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Introduction

annaffy is part of the Bioconductor project. It is designed to help interface between
Affymetrix analysis results and web-based databases. It provides classes and functions
for accessing those resources both interactively and through statically generated HTML
pages.

The core functionality of annaffy depends on annotation contained in Bioconductor
data packages. The data packages are created by another package called AnnBuilder.
It gathers annotation data from many diverse sources and makes the information easily
processed by R. Preconstructed packages for most Affymetrix chips are available on the
Bioconductor web site.

1 Loading Annotation Data

annaffy represents each type of annotation data as a different class. Currently imple-
mented classes include:

aafSymbol gene symbol

aafDescription gene description/name

aafFunction gene functional description

aafChromosome genomic chromosome

aafChromLoc location on the chromosome (in base pairs)

aafGenBank GenBank accession number

aafLocusLink LocusLink ids (almost never more than one)

aafCytoband mapped cytoband location
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aafUniGene UniGene cluster ids (almost never more than one)

aafPubMed PubMed ids

aafGO Gene Ontology identifiers, names, types, and evidence codes

aafPathway KEGG pathway identifiers and names

For each class, there is a constructor function with the same name. It takes as
arguments a vector of Affymetrix probe ids as well as the chip name. The chip name
corresponds to the name of the data package that contains the annotation. If the data
package for the chip is not already loaded, the constructor will attempt to load it. The
constructor returns a list of the corresponding objects populated with annotation data.
(NA values in the annotation package are mapped to empty objects.)

> library("annaffy")

(For the purpose of demonstration, we will use the hgu95av2.db metadata package
and probe ids from the aafExpr dataset.)

> data(aafExpr)

> probeids <- featureNames(aafExpr)

> symbols <- aafSymbol(probeids, "hgu95av2.db")

> symbols[[54]]

[1] "ARVCF"

attr(,"class")

[1] "aafSymbol"

> symbols[55:57]

An object of class "aafList"

[[1]]

An object of class "aafSymbol"

[1] "MRPS14"

[[2]]

An object of class "aafSymbol"

[1] "TDRD3"

[[3]]

An object of class "aafSymbol"

character(0)
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All annotation constructors return their results as aafList objects, which act like
normal lists but have special behavior when used with certain methods. One such
method is getText(), which returns a simple textual representation of most annaffy

objects. Note the differing ways annaffy handles missing annotation data.

> getText(symbols[54:57])

[1] "ARVCF" "MRPS14" "TDRD3" ""

Other annotation constructors return more complex data structures:

> gos <- aafGO(probeids, "hgu95av2.db")

> gos[[3]]

An object of class "aafGO"

[[1]]

An object of class "aafGOItem"

@id "GO:0001657"

@name "ureteric bud development"

@type "Biological Process"

@evid "IEA"

[[2]]

An object of class "aafGOItem"

@id "GO:0006916"

@name "anti-apoptosis"

@type "Biological Process"

@evid "IEA"

[[3]]

An object of class "aafGOItem"

@id "GO:0007406"

@name "negative regulation of neuroblast proliferation"

@type "Biological Process"

@evid "IEA"

[[4]]

An object of class "aafGOItem"

@id "GO:0007411"

@name "axon guidance"

@type "Biological Process"

@evid "IEA"
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[[5]]

An object of class "aafGOItem"

@id "GO:0007412"

@name "axon target recognition"

@type "Biological Process"

@evid "IEA"

[[6]]

An object of class "aafGOItem"

@id "GO:0007631"

@name "feeding behavior"

@type "Biological Process"

@evid "IEA"

[[7]]

An object of class "aafGOItem"

@id "GO:0008038"

@name "neuron recognition"

@type "Biological Process"

@evid "IEA"

[[8]]

An object of class "aafGOItem"

@id "GO:0014047"

@name "glutamate secretion"

@type "Biological Process"

@evid "IEA"

[[9]]

An object of class "aafGOItem"

@id "GO:0016358"

@name "dendrite development"

@type "Biological Process"

@evid "IEA"

[[10]]

An object of class "aafGOItem"

@id "GO:0019222"

@name "regulation of metabolic process"

@type "Biological Process"

@evid "IEA"
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[[11]]

An object of class "aafGOItem"

@id "GO:0021675"

@name "nerve development"

@type "Biological Process"

@evid "IEA"

[[12]]

An object of class "aafGOItem"

@id "GO:0042490"

@name "mechanoreceptor differentiation"

