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Abstract

Background

Sequence-specific DNA-binding proteins, with their paramount importante regulatiof
of expression of the genetic material, are encoded by appre@ynt® of the genes in 3
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animal’s genome. But it is unclear to what extent alternatarestripts from these genes may

further increase the complexity of the transcription factor complement.

Results

Of the 938 potential. elegans transcription factor genes, 197 were annotated in Worm
as encoding at least two distinct isoforms. Evaluation of prior ee&ledentified, with
different levels of confidence, 50 genes with alternative trgptsstarts, 23 with alternativ
transcript ends, 35 with alternative splicing and 34 with alternatiwescripts generated by,

combination of mechanisms, leaving 55 that were discounted. Expresstempawere

determined for transcripts for a sample of 29 transcription faggoes, concentrating
those with alternative transcript starts for which the eviderasestrongest. Seamless fosi|
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recombineering was used to generate reporter gene fusions witimahimodification tg



assay expression of specific transcripts while maintainingptbad genomic DNA context
and alternative transcript production. Alternative transcriptiamiofagene transcripts wefre
typically expressed with identical or substantially overlappindribigions rather than in
distinct domains.

Conclusions

Increasingly sensitive sequencing technologies will revealtranscripts but many of these
are clearly non-productive. The majority of the transcriptiontofaggene alternative
transcripts that are productive may represent tolerable ndins than encoding functionally
distinct isoforms.

Background

Knowledge of the control of gene expression by complex regulatetwonks acting at
multiple levels is central to an understanding of metazoan developfemtscription
factors, with the ability to distinguish between genes through segjuence-specific DNA-
binding activity, have a key role at the primary level of gexgession, transcription. The
large proportion of the genome devoted to encoding transcription factaasesras the size
of the genome increases, highlighting their significance to bia@dbgiomplexity, and is
around 5% for metazoans [1]. Alternative transcripts from thesesgeray increase the
complexity of the transcription factor complement still furth2}. Increasingly sensitive
sequencing technologies are revealing increasing numbers of altermanscripts but it is
unclear how much these add to transcription factor functionalitgnsEription factor
regulation of transcription factor genes is at the very lidaggulatory networks controlling
expression of the genome. The complexity of interactions withanstription factor
regulatory networks [3], further complicated by alternative isofr means that their
comprehension depends on a more holistic view than the investigation ofgla s
transcription factor can provide. The anatomical simplicity of tmedel system
Caenorhabditis elegans provides a good subject for such systems scale analyses.

An extensive bioinformatics study, based on gene ontology and on DiN#rsee predicted
to encode known DNA-binding domains, identified 938 potential transcriptioor fgenes in
the C. elegans genome [4,5]. Many of these loci, however, are annotated as producieg m
than one transcription factor isoform and so significantly more thartir@88cription factors
may potentially be encoded in tBeelegans genome. A gene can have alternative promoters,
alternative transcription termination or undergo alternative splidio encode discrete
transcripts with distinct protein-coding regions. Approximately 1%% C. elegans
transcription factor genes were identified as alternativeligesd [4]. This may be an under-
estimate as the proportion of all. elegans genes predicted or confirmed to encode
alternative transcripts has increased from around 10% [6,7] to 25% [8¢ent years as the
sensitivity of techniques has increased. The number of potentialadite transcripts for
transcription factor genes is likely to increase still furtredthough how many of these
transcripts actually encode functional distinct transcriptiatofaisoforms or are simply
noise in the system is not yet clear.

It may be anticipated that alternative transcription factoforsns would be produced for
distinct purposes. The different modes of transcript production couddv adlistinct
expression patterns with consequent distinct distributions of the riggtiest factor isoforms



encoded by a single gene, for distinct functions in differemst sketells. Alternatively, the
different isoforms encoded by a single gene might have diffdunctions in the same cells.
Through interactions with different co-factors, mediated by altemgrotein domains, or
even through differences in the sequence recognition specifiditye @NA-binding domain,
the different isoforms may regulate different sets of genesthig case the different
transcripts encoded by the transcription factor gene would show overlappiegsapr

Gene expression patterns are most easily determined with sglblesolution, in terms of
the largely invariant developmental cell lineage describe@ fefegans, using reporter gene
fusion technology. Historically this has involved the creation of repgene fusions with
parts of the gene of interest within a plasmid context, as rgogh#n specifically targeting
alternative splicing inC. elegans [9]. However, genes with alternative transcripts are
typically larger than genes without as they include alternative exahassociated regulatory
elements. To maximize the chances of preserving the dliernaodes of expression the
whole of the gene and its genomic environs should be included, with miaitaedtion, in
any reporter gene fusion meant to tackle this subject. Seamdesmbineering [10] of
fosmids is an approach that addresses these issues.

Recombineering allows the precise insertion of a reporter geaeapproximately 40 kb
genomic DNA fragments cloned in fosmids. The compact genor@e édéégans means such
fosmids typically contain the gene of interest along with is\flanking genes and therefore
the gene is present within the broader DNA context present endoger®pstyfic exons can
be tagged with the reporter to reveal the cells in which particular dlterti@nscripts can be
found. Furthermore, such manipulated fosmids can be subjected to subseqtrent fur
recombineering steps to change single base pairs and therehficabeceliminate
contributions of certain transcripts to reporter expression pat@thsminimal alteration
[11,12].

C. elegans transcription factor genes thought to encode multiple transumifdictor isoforms
were selected for analysis. Prior evidence for the existginakernative transcripts for these
genes was assessed. Recombineering was then applied fogereciselected to create a
range of corresponding reporter gene fusion arrangements. Repgatession patterns were
determined inC. elegans transformed with these fosmids to reveal if alternative trgstsc
tend to exhibit alternative spatio-temporal distributions in this species.

Results and discussion

Assessment of prior evidence for alternative tranggotion factor isoforms

Before any reporter gene fusions were generated wanfussted some time in compiling a
list of C. elegans transcription factor genes likely to encode multiple isofornmisceSthe
compendium of 934C. elegans transcription factor genes used as the starting point was
originally published [4] a few genes have been added or removed [6]e®B8 potentiaC.
elegans transcription factor genes in the compendium at the time of dial iassessments,
WormBase WS190 (see http://ws190.wormbase.org/) provided no evidence éoidiemce

of alternative transcripts for 677. For 64 more genes, the alternativerippsigdentified only
differed in an untranslated region and therefore encoded the same.pfoisi left 197C.
elegans transcription factor genes annotated as encoding at least twetdisoforms (Table

1). The evidence for and nature of the alternative transcripts egcibdise distinct isoforms



was evaluated (Additional file 1), with continuous re-assessthemigh to the most recent
WormBase data freeze, WS230 (see http://legacy.wormbase.org/).

Table 1 Numbers of transcription factor genes encoding alternative isoforms

Category Number of transcription factor
genes
Total considered 938
No evidence for alternative transcripts 677
Alternative transcripts encode same protein 64
Alternative transcripts annotated to encode different isoforms 197

Alternative unique starting exon - strong evidence 21
Alternative unique starting exon - weak evidence 7

Nested alternative starts 22

Alternative terminal exon - strong evidence 0
Alternative terminal exon - weak evidence 23

Non-constitutive internal exon - strong evidence

Non-constitutive internal exon - weak evidence

Non-constitutive internal intron - strong evidence

Alternative splice site selection - strong evidence

0
5
3
Non-constitutive internal intron - weak evidence 3
4
20

Alternative splice site selection - weak evidence

Alternative transcripts by multiple mechanisms - strong evidence 9
Alternative transcripts by multiple mechanisms - weak evidence 25
Alternative transcript evidence considered invalid 55

Footnote: The names of each gene placed in each categoryaabqwevided in Additional
file 1: Table S1.

