It is easy to construct an ExpressionData. First we load
tamidata: :gse21942.

data(gse21942,package="tamidata")
x = ExpressionData(exprm = exprs(gse21942),

groups = pData(gse21942)[,"FactorValue..DISEASE.STATE."],
type="microarray")

Using ExpressionData

We can recover the different slots using the corresponding accessors.

head(exprm(x)) ## to limit the output

GSM545846 .CEL GSM545845.CEL GSM545844.CEL GSM545843.CEL GSM545842.CEL
1007_s_at 6.701185 6.770585 6.896115 6.913170 7.055230
1063 _at 6.904241 7.160595 6.986157 7.252437 6.8205681



117_at
121_at
1255_g_at
1294 _at

1007_s_at
1053_at
117_at
121 _at
1255_g_at
1294 _at

1007_s_at
1053_at
117_at
121_at
1265_g_at
1294 _at

1007_s_at
1063_at
117_at
121 _at
1255_g_at
1294 _at

1007_s_at
1053_at
117_at
121 _at
1255_g_at
1294 at

1007_s_at
1053_at
117_at
121 _at
1255_g_at
1294 at

groups (x)

8.347887 8.309832 8.042841 7.973542
7.527261 7.732676 7.534203 7.582493
2.741237 2.785420 2.705875 2.712574
8.512001 8.697264 8.471296 8.609792
GSM545841.CEL GSM545840.CEL GSM545839.CEL GSM545838.CEL
7.090447 7.161786 6.990521 7.143398
6.983571 6.801948 7.131738 6.941465
7.656960 7.661755 8.849415 7.781422
7.462491 7.757673 7.771086 7.728931
2.731671 3.032517 2.957291 2.908258
8.466908 8.613721 8.996203 8.312664
GSM545836 .CEL GSM545835.CEL GSM545834.CEL GSM545833.CEL
7.263345 7.183820 7.068422 7.018434
7.227540 6.779245 7.141372 6.908670
8.128334 7.638504 8.336013 8.466568
7.604226 7.721856 7.660064 7.735517
2.949537 2.747506 2.634829 2.995889
9.093238 9.048817 9.141685 8.805013
GSM545831.CEL GSM545830.CEL GSM545829.CEL GSM545828.CEL
7.164015 7.079536 6.879690 6.577880
6.997132 6.890387 7.179972 7.303770
8.036675 8.228937 7.237569 8.042661
7.553159 7.623796 7.507285 7.698743
2.708215 2.840438 2.723045 2.651039
8.761252 8.737342 8.528587 8.587533
GSM545826 .CEL GSM545825.CEL GSM545824 .CEL GSM545823.CEL
6.653279 6.900510 6.436211 7.008971
7.120752 7.109658 7.085381 7.046270
8.033017 7.9556324 8.457568 7.863781
7.522826 7.725928 7.733425 7.846924
2.803210 2.889357 2.781139 2.868890
8.669705 8.470591 8.596620 8.660778
GSM545821.CEL GSM545820.CEL GSM545819.CEL GSM545818.CEL
6.747209 7.052194 6.785745 6.715101
7.176329 7.224084 7.369654 7.277721
7.776154 7.825469 8.342164 7.998972
7.443340 7.714347 7.434026 7.699178
2.947213 2.765574 2.898040 2.709309
8.648626 8.640482 8.730575 8.606553

7.905076
7.624345
2.874974
8.932694

GSM545837 .CEL

7.019538
.829286
.431034
.507087
.801843
8.444103

N N NO

GSM545832.CEL

7.134651
.484561
.495304
.514174
.631472
8.557823

N N 00 N

GSM545827 .CEL

6.928483
.410144
.141817
.696693
.906055
8.761697

N N 00 N

GSM545822 . CEL

6.834951
.324719
.965000
.534118
.632601
.730843

0NN NN



[1] multiple sclerosis multiple sclerosis multiple sclerosis multiple sclerosis
[5] multiple sclerosis multiple sclerosis multiple sclerosis multiple sclerosis
[9] multiple sclerosis multiple sclerosis multiple sclerosis multiple sclerosis

[13] multiple sclerosis multiple sclerosis healthy healthy
[17] healthy healthy healthy healthy
[21] healthy healthy healthy healthy
[25] healthy healthy healthy healthy

[29] healthy
Levels: healthy multiple sclerosis

Plots for ExpressionData
The first plot shows the mean versus the standard deviation of the gene expression profile.

plot(x,1)

“geom_smooth() ~ using method = 'gam' and formula = 'y ~ s(x, bs = "cs")'
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The second plot is the median versus the interquantile range of the expression profile.