@type "Biological Process"

@evid "IEA"

[[13]]

An object of class "aafGOItem"

@id "GO:0043523"

@name "regulation of neuron apoptosis"

@type "Biological Process"

@evid "IEA"

[[14]]

An object of class "aafGOItem"

@id "GO:0045666"

@name "positive regulation of neuron differentiation"

@type "Biological Process"

@evid "IEA"

[[15]]

An object of class "aafGOItem"

@id "GO:0046668"

@name "regulation of retinal programmed cell death"

@type "Biological Process"

@evid "IEA"

[[16]]

An object of class "aafGOItem"

@id "GO:0048167"

@name "regulation of synaptic plasticity"

@type "Biological Process"

@evid "IEA"
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[[17]]

An object of class "aafGOItem"

@id "GO:0048839"

@name "inner ear development"

@type "Biological Process"

@evid "IEA"

[[18]]

An object of class "aafGOItem"

@id "GO:0016023"

@name "cytoplasmic membrane-bound vesicle"

@type "Cellular Component"

@evid "IEA"

[[19]]

An object of class "aafGOItem"

@id "GO:0005515"

@name "protein binding"

@type "Molecular Function"

@evid "IPI"

[[20]]

An object of class "aafGOItem"

@id "GO:0008083"

@name "growth factor activity"

@type "Molecular Function"

@evid "IEA"

[[21]]

An object of class "aafGOItem"

@id "GO:0008083"

@name "growth factor activity"

@type "Molecular Function"

@evid "TAS"

The gene ontology constructor, aafGO(), returns aafLists of aafGO objects, which
are in turn lists of aafGOItem objects. Within each of those objects, there are four slots:
id, name, type, and evidence code. The individual slots can be accessed with the @

operator.

> gos[[3]][[1]]@name

[1] "ureteric bud development"
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If the reader is not already aware, R includes two subsetting operators, which can
be the source of some confusion at first. Single brackets ([]) always return an object
of the same type that they are used to subset. For example, using single brackets to
subset an aafList will return another aafList, even if it only contains one item. On
the other hand, double brackets ([[]]) return just a single item which is not enclosed
in a list. Thus the above statement first picks out the third aafGO object, then the first
aafGOItem, and finally the name slot.

2 Linking to Online Databases

One of the most important features of the annaffy package its ability to link to various
public online databases. Most of the annotation classes in annaffy have a getURL()

method which returns single or multiple URLs, depending on the object type.
The simplest annotation class which produces a URL is aafGenBank. Because

Affymetrix chips are generally based off GenBank, all probes have a corresponding
GenBank accession number, even those missing other annotation data. The GenBank
database provides information about the expressed sequence that the Affymetrix chip
detects. Additionally, it helps break down the functional parts of the sequence and pro-
vides information about the authors that initially sequenced the gene fragment. (See
this URL here.)

> gbs <- aafGenBank(probeids, "hgu95av2.db")

> getURL(gbs[[1]])

[1] "http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&term=U41068%5BACCN%5D&doptcmdl=GenBank"

In most distributions of R, you can open URLs in your browser with the browseURL()
function. Many other types of URLs are also possible. Entrez Gene (formerly LocusLink)
is a very useful online database that links to many other data sources not referenced
by Bioconductor. One worthy of note is OMIM, which provides relatively concise gene
function and mutant phenotype information. (See this URL here.)

> lls <- aafLocusLink(probeids, "hgu95av2.db")

> getURL(lls[[2]])

[1] "http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=DetailsSearch&Term=2322"

If you are interested in exploring the area of the genome surrounding a probe, the
aafCytoband provides a link to NCBI’s online genome viewer. It includes adjacent genes
and other genomic annotations. (See this URL here.)

> bands <- aafCytoband(probeids, "hgu95av2.db")

> getURL(bands[[2]])
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[1] "http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?direct=on&idtype=gene&id=2322"

For primary literature information about a gene, use the aafPubMed class. It will
provide a link to a list of abstracts on PubMed which describe the gene of interest. The
list abstracts that Bioconductor provides are by no means complete and will sometimes
only include the paper in which the gene was cloned. (See this URL here.)