The most common mechanism for generation of alternative trarssanpdngsC. elegans
transcription factor gene annotations was through different tranearigtart points,
theoretically through the use of distinct promoters. This has leferred to as a “two-
promoter system” [13] although a gene can have more than two. Iletrest examples
within our transcription factor list, e.grh-2 (Figure 1A), each alternative transcript starts
with a different protein coding exon that is unique to that transangt not found in any
other transcript. For 21 transcription factor genes there wasgséwidence for this gene
structure being the sole mechanism for generation of alternasimscripts, with multiple
independent ESTs (expressed sequence tags) identified for readcript. Another 7
transcription factor genes were annotated as having alternasimectipts with unique
starting exons, based on gene-directed RT-PCR amplification, bwhfon EST supporting
evidence (WormBase) was either weak or absent. These gemas,vath the genes with
nested transcripts, were cataloguegassibly transcribed with alternative promoters. There
were 22 genes for which annotation of alternative promoters wasd sasgy on nested
transcripts, where the start of the shorter transcripts ildynaexons of the longest transcript,
e.g.fkh-9 (Figure 1B). One interpretation of nested transcripts is thatteon of the longer
transcript contains an additional promoter that can initiate atbeenanscription from a
position within the immediate downstream, and otherwise internal, &yprcally, however,
only one of such a gene’s transcripts is well representdlaeicST data and this leads to
alternative interpretations. If a longer transcript is pooriyreasented, it may arise from



spurious transcription initiating upstream of the gene and continuingesteat, through the
transcription unit. If a shorter transcript is poorly representedait arise either biologically,
from aberrantrans-splicing onto an internal splice acceptor or from a cleavetdrgpt, or
technologically, from incomplete first strand cDNA synthesis. hSlow abundance
transcripts may well be detected with highly sensitive, gerextdid PCR approaches. This
then raises the question of whether such transcripts, arising fdhebackground noise in
gene expression or from specific low-level promoters, are rwmless functionally
important. Of course low levels of transcript may reflect Higiels of expression with
considerable spatial or temporal restriction and consequent functggaificance.
Expression pattern analysis could distinguish examples of the latter.

Figure 1 Examples illustrating different modes of alternative transcript geeration for

C. eleganstranscription factor genes. A.Alternative promoters with unique starting exons
for crh-2. B. Alternative promoters with nested transcriptsfkbr9. C. Alternative transcript
ends fomhr-104. The non-coding RNA genéd1E3.14 andR11E3.16 are transcribed in the
opposite directionD. Inclusion or exclusion of an intron fpgn-21. E. Inclusion or

exclusion of an exon faihr-117. For each example, the molecular gene names are included
in brackets after the genetic gene name, with the additional final Ietifr) (@istinguishing
the transcripts encoding distinct isoforms. The triangles indicate positigfisiosertion

used to tag expression for different transcripts. The grey triangle iraltbatgfp was
inserted with an extra nucleotide upstream to disrupt the translational re=aiveg &nd
therefore reporter expression, for other transcripts starting furtheeaypstihe crosses
indicate where translational reading frames of protein-coding regieredisrupted by the
insertion of single base pairs to eliminate reporter expression amismgparticular
transcripts for fusion genes wigfp inserted at the end of the protein coding region. The
scale bar in each panel is in base pairs along the respective chromosome.

In contrast to alternative transcriptional initiation, no convincingngXes of transcription
factor genes with variation in transcript end as the sole mesrhdor generating alternative
transcripts were found. The strongest examples of genes annotatethas WormBase, 23
in number, proposed a single alternative exon, either internalnointgdy but typically based
on a single EST. When the alternative exon is internal the thearefen reading frame
rapidly reaches a termination codon, well before the end o&rhetated transcript, either
within the alternative exon or because the translational reddinte is shifted from the
correct reading frame in the immediate downstream exon. Nonsewated decay (NMD)
would be expected to degrade such transcripts [14]. More commonly itheresingle
alternative terminal exon that is simply an extension of an drtgrnal to the gene, into
what would otherwise be intron. Two foreshortened transcripts ofyisare annotated for
nhr-104 (Figure 1C), one based on a single EST but the other based on.s8tréagly,
however, for both foreshortenetir-104 transcripts the final exons are closely followed by
non-coding RNA genesR{1E3.14 and R11E3.16) that are transcribed from the opposite
direction. It is tempting to speculate that colliding transaiptcomplexes could lead to
premature termination aihr-104 transcription and the ESTs found. Similar scenarios are
seen in many otheZ. elegans genes. Another striking example of alternative transcript ends
is provided bynhr-88. The alternative transcript termination faw-88 is simply due to the
presence of a transposable element that is sometimes includdihglda premature
termination of the translational reading frame, and sometimezedpbut of the transcript.
Again, to emphasize, the proteins encoded by such low abundance, abereshfyrtened
transcripts may still be functionally important.



A number ofC. elegans transcription factor genes are annotated with alternative trpissc
generated solely by alternative splicing. Amongst these gémesnost distinct isoforms
would arise through inclusion versus exclusion of entire internal inbloagons, e.gogn-21
andnhr-117 respectively (Figure 1D and E). The evidence for any transmrifdctor gene
using a non-constitutive exon as the sole mechanism for creatialgeamative transcript is
weak, with just five examples and only one or two ESTs in suppotheofalternative
transcript in each case. There are, however, six transcriptiior fgenes where non-
constitutive introns are annotated as the sole source of trangarigion and for three of
these, F23F12.9, zip-1 and atfs-1, the evidence is strong with many ESTs in support.
Alternative splicing that gives more subtle isoform differencesurs where it is simply
splice site selection that appears to vary. There are 24 riggist factor gene annotations
with donor or acceptor splice site selection as the sole menhahisanscript variation, but
for almost all of these the alternative splice sites as¢ 3, 6, 9 or 12 nucleotides apart,
thereby retaining the translational reading frame. Furthexpior most of these, and for all
three genes with alternative splice sites slightly furtpeart, there are only one or two ESTs
to support the existence of the alternative transcript. Thereod BST evidence, however,
for alternative transcripts fonmg-1.2, nhr-14, bed-1 and Y65B4BR.5, with just 3 or 6
nucleotide differences between the alternative splice &tegach. Although such small
distinctions may lead to inclusion or omission of only one or two amirms ac the protein
product, the structural and functional consequences could still be hsidphyficant.
Alternatively, these examples of splice site selection vanamay still simply reflect
tolerable noise in the expression of these genes. The fact ttadt 2dr examples the distinct
transcripts differ by a number of whole codons, such that the tianslareading frame is
maintained, may only reflect fully translated transcripts natgosubstrates for NMD [14];
i.e. transcripts generated with alternative splice sitesdbashift the translational reading
frame would not be translated along their length, would be degradeMMiy and
consequently would not have been detected.