plot(x,2)



“geom_smooth()~ using method = 'gam' and formula = 'y ~ s(x, bs = "cs")'
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The third plot displays the two first principal components. The package ggfortify has to be
loaded.

library(ggfortify)
plot(x,3)

The fourth plot displays the Tukey mean-difference plot to compare the mean expression of
the gene per condition. We consider the mean expression per condition for each gene: (z;,v;)
where 7 is the gene and x; and y; and the corresponding means per condition. The x axis is the
mean % and the y axis is the difference z; — y;. The left plot corresponds to the original
scale and the right plot uses the natural logarithms of the original data. Perhaps, it is more
usual in the omics data literature to use the logarithm with base 2 but it is more natural our
choice.

plot(x,4)

Differential Expression Input

The S4 class DifferentialExpressionInput provides two additional slots to control the sta-
tistical analysis to be performed.



We are going to apply a t-test per gene with the p-values adjusted using the Benjamini-
Hochberg correction. Also the g-values from the original (raw) p-values are calculated.

The first option is to apply the method rowtt to an ExpressionData.

We have to define an DifferentialExpressionInput object. There are two options.

x_dei = DifferentialExpressionInput(exprm =exprm(x),
groups = groups(x),association ="pvalue",
correction = "BH")

x_dei = new("DifferentialExpressionInput",exprm =exprm(x),
groups = groups(x),association ="pvalue",
correction = "BH")

Again a short review of the object is returned typing its name.

x_dei

An object of class DifferentialExpressionlnput
The primary identifiers are

1007_s_at 1053_at 117_at 121_at 1255_g_at 1294_at
The expression matrix is

6.701185 6.770585 6.896115 6.91317 7.05523 7.090447 7.161786 6.990521 7.143398 7.019538 7.2
The experimental factor is

22222222222222111111111111111
The method to correct for multiple comparisons is

BH
The test of the statistical method is

x_t = rowt(x= exprm(x),y=groups(x))

x_t2 = rowtest(x= exprm(x),y=groups(x),test = rowt,correction = "BH")
The value is a data.frame.
head(x_t2)

statistic rawp adjp qval
1007_s_at -2.29869931 0.029492008 0.11049371 0.05708447



1063 _at 3.44084102 0.001901206 0.01513959 0.00782158
117 _at -0.08505071 0.932848609 0.96675733 0.49945673
121_at -0.53362792 0.597965094 0.76778314 0.39666051
1255_g_at -1.01536731 0.318943716 0.53372043 0.27573648
1294_at  -1.05030996 0.302886126 0.51746083 0.26733627

Note that the rows are identified using the original Affymetrix identifiers. They are the row
names of the data frame.

head (rownames (x_t2))

[1] "1007_s_at" "1053_at" "117_at" "121 at" "1255_g_at" "1294_at"

They will be used as primary gene identifiers. Instead of the t-tests where the standard error
of the difference of means is estimated using the profile expression of each gene, other possible
procedure is contained in the Limma R package where an hierarchical model is used. Again
the same results can be obtained using two procedures implemented in tami.

x_tm = rowtmod(x= exprm(x),y=groups(x))

head (x_tm)

statistic rawp
1 -2.31854450 0.027119463
2 3.40762889 0.001819455
3 -0.08980406 0.929015315
4 -0.49077813 0.627007830
5 -0.93447609 0.357214419
6 -1.06854428 0.293449716

The same analysis and the adjusted p-values and g-values can be obtained using
tami::rowtest.

X_tm2 = rowtest(x= exprm(x),y=groups(x),test = rowtmod,correction = "BH")
The first rows of the resulting data frame can be inspected with

head (x_tm2)



statistic rawp adjp qval
1007_s_at -2.31854450 0.027119463 0.1023791 0.053520473
1053_at 3.40762889 0.001819455 0.0138995 0.007266206
117 _at -0.08980406 0.929015315 0.9653334 0.504644933
121 _at -0.49077813 0.627007830 0.7885372 0.412221609
1255_g_at -0.93447609 0.357214419 0.5729244 0.299506288
1294 _at  -1.06854428 0.293449716 0.5089248 0.266049350

Similarly we can applied the rowt option.

x_tm2

rowtest (x= exprm(x),y=groups(x),test

The first rows of the resulting data frame can be inspected with

head (x_tm2)

statistic rawp adjp qval
1007_s_at -2.29869931 0.029492008 0.11049371 0.05708447
1053_at 3.44084102 0.001901206 0.01513959 0.00782158
117_at -0.08505071 0.932848609 0.96675733 0.49945673
121 _at -0.53362792 0.597965094 0.76778314 0.39666051
1255_g_at -1.01536731 0.318943716 0.53372043 0.27573648
1294 _at -1.05030996 0.302886126 0.51746083 0.26733627