> pmids <- aafPubMed(probeids, "hgu95av2.db")

> getURL(pmids[[2]])

[1] "http://www.ncbi.nih.gov/entrez/query.fcgi?tool=bioconductor&cmd=Retrieve&db=PubMed&list_uids=2004790%2c7505204%2c7507245%2c7692230%2c7789184%2c8394751%2c8946930%2c9614102%2c9651358%2c9918857%2c10022833%2c10080542%2c10409713%2c10482988%2c10698507%2c11027663%2c11091200%2c11133746%2c11290608%2c11442493%2c11535508%2c11971190%2c11983110%2c12036858%2c12060771%2c12070009%2c12239146%2c12239147%2c12384447%2c12393674%2c12468433%2c12477932%2c12481903%2c12676789%2c12681969%2c12691136%2c12816873%2c12842996%2c12854887%2c12926083%2c12935959%2c12969963%2c14504097%2c14562119%2c14604974%2c14630076%2c14654525%2c14670924%2c14737077%2c14759363%2c14977832%2c14981546%2c14982881%2c15044257%2c15054042%2c15059064%2c15061200%2c15166029%2c15167911%2c15178581%2c15242879%2c15253381%2c15345593%2c15352981%2c15363457%2c15574429%2c15583855%2c15604885%2c15604894%2c15645287%2c15650056%2c15674343%2c15710585%2c15769897%2c15770067%2c15778081%2c15781338%2c15797998%2c15831474%2c15921740%2c15978940%2c16116483%2c16263569%2c16263793%2c16320249%2c16326981%2c16368883%2c16410383%2c16410449%2c16502586%2c16517725%2c16598313%2c16684964%2c16809615%2c16861351%2c16990784%2c16990788%2c17036374%2c17064989%2c17105820%2c17128418%2c17229632%2c17230226%2c17312001%2c17498302%2c17584026%2c17598835"

A number of interesting queries can be done with the gene ontology class. You can
display the gene ontology family hierarchy for an entire probe id at once, including
multiple GO ids. The usefulness of such a query may be dubious, but it is possible. See
this URL here.

> getURL(gos[[1]])

[1] "http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?view=query&query=GO:0001501%0aGO:0006817%0aGO:0007155%0aGO:0007605%0aGO:0030199%0aGO:0005581%0aGO:0005592%0aGO:0005737%0aGO:0005198%0aGO:0030020"

You can also show the family hierarchy for a single GO id. (See this URL here.)

> getURL(gos[[1]][[4]])

[1] "http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?view=details&query=GO:0007605"

The last link type of note is that for KEGG Pathway information. Most genes are
not annotated with pathway data. However, for those that are, it is possible to retrieve
schematics of the biochemical pathways a gene is involved in. (See this URL here. Look
for the enzyme in question to be highlighted in red.)

> paths <- aafPathway(probeids, "hgu95av2.db")

> getURL(paths[[5]])

[1] "http://www.genome.ad.jp/dbget-bin/show_pathway?MAP00480+2.5.1.18"

[2] "http://www.genome.ad.jp/dbget-bin/show_pathway?MAP00980+2.5.1.18"
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3 Building HTML Pages

In addition to using annaffy interactively through R, it may also be desirable to generate
annotated reports summarizing your microarray analysis results. Such a report can
be utilized by a scientist collaborator with no knowledge of either R or Bioconductor.
Additionally, by having all the annotation and statistical data presented together on one
page, connections between and generalizations about the data can be made in a more
efficient manner.

The primary intent of the annaffy package is to produce such reports in HTML.
Additionally, it can easily format the same report as tab-delimited text for import into
a table, spreadsheet, or database. It supports nearly all the annotation data available
through Bioconductor. Additionally, it has facilities for including and colorizing user
data in an informative manner.

The rest of this tutorial will make use of an exprSet generated for demonstration
purposes. It contains anonymized data from a microarray experiment which used the
Affymetrix hgu95av2 chip. There are eight total samples in the set, four control samples
and four experimental samples. 250 expression measures were selected at random from
the results, and another 250 probe ids were selected at random and assigned to those
expression measures. The data therefore has no real biological significance, but can still
fully show the capabilities of annaffy.

3.1 Limiting the Results

HTML reports generated by annaffy can grow to become quite large unless some mea-
sures are taken to limit the results. Multi-megabyte web pages are unwieldy and should
thus be avoided. Doing a ranked statistical analysis is one way to limit results, and will
be shown here. We will rank the expression measures by putting their two-sample Welch
t-statistics in order of decreasing absolute value.

The first step is to load the multtest package which will be used for the t-test. (It
is also part of the Bioconductor project.)

> library(multtest)

The mt.teststat() function requires a vector that specifies which samples belong
to the different observation classes. Using a few R tricks, that vector can be produced
directly from the first covariate of pData.