For someC. elegans transcription factor gene annotations the derivation of alternative
transcripts is more complex, involving combinations of the mechanmbove. The
experimental evidence is strong for 9 such genes, although tleeefarther 25 for which
the evidence is weaker. Strikingly, amongst the instancesréhatedl supported, there are 7
genes with alternative exons and 4 with alternative transenigs. As there are no well-
supported instances of these mechanisms being the sole mechaniahltesrative transcript
generation, perhaps such variationsdnelegans gene expression are interdependent or
dependent upon alternative transcript initiation. Might selectionnoélternative exon be
dependent upon the transcript secondary/tertiary structure, witnthisn dependent upon
the alternative transcript starts?

This left another 55 transcription factor genes for which the WormBamotation as
encoding distinct isoforms was discounted. Gene annotations with exaingoieeach of the
mechanisms for generating alternative isoforms were plac#dsircategory. The generally
low level of expression of transcription factor genes [15] does riineie is often little of the
EST evidence needed to strongly support gene structures and mia&kedeitto distinguish
biologically relevant transcription from background transcriptionakenoilherefore, the
distinctions between a transcription factor gene likely encodingossibly encoding or
discounted from encoding alternative isoforms will not be sharp. Nmless, many genes
were placed in the discounted category for good reason. For sor&sThapon which an
alternative transcript was based was most unlikely to be atadsinto a protein because of
out-of-frame translation initiation codons in the propos&dlTR. For others, translation of



the proposed transcript required use of a different translationdingedrame from that
encoding the transcription factor. Finally, for several genes ttenative annotated
transcript simply corresponded to the primary unspliced trans@uptit remains possible
that functionally significant isoforms may arise from gereshie discounted category, or
even from those not yet even annotated as encoding distinct isofoims; ai low
abundance or only under certain environmental conditions.

With the C. elegans transcription factor genes categorized in this way, variousrieritvere
used to select specific genes with which to assay the sigroécaf alternative isoforms
through recombineered reporter gene fusions. Genes were avoidethéf:genes were not
annotated to encode or discounted from encoding distinct isofdrrttse genes had already
been thoroughly investigated by otheiis; the genes were not contained within a fosmid
clone in the available fosmid libraryy. the transcription factor function of the encoded
product was uncertain; ot the distinct isoforms arose from alternative splice sitectieh
and differed by just a few amino acids. Given their numerical srggramongst the
transcription factor genes with strong support for alternatigéonishs, particular attention
was placed upon the genes with alternative promoters. Eighteen wngs gvere
investigated, along with a few of the genes encoding isofornmergied by other
mechanisms; 2 with non-constitutive exons, 3 with non-constitutive intmh<$ aomplex
(Table 2). The gene models with their alternative transcriptprareded for all 29 assayed
genes (Additional file 2). For all 121 recombineered reporter geserns, construction
details and reporter expression patterns are described (Additien3). fThese details, along
with fluorescence micrographs, are also provided in WormBase, anbdecaccessed using
the URL http://www.wormbase.org/species/c_elegans/expr_pattgmxfx, where
Exprxxxx refers to the WormBase expression pattern identificatiorbeu(nWBID). A few
illustrative fluorescence micrographs are provided here for exemples.gen



Table 2 Transcription factor genes investigated

Molecular Genetic Alternative transcript Alternative isoform Comment on annotation DNA binding
gene name gene name annotation in WormBase  encoding assessment domain *
C07G2.2 atf-7  Alternative promoters Well-supported bzIP
ZC376.7 atfs-1  Intron +/- Well-supported bZIP
C27D6.4 crh-2  Alternative promoters Well-supported bzIP
R13H8.1 daf-16  Alternative promoters Well-supported WH - Fork, AT
Hook
F33H1.1 daf-19 Complex; alternative promoters Possibly valid EST evidence for alternative WH - RFX
& exon +/- promoters, single EST for alternative
internal exon
F13G11.1 dmd-6  Alternative promoters Possibly valid nested transcripts only ZF - DM
T22B7.1 egl-13  Alternative promoters Well-supported HMG box
F28B12.2 egl-44  Complex; alternative promoters Well-supported TEA/ATTS
& splice site variation
F26D12.1 fkn-7  Alternative promoters Possibly valid nested transcripts only ZF-C2H2-1
finger, WH - Fork
K03C7.2 fkh-9  Alternative promoters Possibly valid nested transcripts only WH - Fork
W02C12.3 hih-30 Complex; alternative promote Well-supported bHLH
intron +/— & exon +/-
T24H10.7 jun-1  Alternative promoters Well-supported bzIP
F54H5.4 kif-3  Alternative promoters Possibly valid RT-PCR primer derived alteat ZF - C2H2 - 3
start fingers
F16B4.12 nhr-117 Exon +/- Possibly valid two ESTs for alternative internal &R NHR
CO1H6.5 nhr-23  Alternative promoters Well-supported ZF - NHR
C45E5.6 nhr-46  Alternative promoters Well-supported ZF - NHR
TO9A12.4 nhr-66  Alternative promoters Well-supported ZF - NHR
F26H11.2 nurf-1  Complex; alternative promoters Well-supported AT Hook

& transcript ends




T28H11.4 pes-1  Alternative promoters Possibly valid nested transcripts only WH - Fork

C37A2.5 pgn-21  Intron +/- Possibly valid single EST for extra intron ZF-C2H2 -1
finger
C47C12.3 ref-2  Alternative promoters Possibly valid nested transcripts only ZF - C2H2 -3
fingers
K08A8.2 sox-2  Alternative promoters Well-supported nested transcripts only HMG box
CO7A125 spr-3  Intron +/- Possibly valid single EST for extra intron ZF - C2H2 -7
fingers
ZK867.1 syd-9  Complex; alternative promote Possibly valid nested transcripts, single EST for ZF - C2H2 - 4
exon +/— & splice site variation extra exon & splice site variant fingers
T28F12.2 unc-62 Complex; alternative promoters Well-supported HD - TALE
& exons +/—
C30A5.7 unc-86 Exon +/- Possibly valid single EST for alternative internalHD - POU
exon
F14F3.1 vab-3  Alternative promoters Well-supported HD - PRD
F55H12.6 zf-26  Alternative promoters Well-supported ZF - C2H2 -3
fingers
F13H6.1 Alternative promoters Possibly valid single EST for alternativgueni  ZF - C2H2 - 3
exon fingers

Footnote: * Key to abbreviations: bHLH = basic region helix loophelZIP = basic region leucine zipper, HD = Homeodomain, HMGdghH
mobility group, TEA/ATTS = Transcriptional enhancer activator, Wk= Winged helix — Fork head, WH-RFX = Winged helix — X-box
binding regulatory factor, ZF = Zinc finger, ZF-DM = Zinc finger, DsxldMab-3-like, ZF-NHR = Zinc finger, Nuclear hormone receptor.



Alternative promoters with distinct starting exons

For each transcription factor gene examined, alternative prometdrsdistinct starting

exons drove fosmid based reporter expression in only partly sinaiit@arps, patterns neither
all identical nor all discrete. The simple model of alternative promoggng) Ipresent to allow
expression of either functionally equivalent transcription factorsdifferent cells or

functionally distinct transcription factor isoforms in the samiés aid not apply. Different

promoters in a single transcription factor gene had differeengtins, contributing to
different degrees to the level of expression, and appeared to bethedafluence of the

same enhancers. It is also possible that the common componenisdeendently from the
alternative promoters operating in isolation, through distinct sketgs-acting regulatory

elements. Some of the promoters in transcription factor genes dxpvession only in

subcomponents of the expression pattern driven by other promoters of thgesam©ften

the expression from these transcription factor gene promoters emasroad, in multiple

tissue types and throughout development.