Differential Expression Output

rowt,correction = "BH")

We have now a data frame with the annotation data and a data frame with the statistical
results of the differential expresion analysis. We create a DifferentialExpressionOutput.
We can made it with two procedures.

x_t2_deo = DifferentialExpressionOutput(GeneData=fData(gse21942),
GeneStat x_t2,
foutput ="gse21942_rowtt",fdr

.2)
We can access or modify the different slots using

GeneData(x_t2_deo)

GeneStat (x_t2_deo)

foutput (x_t2_deo)
fdr(x_t2_deo)

10



x_t2_deo = new("DifferentialExpressionOQutput",
GeneData = fData(gse21942), GeneStat = x_t2,
foutput = "gse21942_rowtt",fdr = .2)

We generate the corresponding tidy report where only genes with an adjusted p-value lower
than FDR are included in the report.

tami: :tidy(x_t2_deo)

We can see the report at this file.

However, the report with all genes can be obtained with
tami: :augment (x_t2_deo)

The corresponding report can be found here.

Using rowttmod
We can repeat the previous analysis by replacing tami::rowt with the moderated t-tests (from
limma package). Note that we have to modify the statistical results contained in the data
frame gse21942_rowt by the data frame gse21942_rowtmod.
x_tm2_deo = new("DifferentialExpressionOutput",
GeneData = fData(gse21942), GeneStat = x_tm2,
foutput = "gse21942_rowttmod",fdr = .2)
Generate the report.
tami: :tidy(x_tm2_deo)

The results are included in this new file

dema (x=gse21942,y="FactorValue. .DISEASE.STATE.",,correction = "BH",test = rowt,
foutput = "gse21942",fdr = .01)
Gene set analysis
We have to choose a gene set collection. The package EnrichmentBrowser have some useful

functions to construct these gene set collections. Note that we are going to analyze human
and yeast data sets.

11


/home/gag/ownCloud/alltami/tami-notes/vignettes/reports/gse21942_rowtt_tidy.html
/home/gag/ownCloud/alltami/tami-notes/vignettes/reports/gse21942_rowtt_augment.html
/home/gag/ownCloud/alltami/tami-notes/vignettes/reports/gse21942_rowttmod_tidy.html

KEGG

First, we can use the gene sets from KEGG. We download the collections and save them. The
species names can be found at .

pacman: :p_load(EnrichmentBrowser)

hsa_kegg = get.kegg.genesets("hsa")

sce_kegg = get.kegg.genesets("sce")

Gene Ontology

hsa_go = get.go.genesets(org="hsa", onto="BP", mode="GO0.db")

sce_go = get.go.genesets(org="sce", onto="BP", mode="GO.db")

As we are going to see the genes are coded using the ENTREZID. ## Exploring a gene set
collection

What kind of data we have?

class(hsa_go)

[1] "list"

We can use generic functions for 1ist.

length(hsa_go)

[1] 22934

We can access to each element in the 1ist using the position

hsa_go[1]

12



$°G0:0000002"

[1] "5428" "6742"
(9] "1763" "7157"
[17] "1890" "2021"

[25] "50484" "64863"

or the name

"11232"
"9093"
"3980"
"219736"

"55186"
"10891"
"4358"
n 4205 n

"56652"
"80119"
"4976"
ll9361||

"84275"
"83667"
"6240"
ll291||

hsa_go["G0:0000002_mitochondrial_genome_maintenance"]

$<NA>
NULL

If we want the elements then

hsa_go[[1]]

[1] "5428" "6742"
[9] "1763" "7157"
[17] "1890" "2021"

[25] "50484" "64863"

or

"11232"
ll9093ll
"3980"
"219736"

"55186"
"10891"
||4358"
||4205 n

"56652"
"80119"
"4976"
"9361"

"'84275"
"83667"
ll6240||
ll291 n

hsa_go[["G0:0000002_mitochondrial_genome_maintenance"]]

NULL

The first elements of the 1ist.

head (hsa_go)

$°G0:0000002"

[1] "5428" "6742"
(9] "1763" "7157"
[17] "1890" "2021"

[25] "50484" "64863"

"11232"
"9093"
"'3980"
"219736"

"55186"
"10891"
n 4358 n
"4205"

13

"56652"
"80119"
n 4976 n
"9361"