> class <- as.integer(pData(aafExpr)$covar1) - 1

[1] 0 0 0 0 1 1 1 1

Using the class vector, we calculate the t-statistic for each of the probes. We then
generate an index vector which can be used to order the probes themselves in increasing
order. As a last step, we produce the vector of ranked probe ids. Latter annotation
steps will only use the first 50 of those probes.
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> teststat <- mt.teststat(exprs(aafExpr), class)

> index <- order(abs(teststat), decreasing = TRUE)

> probeids <- featureNames(aafExpr)[index]

3.2 Annotating the Probes

Once there is a list of probes, annotation is quite simple. The only decision that needs
to be made is which classes of annotation to include in the table. Including all the
annotation classes, which is the default, may not be a good idea. If the table grows too
wide, its usefulness may decrease. To see which columns of data can be included, use
the aaf.handler() function. When called with no arguments, it returns the annotation
types annaffy can handle.

> aaf.handler()

[1] "Probe" "Symbol" "Description"

[4] "Chromosome" "Chromosome Location" "GenBank"

[7] "Gene" "Cytoband" "UniGene"

[10] "PubMed" "Gene Ontology" "Pathway"

To help avoid typing errors, subset the vector instead of retyping each column name.

> anncols <- aaf.handler()[c(1:3, 8:9, 11:13)]

[1] "Probe" "Symbol" "Description" "Cytoband"

[5] "UniGene" "Gene Ontology" "Pathway" NA

This may be too many columns, but it is possible at a later stage to choose to
either not show some of the columns or remove them altogether. Note that by using the
widget=TRUE option in the next function, it is also possible select data columns with a
graphical widget. See Figure 1.

Now we generate the annotation table with the aafTableAnn() function. Note that
for this tutorial, annaffy is acting as its own data package. If you wish to annotate
results for other chips, download the appropriate data package from the Bioconductor
website.

> anntable <- aafTableAnn(probeids[1:50], "hgu95av2.db", anncols)

To see what has been produced so far, use the saveHTML() method to generate the
HTML report. Using the optional argument open=TRUE will open the resulting file in
your browser.

> saveHTML(anntable, "example1.html", title = "Example Table without Data")

See this page online here.
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Figure 1: Graphical display for selecting annotation data columns.
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3.3 Adding Other Data

To add other data to the table, just use any of the other table constructors to generate
your own table, and then merge the two. For instance, listing the t-test results along
with the annotation data is quite useful. annaffy provides the option of colorizing signed
data, making it easier to assimilate.

> testtable <- aafTable("t-statistic" = teststat[index[1:50]],

+ signed = TRUE)

> table <- merge(anntable, testtable)

After HTML generation, a one line change to the style sheet header will change the
colors used to show the positive and negative values. In fact, with a bit of CSS it is
possible to heavily customize the appearance of the tables very quickly, even on a column
by column basis.

annaffy also provides an easy way to include expression data in the table. It col-
orizes the cells with varrying intensities of green to show relative expression values.
Additionally, because of the way merge works, it will always match probe id rows to-
gether, regardless of their order. This allows a quick ”sanity check”on the other statistics
produced, and can help decrease user error. (Check, for example, that the t-statistics
and ranking seem reasonable given the expression data.)

> exprtable <- aafTableInt(aafExpr, probeids = probeids[1:50])

> table <- merge(table, exprtable)

> saveHTML(table, "example2.html", title = "Example Table with Data")

See this page online here.
Producing a tab-delimited text version uses the saveText() method. The text ouput

also includes more digits of precision than HTML.

> saveText(table, "example2.txt")

4 Searching Metadata

Often a biologist will make hypotheses about changes in gene expression either before
or after the microarray experiment. In order to facilitate the formulation and testing
of such hypotheses, annaffy includes functions to search annotation metadata using
various criteria. All search functions return character vectors of Affymetrix probe ids
that can be used to subset data and annotation.
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4.1 Text

The two currently implemented search functions are simple and easy to use. The first is
a text search that matches against the textual representation of biological metadata. Re-
call that textual representations are extracted using the getText() method. For complex
annotation structures, the textual representation can include a variety of information,
including numeric identifiers and textual descriptions.

For the purposes of demonstration, we will use the hgu95av2.db annotation data
package available through Bioconductor.