The significance of distinct promoters for a transcription factor gexsermost easily assessed
when the promoters were identified from the presence of distiading exons for the
alternative transcripts. Reporter genes were inserted immigdadteer the initiation codon in
the starting exon of each transcript and also before the teramnaddon common to all
transcripts (Figure 1A). Expression patterns of the former vexpected to sum to the
expression pattern of the latter.

All three alternative transcripts annotated ¥ab-3, i.e. vab-3a, vab-3b and vab-3c, have
unique starting exons. Whegip was inserted immediately before the termination codon
shared by all three transcripts, reporter expression was edsgquite broadly, throughout
development in the hypodermis, in body wall muscle in the anteribedad and ventral cord
neurons, in the intestine and in the distal tip cells (WBID Expr97A23%imilar if not
identical expression pattern, but weaker, was observed gfperas inserted immediately
after the initiation codon for transcript b (WBID Expr9731). While tommon exons of the
three vab-3 transcripts lie in just over 2 kb of genomic DNA and the uniqudsstar
transcripts b and c lie within the 1 kb upstream, the specdit aft transcript a lies more than
10 kb away. Nevertheless, the promoter for transcript a appeaasdcahsimilar activity to
the promoter for transcript b, but weaker again. Wgkgnwas inserted after the initiation
codon for transcript a, expression in head muscle and hypodermis wergecb§WBID
Expro9765). The absence of intestine and distal tip cell components mduebéo the
weakness of expression. Isolated promoter regions, as cloned inrdmt&ome [16],
typically drive much stronger reporter expression for transonpkactors in comparison to
insertion of the reporter into the whole gene [15]. The Promoterorgendrat forvab-3
transcript a [17] drove expression in the same components as obsethiethaviother
recombineeredab-3 reporter gene fusions, including the intestine and distal tip (&BID
Expr7504). The common expression pattern is particularly noteworthyn givat the
Promoterome fragment assayed is just 2 kb of DNA from upstodahe transcript a start,
well away from the common exons shared by all three transenutshe start of the other
two transcripts. Meanwhile, the promoter for transcript c, lach&ween the common exons
and the start of the other transcripts, drove stronger althoiligivestk reporter expression
but with a much more restricted distribution, in just a few headeneells (WBID
Expro9757).



For several other transcription factor genes examined, sttde@ of the promoters defined
by a unique starting exon also appeared to drive expression in thgattern as the gene in
its entirety. For bottatf-7 and nhr-46, there are two promoters defined by unique starting
exons, the most upstream of each looking dislocated from the reghatfare otherwise
compact genes. Nevertheless, wiggmwas inserted into either of the unique starting exons
for atf-7, the same, strong, very broad specificity, reporter expregsttern, peaking in the
L1 stage, was observed (WBIDs Expr9790/9808).1hot46, gfp inserted after the transcript

a specific start codon, in the proximal of the two unique exons, gaveathe expression
pattern as whegfp was inserted before the termination codon common to all transcripts
again a broad distribution but peaking this time in the L2 stage (WBIDs Expr9816/9835).

For ztf-26 andegl-13, gfp inserted after the initiation codon of the a transcripts, in the& mor
distal unique exon, gave apparently the same reporter expresswimeagfp was inserted
before the shared termination codon of each gene. While the erpre$zif-26 was broad,
including nerve cells, hypodermis and muscle peaking in the L4 §WB¢éD Expro838),
that for egl-13 was more restricted, limited to a few nerve cells in thel leesd tail, and
weakly in body wall muscle, but through all postembryonic stages PD&'Bkpr9735/9745).
Again, the Promoterome fragment fegl-13 transcript a [17] drove the same but much
stronger reporter expression with detectable GFP production in vubsalenas well as body
wall muscle (WBID Expr7672). The recombineered reporter gene fusi@ssayegl-13
transcript d, however, gave weak but clear expression in the regiba déveloping gonad,
probably the developing vulval muscle (WBID Expr9746). The impression gs/ehat
promoters foregl-13 transcripts a and d both drive expression in the same cells, but wit
different strengths in different places, the very weak exjgressom promoter d being
detectable in the developing vulva but not elsewhere, with the pegaymed. Fortf-26 the
recombineered reporter gene fusion for the second promoter, theariecript b, reveals a
subtle distinction in promoter activity that may be more tempathler than spatial, with
GFP expression peaking in the L1 stage (WBID Expr9844).

Alternative promoter activity was confirmed for two gerfeés3H6.1 andkif-3, for which the
EST evidence for the alternative promoter was considered weak. Tqestarting exon of
F13H6.1a was based on a single EST clone, gt insertion after the initiation codon
(WBID Expr 9727) gave the same strong reporter expression astions before the
termination codon common to bofil3H6.1 transcripts (WBID Expr9843). Although not
specifically assaye813H6.1b would not appear to contribute any additional components to
this gene’s expression pattern. Exon 1 of transcriptkdf-@f (calledmua-1 in earlier versions
of WormBase) starts just a few nucleotides before exon 2rgdrigt b, after which the two
transcripts are identical. The experimental evidence for timsdrigpt a start is an RT-PCR
derived ORFeome [18] clone generated using R primer that included nucleotides
corresponding to that transcript start (WormBase). Neverthetessstion ofgfp after either
initiation codon or before the termination codon yielded reporter expreasd with closely
related patterns (WBIDs Expr9810/9814). The absence of the intestimplooent for the
transcript a specific fusion was the only difference suggesting the transcrgahbtpr drives
the full expression pattern féif-3.

Thejun-1 gene has five promoters defined by unique starting exons and is probably
expressed in all cells. The strong and broad expression driven joypthéranscript a
Promoterome fragment [17] (WBID Expr7681) made it difficult to be certain thed vhere
no cells lacking GFP, but the reporter was expressed more strongly in ssunes tlsan
others. All five promoters were assayed by recombineering-mediatetians# gfp



immediately after each of the unique initiation codons (WBIDs
Expr9763/9764/9768/9780/9782). Once more, and for every promoter, the recombineered
reporter gene fusions gave much weaker GFP expression than observed previoulsty with t
corresponding Promoterome construct. However, for fusions reporting on thendifieré
promoters, including that for transcript a, different components were emphasizddghir
levels of expression and many components were shared in different combinations. The
promoters for transcripts a and d appeared the strongest, while those foiptabsand e

were the weakest. Insertiongfp upstream of the common termination codon gave the most
widespread reporter expression for the recombineered fusions (WBID Expr9740). The
impression given is that the broad expressiguiefl is generated in an overlapping
piecemeal fashion, different isoforms lacking specific distributions of fmatisignificance
and possibly expressed to some level in all cells.

Like jun-1, crh-2 may also be expressed in all cells. However, while insertiogffof
immediately after the initiation codon unique to transcript a anoréé¢ie stop codon shared
by all three transcripts gave very broad expression (Figure aBd D) (WBIDs
Expr9788/9791), insertion of the reporter into the unique exons for each oidheore
distally located promoters gave very specific expression. Fosdrigt b and c, respectively,
expression was observed only in seam cells in late larval sstdggure 2B) (WBID
Expr9789) and only in the intestine throughout development (Figure 2C)X\EBHro792).
Two CRH-2 isoforms appear to be specifically expressed inimectdls while the third
isoform is expressed more generally.