"84275"
"83667"
ll6240||
Il291 n

"92667" "201973"
"201163" "142"
"T156"  "10000"
"92667" "201973"
"201163" "142"
"T156"  "10000"
"92667" "201973"
"201163" "142"
"7156"  "10000"



$°G0:0000003"

[1]
[7]
[13]
[19]
[25]
[31]
[371]
[43]
[49]
[55]
[61]
[671]
[73]
[79]
[85]
[91]
[971]
[103]
[109]
[115]
[121]
[127]
[133]
[139]
[145]
[151]
[157]
[163]
[169]
[175]
[181]
[187]
[193]
[199]
[205]
[211]
[217]
[223]
[229]
[235]
[241]
[247]

nggn
"638"
"1060"
"2350"
"2622"
"3619"
"5021"
"5819"
"6407"
"7141"
272"
"8468"
"19232"
"10018"
"10744"
"11085"
"23291"
"26108"
"27229"
"51298"
"54763"
"56159"
"57587"
"63950"
"79846"
"81833"
"84057"
"84501"
"89765"
"117155"
"126549"
"1135458"
"146378"
"150365"
"158401"
"171482"
"221400"
"257044"
"284071"
"1286207"
"340069"
"374768"

"ier"
"699"
"1654"
"2352"
"3010"
"3973"
"5048"
"5888"
"'6847"
"r142"
"7283"
"gb21"
"9319"
"10111"
"'10844"
"11086"
"23310"
"26255"
"27443"
"51314"
"54970"
"56165"
"57820"
"63951"
"79925"
"'83449"
"84071"
"'84690"
"'89869"
"119710"
"128153"
"135927"
"146849"
"151246"
"163589"
"171483"
"221711"
"257062"
"'284359"
"'286826"
"340719"
"375337"

"190"
"7o1"
"1761"
"'2488"
"3024"
"4342"
"5139"
"'5889"
"6865"
"7153"
"7432"
"8653"
"9576"
"10370"
"'10942"
"11105"
'23424"
"26271"
"29781"
"54514"
"555621"
"56907"
"57829"
"64100"
"80010"
"'83540"
"'84223"
"'84944"
"90780"
"124626"
"'128497"
"136242"
"146956"
"152015"
"164045"
"171484"
"24677T"
"283129"
"'284680"
"317761"
"342977"
"378708"

14

268"
"993"
"2072"
"2492"
"13248"
"4361"
"5617"
"5892"
"6869"
"7155"
"7783"
"8r4r"
"9700"
"10388"
"11022"
"11144"
"23626"
"26528"
"129893"
"54558"
"56154"
"56979"
"58524"
"64753"
"80198"
"83639"
"84225"
"85376"
"91646"
"1124783"
"130951"
"139212"
"147650"
"154313"
"168391"
"197342"
"1254528"
"1283417"
"1285498"
"339168"
"346673"
"378807"

"3o1"
"994"
"21rT
"2515"
"3267"
"4438"
"5620"
"e117"
"6870"
"r222"
7784
"'8748"
"9918"
"10426"
"11055"
"'22862"
"25788"
"'26998"
"43847"
"54586"
"56155"
"57113"
"58531"
""79084"
"80217"
"'83893"
"'84229"
"'85378"
"114791"
"124817"
"131375"
"140894"
"147872"
"157695"
"170370"
"201254"
"255101"
"283847"
"'285588"
"1339345"
"347732"
"387885"

"367"
"995"
"12348"
"'2528"
"3364"
"4439"
"5660"
"6406"
"6954"
"7225"
"'8438"
"8749"
"'9985"
"10655"
"11067"
"22917"
"'25868"
"27175"
"50511"
"54742"
"56158"
"57151"
"63948"
"79703"
"81626"
"'83990"
"'84464"
"'85438"
"117144"
"124912"
"132141"
"145645"
"150221"
"157855"
"171169"
"203102"
"'255220"
"284067"
"286151"
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Using lapply and sapply
If we want to know the number of genes for each gene set.
ngs = lapply(hsa_go,length)

What is ngs?

class(ngs)

[1] "list"

Probably a better choice to calculate the lengths would be
ngs = sapply(hsa_go,length)
Now ngs is

class(ngs)

[1] "integer"

A summary of the lengths is

summary (ngs)
Min. 1st Qu. Median Mean 3rd Qu. Max.
1.0 2.0 6.0 90.3 24.0 19518.0

||3981 n
"200558"

ll7141 n
"7014"

"10111" "64421" "7515"

Perhaps a kernel density estimator could show the gene set length distribution.
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df = data.frame(ngs)
ggplot (data=df,aes(x=ngs)) + geom_density()
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