> library(hgu95av2.db)

> probeids <- ls(hgu95av2SYMBOL)

> gos <- aafGO(probeids[1:2], "hgu95av2.db")

> getText(gos)

[1] "GO:0000074: regulation of progression through cell cycle, GO:0006468: protein amino acid phosphorylation, GO:0006468: protein amino acid phosphorylation, GO:0007049: cell cycle, GO:0005575: cellular_component, GO:0000166: nucleotide binding, GO:0004672: protein kinase activity, GO:0004674: protein serine/threonine kinase activity, GO:0004707: MAP kinase activity, GO:0004707: MAP kinase activity, GO:0005515: protein binding, GO:0005524: ATP binding, GO:0005524: ATP binding, GO:0016740: transferase activity"

[2] "GO:0006468: protein amino acid phosphorylation, GO:0007165: signal transduction, GO:0007498: mesoderm development, GO:0005887: integral to plasma membrane, GO:0016020: membrane, GO:0000166: nucleotide binding, GO:0004713: protein-tyrosine kinase activity, GO:0004714: transmembrane receptor protein tyrosine kinase activity, GO:0004872: receptor activity, GO:0005524: ATP binding, GO:0016740: transferase activity"

The textual search is probably best applied to the Symbol, Description, and Pathway
metadata types. (A specialized Gene Ontology search will be discussed later.) For
instance, to find all the kinases on a chip, simply do a text search of Description for
kinases.

> kinases <- aafSearchText("hgu95av2.db", "Description", "kinase")

> kinases[1:5]

[1] "1000_at" "1001_at" "1008_f_at" "1010_at" "1015_s_at"

> print(length(kinases))

[1] 677

One can search multiple metadata types with multiple queries all with a single func-
tion call. For instance, to find all genes with ”ribosome” or ”polymerase” in the Descrip-
tion or Pathway annotation, use the following function call.

> probes <- aafSearchText("hgu95av2.db", c("Description", "Pathway"),

+ c("ribosome", "polymerase"))

> print(length(probes))

[1] 172
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When doing searches of multiple annotation data types or multiple terms, by default
the search returns all probe ids matching any of the search criteria. That can be altered
by changing the logical operator from OR to AND using the logic="AND" argument.
This is useful because aafSearchText() does not automatically tokenize a search query
as Google and many other search engines do. For example, ”DNA polymerase” finds
all occurrences of that exact string. To find all probes whose description contains both
”DNA” and ”polymerase”, use the following function call.

> probes <- aafSearchText("hgu95av2.db", "Description", c("DNA",

+ "polymerase"), logic = "AND")

> print(length(probes))

[1] 38

Another useful application of the text search is to map a vector of GenBank accession
numbers onto a vector of probe ids. This comes in handy if you wish to filter microarray
data based on the results of a BLAST job.

> gbs <- c("AF035121", "AL021546", "AJ006123", "AL080082", "AI289489")

> aafSearchText("hgu95av2.db", "GenBank", gbs)

[1] "1954_at" "32573_at" "32955_at" "34040_s_at" "35581_at"

[6] "38199_at"

Lastly, two points for power users. One, the text search is always case insensitive.
Second, individual search terms are treated as Perl compatible regular expressions. This
means that you should be cautious of special regular expression characters. See the Perl
documentation1 for further information about how to use regular expressions.

4.2 Gene Ontology

The second type of search available is a Gene Ontology search. It takes a vector of
Gene Ontology identifiers and maps them onto a list of probe ids. Gene Ontology is a
tree and you can include or exclude descendents with the descendents argument. The
search also supports the logic argument. Because the Bioconductor metadata packages
include pre-indexed Gene Ontology mappings, this search is very fast.

The input format for Gene Ontology ids is very flexible. You may use numeric or
character vectors, either excluding or including the ”GO:” prefix and leading zeros.

> aafSearchGO("hgu95av2.db", c("GO:0000002", "GO:0000008"))

[1] "1014_at" "32822_at" "34988_at" "36879_at" "37181_at"

1http://www.perldoc.com/perl5.8.0/pod/perlre.html
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> aafSearchGO("hgu95av2.db", c("2", "8"))

[1] "1014_at" "32822_at" "34988_at" "36879_at" "37181_at"

> aafSearchGO("hgu95av2.db", c(2, 8))

[1] "1014_at" "32822_at" "34988_at" "36879_at" "37181_at"

A good source for finding relevant Gene Ontology identifiers is the AmiGO website2,
operated by the Gene Ontology Consortium.

2http://www.godatabase.org/
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