Figure 2 Example fluorescence micrographs for expression afh-2::gfp fusions. A.An
L2 larva of strain UL3706 with broad reporter expression for a fusion tagging ipres&.
An L4 larva of strain UL3709 with reporter expression in the seam cells (muabeved) for
a fusion tagging transcript B. An adult and an L4 larva of strain UL3809 with reporter
expression in the intestinal nuclei for a fusion tagging transcript Two L1 larvae of strain
UL3808 with broad reporter expression for a fusion tagging all three transGhgt&FP is
nuclear localized for each fusion. @hthe fluorescence is superimposed upon the
corresponding DIC micrograph. All images captured at 400x magnification.

For two of the genes assayethy-23 andnhr-66, the two promoters defined by alternative
starting exons did not appear to provide all the expression patteponents observed when
the reporter was introduced before the common termination codon. Waileypodermal
and neural expression was observed for the promoteis @3 transcripts c/d and a (WBIDs
Expr9749/9781), the intestinal expression component of the terminal fusionagkasg
(WBID Expr9736). Fusions for the promoters oiir-66 transcripts b and ¢ (WBIDs
Expr9750/9804) appeared to fail to drive the expression in the spermathedaethe
hypodermis and muscle throughout the body observed for other fusions $WBID
Expr9766/9771). Weak reporter expression may again mean absence ofsierpres
components is simply due to the signal falling beneath backgroundiehleemodels for both

of these genes do, however, have additional nested transcripts thaprowidie the missing
components.

The daf-16 gene is annotated as having 4 different unique starting exons. Howafv&6
stretches over nearly 25 kb and was not contained fully in a dogeid. Therefore, two
overlapping fosmids were joined together by recombineering creafiogmid withdaf-16 at
the centre of a 65 kb insert. Although working with such a largmeclwas not
straightforward gfp was successfully inserted in two places. First, an insermomediately



before the stop codon tagged all annotated transcripts. Second, dannsenediately after
the transcript d start codon tagged transcripts d, f and h, the tmgest transcripts, with
clustered 5ends 12 kb upstream of the rest of the gene. Both of these regemtefusions
and a previous conventional transcriptional reporter gene fusion to jug kieeregion
immediately upstream of the start of transcript a, only 3 kb ftten8 end of the gene [17],
yielded at least very similar GFP expression patterns (WHkpr9815/9833/7644). Broad
GFP expression in many tissues but most strongly in nerve wall observed from early
embryogenesis through to the adult.

Alternative promoters with transcript starts located within exons of longer
transcripts

Alternative promoters are also implied by gene model transaipistated to start within
internal exons of longer transcripts (Figure 1B). Like transcrifiis alternative unique first
exons, such nested transcripts again share downstream exons anchithegiter codon. To
assess the expression patterns of a nested trangfpiptas inserted immediately after the
proposed initiation codon. However, an extra base pair was simultanewested upstream
of the targeted initiation codon to shift the translational readiagd of, and eliminate
reporter expression arising from, other transcripts within whichrémescript of interest was
nested. Alternatively or additionally, the recombineered fusion gffthnserted before the
termination codon was secondarily modified with single nucleotideged®ain starting exons
to successively eliminate reporter expression arising from alternedivecripts.

Typically, nested transcripts appeared expressed in the samm [@tthe transcripts within
which they were nested. Foef-2, insertion ofgfp before the common termination codon or
after the initiation codon for the longer transcript b or afteirtfiation codon for the nested
transcript a but with translation from the upstream start distugieve apparently identical
reporter expression patterns (WBIDs Expr9812/9813/9829). This was qusigeafic
expression pattern consisting of the P blast cells and some ofrnimeediate descendants,
and a few nerve cells in the head and tail. For three other dsgages with only nested
alternative transcriptspx-2, dmd-6 andpes-1, the expression pattern appeared to be the same
for all recombineered reporter gene fusions created for each (3ViBXpr9798/9801/9841,
Expr9817/9820/9821 and Expr9729/9753). Although not every possible reporter gene fusion
arrangement was investigated in these cases, the absencee@ndits implies that nested
transcripts do not provide additional expression pattern components beyoadgtbasied

by the transcripts within which they are nested. Neverthelesag#ted transcripts do appear
productive. The reporter expression patternsso¢2 and dmd-6 were broad, including
several tissue types, while that for the forkhead gessel was more developmentally
restricted likeref-2.

Two other forkhead genefikh-7 andfkh-9, were particularly thoroughly investigated. There
are three annotated transcripts f&h-9, all nested (Figure 1B). Most of the exons are
contained within a 2.6 kb region but the first exon, only present in trahsagris small (59
bp) and located 6.3 kb away, with an upstream intergenic regiasta316 bp. The smallest
annotatedkh-9 transcript, transcript c, starts towards the end of the peraiéifourth exon
and would encode a protein of just 94 amino acids that does not incluB&fbinding
forkhead domain. Transcript b, to which most ESTs correspond, stdintsawians-spliced
leader added on to the second exon and has the appearance of the prepapttfar the
gene. Despite this, insertion gfp after the initiation codon dkh-9 transcript a or before the
termination codon common to all annotated transcripts gave a simdad l@xpression



pattern, with nuclear-localized GFP in many nerve cells, thatineeand the hypodermis,
particularly in the head (Figure 3A and B) (WBID Expr9734/9738). Whendperter was
inserted after the initiation codon of transcript b, with insertioraofextra base pair to
eliminate translation from further upstream such as for trgotsz, low levels of GFP were
observed and only in the intestine and a few nerve cells in the heaaila(figure 3C)
(WBID Expr9830). The extra base pair insertion was placed betweedirectly juxtaposed
transcript b initiation codon and the splice acceptor, and thenefayehave interfered with
this attempt to observe the expression for transcript b spelgifitatieed the alternative
strategy, of eliminating reporter expression due to transcript disrupting exon 1 in the
recombineered gene fusion wigfp inserted before the termination codon, appeared to leave
the reporter expression pattern intact (Figure 3E) (WBID Expro®08), clear expression
in the nervous system, pharynx and intestine was also recordeeemsveary strongly,
previously, for a plasmid based reporter gene fusion reportirfigheBb and specifically not
fkh-9a or fkh-9c [19] (Figure 3E) (WBID Expr2337). In addition to reporting on trandni
however, this recombineered reporter expression could include contribatimesponding
to transcript ¢ and possibly other un-annotated transcripts. Tmargz&vas confirmed from
observations of the reporter expression arising when contributionsodasht transcript a
and transcript b were eliminated by disrupting exon 2 in the reconmbaiih-9 fusion with
ofp inserted before the termination codon (WBID Expr9834). Again, GFPobssrved in
nerve cells in the head and tail, with some expression in head hgpsdamd intestine
(Figure 3D). Nevertheless, the impression given is ffla® transcript b is the functionally
important transcript but the distribution of background transcript noisengifrom either
cryptic promoter activity fkh-9a) or aberranttrans-splicing (kh-9c), is influenced by
transcript b regulatory elements.

Figure 3 Example fluorescence micrographs for expression dkh-9::gfp fusions. A.An

L3 larva of strain UL3218 witlgfp inserted before thiéh-9 stop codonB. An L3 larva of
strain UL3146 withgfp inserted after thékh-9a start codonC. The head of an L4 larva of
strain 4076 withgfp inserted after thékh-9b start codonD. The head of an L4 larva of strain
UL4089 withgfp inserted before thih-9 stop codon but with exon 2 disrupted to eliminate
expression of the reporter arising frédkh-9a andfkh-9b. E. The head of an adult of strain
UL3998 withgfp inserted before thih-9 stop codon but with exon 1 disrupted to eliminate
expression of the reporter arising frédkh-9a. F. An adult of strain UL850 transformed with
a plasmid-based reporter gene fusion that would reveal expression for tramsouphot a

or c.A-D. The corresponding DIC photomicrograph is provided beneath the fluorescence
micrograph A-E. captured at 400x. from [19] captured at 200x magnification.

The gene model fdkh-7 appears very similar to that ftkh-9. Mostfkh-7 ESTs correspond
to transcript b starting from exon 2. There is a small exar Ligstream starting transcript a
and a small transcript ¢ from the end of the gene. (A sigbe transcript, transcript d, is
also annotated for the very end fith-7 but with a different translational reading frame
altogether and was therefore ignored.) Whmwas inserted before the termination codon
common to transcripts a, b and c, reporter expression was seeanfifmyo to adult, and in
nerve cells, hypodermis, pharynx, muscle, spermathecae, vulva andnént@atBID
Expr9732); again very broad expression asfkbr9. Levels of the nuclear-localized GFP
varied between tissues with the weaker components only seenthariegenic strains with
the strongest expression. Reporter expression was observed but et El@hvwhergfp was
inserted after the initiation codon of transcript a (WBID Expr9733)aftar the initiation
codon of transcript b with insertion of an extra base pair to eltmtnanslation from further
upstream such as for transcript a (WBID Expr9822). Nevertheless;FRe distributions



arising ostensibly from the promoters specific for transci@pty b appeared the same as
when all transcripts were terminally tagged. When exon 5 was disruptthe terminally
tagged reporter fusion, to block expression arising from transcragotd &, broad expression
of GFP continued to be observed, but with the nuclear localizatiofVMBID Expr9831).
The only remaining annotated transcript, transcript ¢, would encodete@nplacking the
DNA-binding forkhead domain, consistent with the loss of nuclear-lataiz However,
when expression due to transcripts a and b was disrupted with a tevgpdiagleletion in
exon 2, in the terminally tagged construction, broad nuclear-localized reportessgprwas
retained (WBID Expr9773). These observations suggest an alternatin®tpr can drive
production of another un-annotated transcript for this gene, includingerons than found
in transcript c, at least if expression from upstream promaeperturbed. But again the
different isoforms arising from the nested transcriptékiof7 appear to be expressed in the
same cells and the alternative promoters do not exist to coxfeession in different
locations.

Additional nested transcripts are identified in WormBase modelssdare of the genes
considered in the preceding section, with alternative promoters iddnfifiom unique
starting exons. Although not specifically assayed, the sinyilafi expression patterns for
reporter gene fusions that were recombineered suggests thegstieel transcript ¢ for both
nhr-46 and ztf-26 would not contribute any novel expression pattern components. The
expression patterns for nested transcripts for three other getines type,egl-13, nhr-23 and
nhr-66, were specifically investigated. Agagfp was inserted immediately after the proposed
initiation codon by recombineering with simultaneous insertion ohglesiextra base pair to
eliminate translation arising from further upstream. Fromdhjsroach, thegl-13 transcript

c appears to be expressed in the same pattern as transdgthghavhich it is nested (WBIDs
Expro800/9745). Fonhr-23, gfp inserted into the unique starting exons of transcripts a and
c/d failed to yield the clear intestinal component observed wfignvas inserted into the
common final exon (WBIDs 9736/9749/9781). An assay aimed specificaitgredcript b/f,
nested within transcript a, did yield intestinal GFP, but inconsigtéMBID Expr9760). We
considered the evidence for annotatdd-23 transcript e, nested within all the other
transcripts, to be very weak so this transcript was not spabyfiassayed but presumably
there is another transcript fahr-23 that is responsible for the intestinal component and this
could be transcript e. However, foinr-66 the specific assay of transcript a yielded reporter
expression (WBID Expr9771) very similar to that fgfp insertion in the shared terminal
exon (WBID Expr9766) and much stronger than the extremely fainessipn observed for
transcript ¢ (WBID Expr9804) in which transcript a is nested. E&Jport is also much
stronger for transcript a than transcript ¢ suggesting that gtecheganscript a is actually the
primary transcript.

The nested transcripts agl-44 were investigated, although the alternative splice site
selection also in the annotation for this gene was not. Insertigfppkither before the
termination codon common to all transcripts or after the start codtire dbngest transcript
(transcript a), yielded broad nuclear-localized expression (WBKpr9761/9769). In
contrast, insertion of the reporter immediately after thd stadon for transcripts starting
with the second exon, transcripts b/c, yielded very weak expreskiommuch more limited
distribution and lacking sub-cellular localization (WBID Expr9752). Tkiaebase pair to
disrupt reporter expression arising from translation from furtheregrs, had to be inserted
immediately between the splice acceptor and the initiation codonlrerdfdre, could have
perturbed expression for transcripts b/c more dramatically, &#hf@b. Nevertheless, nested
transcripts foegl-44 do not appear to add significantly to the expression of this gene.



Optional internal introns and exons

While the bioinformatic analysis yielded few likely examplesatiernative transcription
factor isoforms being derived solely from alternative splicing, a saaiplese were selected
for investigation. The significance of alternative transcriptsvédrirom alternative splicing
could be tested by disrupting reporter expression that is spdlgifidependent upon
translation across the optional protein-coding region. The repogtee was inserted by
recombineering at the start and end of the gene to observe &xpreéigs to all transcripts.
Subsequently, single base pairs could then be inserted by reconmgrie&r the optional
exon or optional intron within the recombineered reporter fusion gfjttinserted before the
termination codon. Such minimal manipulation should shift the translatteading frame
and disrupt reporter expression arising from inclusion of that optregain in the transcript.
Expression resulting from transcripts with the optional exon skijgpeatie optional intron
spliced out should remain. Comparison of the remaining reporter exyprésshe expression
observed for all transcripts could reveal the significance of the alternpliveg.

Three genes with potentially non-constitutive intraifs-1, spr-3 andpgn-21, were selected.
While gfp inserted immediately before the stop codon d$pr-3 only drove infrequent
nuclear-localized reporter expression in individual embryonic ¢@MBID Expr9762), the
same type of fusion fomtfs-1 gave reproducible and broad non-nuclear-localized GFP
(WBID Expr9743). A lack of reporter expression for conventional fullth spr-3 fusions
was also observed previously [20]. Tatés-1 result is consistent with the similar expression
pattern described for a conventional reporter gene fusion and thseripgion factor only
becoming nuclear-localized in response to stress [21]. However, nderepxpression was
observed whengfp was inserted immediately after the start codoatisfl andspr-3 (WBID
Expr9728/9770). As a consequence, the significance of the alternatngeripts for these
two genes was not explored further.

For pgn-21 there was no fosmid available with the gene located centraltihjeomsert. The
whole pgn-21 protein-coding region is just included in fosmid WRM0637bF05, but with only
27 bp of downstream genomic DNA. In contrast, fosmid WRMO0622dEO7 extendg avhy
downstream but only contains 1 kb into the next upstream gene beyohdiphimtergenic
region. Curiously, whegfp was inserted immediately after tpgn-21 start codon in these
two fosmids, reporter expression was only observed for the WRM0622dEO@eezporter
fusion suggesting DNA downstream of the WRMO0637bF05 end point is imptotaun-21
expression in full-length reporter gene fusions. With inserted immediately before the
termination codon or after the start codonpgh-21 in WRMO0622dEOQ7, nuclear-localized
GFP was observed in apparently all somatic cells (Figure 4QABID Expr9751/9754).
The same result was obtained with a more conventional, plasmid;lbeperter gene fusion,
with gfp tagged onto the first half of the gene, although the fluorescéyta svas stronger
[22] (Figure 4F and G) (WBID Expr2075). Insertion of a single hse into the middle of
the annotated optional intron (number 6 of 12 in transcript a) of'thgna1::gfp fosmid-
based fusion abolished detectable reporter expression (WBID ExpritRy®ssing that only
the transcript skipping the splicing out of the annotated optional ingr@moiductive. The
implication is that there is no alternative transcriptggn-21 and annotated intron 6 is not
really an intron.



Figure 4 Example fluorescence micrographs for expression q@gn-21::gfp fusions. A-C.
The head, mid-section and tail, respectively, of an L4 larva from strain UL3458fwit
inserted after thpgn-21 start codonD, E. The head and tail, respectively, of an L2 larva
from strain UL3412 wittgfp inserted before thggn-21 stop codonkF, G. Adults from strain
UL1131 with a plasmid based reporter gene fusion from [22] pgith21 tagged withgfp at
the 8" exon.A-E The corresponding DIC photomicrograph is provided beneath the
fluorescence micrograpA-C captured at 20000, E captured at 400), G captured at
100x magnification.

Two genes with potentially optional exons as the sole means of tirgesdiernative
isoforms were investigatednc-86 andnhr-117. Nuclear-localized neuronal expression was
observed whemfp was inserted into a fosmid by recombineering immediately upstcfa

the unc-86 termination codon (WBID Expr9807), consistent with expression patterns
described previously [23]. However, no expression was observed whgfp thvas inserted
immediately after the annotated start codon (WBID Expr9795) andftinerthis gene was
not investigated further. Fanhr-117, gfp insertions at the end or start of the protein-coding
region yielded the same reporter expression pattern, includingphtaeynx (Figure 5),
intestine and cells in the rectal region (WBIDs Expr9737/9756). Natexpexpression was
observed when the annotated optional exon was disrupted by insertigingieabase pair
into the 3 gfp fusion (WBID Expr9805) This suggests that the exon annotated as optional is
actually required for productive expressiombif-117.

Figure 5 Example fluorescence micrographs for expression aofhr-117::gfp fusions. A.

The head of an L1 larva of strain UL3468, wifp inserted before thehr-117 stop codon.

B. The head of an L1 larva of strain UL3209, wgfp inserted after thehr-117 start codon.

The corresponding DIC photomicrograph is provided beneath the fluorescence micrograph
and images were captured at 400x magnification.

Few examples of transcription factor isoforms being generalety 2y alternative splicing
were apparent from the bioinformatic analysis and the evidenceirtheas quite weak.
Experimental investigation of five such genes failed to yieldeandence in support of such
mechanisms being in operation for these genes.

Alternative transcripts generated by multiple mechaisms

In contrast, there were 8 transcription factor genes for whiale thhas good prior evidence
for alternative splicing occurring in combination with the usaltd@rnative promoters, and a
further 19 for which the evidence for such was weaker. Expressi@ansatf 3 of the former

and 2 of the latter genes were investigated. A few further geppeared to combine
alternative splicing with alternative termination but these were notiagdrexperimentally.

The syd-9 gene model (Figure 6A) has three alternative nested tiptiscrstarts and an
alternative donor for the final intron, with the second exon only includkeequently in the
longest transcript, according to the EST data. Reporter exqmnessis observed in head and
tail nerve cells whegfp was inserted immediately after the most upstream siddng; that
for transcripts c/d (WBID Expr9799). In contrast, no reporter exjpresgas observed when
ofp was inserted after either of the alternative downstrearncstdons, for transcripts a and
b, (WBIDs Expr9748/9806) suggesting that only the first transcriptian cbatributes to
expression obyd-9. Assay of the downstream start of transcript b involved incorporafion
an extra base pair to prevent reporter expression from transstaptimg further upstream.



This was unnecessary for transcript a, as the annotatedkbrsisin a different translational
reading frame. The alternative splicing of the final introeans the gene model also
proposes two alternative translational reading frames for niaé dkon. Reporter expression
was observed whegfp was inserted immediately upstream of, and in frame withuttieest
downstream stop codon, that for transcript ¢ (WBID Expr9794), but notthatlother stop
codon, for transcripts a/b/d (WBID Expr9758). These results again suiipgesonly the
longer open reading frame is functional. Specific disruption of #restational reading frame
of the optional second exon that appears in transcript d but notrisdation of a single base
pair into the 3reporter fusion, had no apparent effect on GFP expression consisteanwi
inclusion of this exon making a minor contributionsi@-9 expression (WBID Expr9803).
This reporter expression analysis therefore only provides suppesytf@rtranscript c.

Figure 6 Gene models for assayed genes with multiple mechanisms of alternative
transcript generation. A. syd-9. B. daf-19. C. hih-30. D. unc-62. E. nurf-1. The molecular
gene names are included in brackets after the genetic gene name, adHitiomal final

letter (a/b/c etc.) distinguishing the transcripts encoding distinct isefdrhe triangles
indicate positions offfp insertion used to tag expression for different transcripts. The grey
triangle indicates thajfp was inserted with an extra nucleotide upstream to disrupt the
translational reading frame, and therefore reporter expression, for athgeripts starting
further upstream. The crosses indicate where translational readiregfodprotein-coding
regions were disrupted by the insertion of single base pairs to eliminatéeregxpression
arising from particular transcripts for fusion genes withinserted at the end of the protein
coding region. Fonurf-1, the first exons (white) of transcripts a, b and ¢ were included in
WS190, but not WS230. The scale bar in each panel is in base pairs along the respective
chromosome.

The gene model fodaf-19 also proposes three alternative transcriptional starts (Fgigire
The shortest transcript (transcript ¢ encoding DAF-19M) affizes the most downstream
promoter and begins with a unique exon. The transcript from the midudteofer (transcript
d encoding DAF-19C), however, starts in an exon designated as optonhleflongest
transcripts (transcript b with the exon, transcript a without) antherefore nested. GFP
expression was observed upon insertion of the reporter aftepktdwhthree alternative start
codons (WBID Expr9747/9767/9796). The fusion to assay the nested transangatrifriad,
included a frame-shifting base pair insertion before the imitiatodon to shift the reading
frame and eliminate contributions to reporter expression from the upsstam promoter.
Activity was therefore revealed for all three promoters, althaheg reporter expression for
the nested transcript’'s promoter was weak. The reporter expr@sdtemns arising from the
three promoters also appeared nested in that, in hermaphrdt@esost upstream promoter
drove broad expression in neural and, weakly, in non-neural cells, the middieter drove
expression in only neural cells but in the head and tail, whilentie# downstream promoter
drove only neural expression and only in the head. Any subtle distingtitimsse expression
patterns within the neural system corresponding to the diskafdt9 transcript distributions
described by others [24,25] would have needed more thorough analysis. evieugly
described male-specific head neuron expression for transcfi],cthe daf-19 transcript
labelled simply as male-specific in WormBase, was observedtiagt recombineered fusion
specific forF33H1.1c (WBID Expr9747). However, strong male specific neural expoassi
was also seen with fusions recombineered specificalliF38H1.1a/b, but in the tail (WBID
Expro9767). Nevertheless, the distinct distributions of isoforms reveatediously by
immuno-histochemistry using antibodies specific to the DAF-19 N atelr@inal regions
[24] could be entirely due to differences in expression of the non-nested transcripts.



There are four transcript starts annotatednfor30 (Figure 6C). One, for transcripts d/e, is
nested from the second exon of the longest transcripts, transcdpidrscripts a/f/g start
with an exon in the long intron of, and not included in, those four transstgting further
upstream. Even further downstream in the gene model, there isiamabgixon, included in
transcripts a/c/d/g in which another nested transcript, tranggrigiso begins. Finally, the
second to last intron is optional, creating an alternative eardieslation termination when
this splicing event is skipped, in transcript g. The annotation propdsass8ripts in total, as
not every permutation is included.

Whengfp was inserted before the final stop codorhibf30 or after the start codons of the
non-nested transcripts, i.e. transcripts b/c and a/f/g, the same $troad,, nuclear-localised
reporter fluorescence was observed in many tissues and fromeeastyogenesis onwards
(WBID Expr9739/9774/9785). When the reporter was inserted after theiamtieodon of
transcripts d/e, the nested transcripts starting from the secomd &FP was again
expressed, and with a broad distribution, but was no longer nuclearéocgkgBID
Expr9775). However, this fusion would also have tagged expression fronerippémd/c
starting further upstream. Therefore, the non-nuclear-localizatignamse from disruption
of functionality of HLH-30b/c::GFP fusion proteins and, as the aalldistribution is
indistinguishable, this expression does not provide support for transcept&rdattempt to
test if the alternative splicing was responsible for distihstributions of HLH-30 isoforms
was equivocal; insertion @ffp into the optional exon yielded no reporter expression (WBID
Expr9776), suggesting that this exon is not included in functional tratsadiespite strong
EST evidence of frequent inclusion of this exon. Nevertheless, thedistinct hlh-30
promoters clearly drove strong expression of two HLH-30 isofornapparently the same
cells throughout the soma.

There is good EST evidence for two alternative starting eaadstwo mutually exclusive
internal seventh exons fanc-62 (Figure 6D). The EST evidence in support of the three
further nested transcripts in the gene model, each with theit@mscription start points, is
weaker. There were no fosmids available with the 13.5 kb gene cefdted with which

to examineunc-62 expression. Therefore the reporter was inserted by recomiigaeto
two different fosmids, one extending further upstream uo€-62, the other further
downstream, but both including at least 2 kb either side of the praidingcregion. Both
fosmids appeared to contain all essentiglacting regulatory elements controllingc-62
expression as equivalent constructions in the two fosmids gave app#nerdgame reporter
expression patterns. Insertion of the reporter immediately upstwe#me termination codon
common to all transcripts yielded nuclear-localized GFP in pleltdiscrete components
including nerve cells, muscle cells, the vulva, the hypodermah sedls and the intestine,
and from embryogenesis to the adult (WBID Expr9786/9837). However, thieeedaength

of signal in the different expression components was noted to vawedetdifferent
independent transgenic lines created with any particular fosmid-begerter gene fusion. A
possible interpretation is thahc-62 is subject to complex self-regulation such that reporter
fusion expression is sensitive to subtle variations in configurati@nfei of the transgene
copies present in the tandem extra-chromosomal arrays genehated) C. elegans
transformation. To examine expression arising specifically fiteendifferent transcripts the
ofp reporter was inserted into one of the alternative first or sevexdns, or these non-
constitutive exons were specifically disrupted by insertion afiglesextra base pair in thé 3
reporter gene fusion fosmid constructions. All such fusions dyfpvexpression in multiple
locations suggesting that the differamic-62 transcripts are not responsible for discrete
expression pattern components and all are expressed in manyoriecaWVBID



Expro777/9778/9787/9793/9811/9818/9819/9825/9839/9845). Indeed reporter expression
was still observed in multiple components when both unique first exeres disrupted by
recombineering of the’3eporter fusion (WBID Expr9832/9797), so these are not the only
functional transcriptional starts. One other transcript, nestedctiping, was shown to be
functional as whegfp was inserted immediately after the start codon, with a sbage pair
insertion to disrupt any translation arising from further upstreanttjple reporter expression
components were again observed (WBID Expr9840). There appear to beahl@ngtive

unc-62 transcripts each expressed in multiple components that are rdiddlstaif not
completely, overlapping.

The nurf-1 gene model annotation (Figure 6E) has been modified repeatediyn wit
WormBase (with some consequent confusion in transcript names) aral peasicularly
complex structure with 11 annotated transcripts, multiple promateds two points of
transcript termination. The 17kiurf-1 protein coding region was not contained in any single
fosmid and so, as witllaf-16, two fosmids were joined together by recombineering to
reconstitute the whole unit before inserting the reporter. In additidranscripts running
through the entire gene model, there are transcripts for both ludltres gene that overlap in
the two central exons. Insertiongip after the most upstreanurf-1 start codon (in WS230),
for transcripts a/b/c/i/k, yielded very broad nuclear-localizedriscence (WBID Expr9824).
This expression pattern represents expression arising for tiserigs from just the'Shalf

of the gene plus the transcripts running the entire lengthh@fgene. An essentially
equivalent pattern of reporter expression was observedghgtinserted at the end of the
central alternative terminal exon (WBID Expr9826), which only tagsscripts b/i’/k from
the B half of the gene, suggesting that transcripts running the whaighl®f the gene add
little to the gene’s expression. Furthermore, insertiogfpfafter the second annotated start
codon, which initiates translation for transcripts d/h from acros8'thalf of the gene, also
gave the same expression pattern (WBID Expr9827). As this camstrweould report on
expression of transcripts from across just thasSwvell as just the’ §ene halves and the full-
length transcripts, this observation suggests that the traissaduiss the wholée Balf of the
gene also contribute little to the gene’s expression. Thereaaseries of alternative
transcription starts annotated close to theer®8l of the gene, for transcripts e, f/g and |j.
Insertion of gfp after the initiation codon in the exon unique to transcript e \delus
detectable reporter expression (WBID Expr9828). Similarly, no esioresvas observed
upon insertion offp immediately before the stop codon of transcript h, with theshamt in

a different reading frame from all other transcripts for thén&8f of the gene due to a
proposed alternative splice. Transcripts e and h may not be funistisigalificant. Insertion

of gfp after the initiation codon in the exon unique to transcripts f/g,ekiewy yielded a
strong signal that, in contrast to the other positive resultsndoi1, was not nuclear-
localized, with a slightly more restricted tissue distributioNB(D Expr9842). The
implication is thatnurf-1 primarily encodes two gene products, one corresponding to the 5
half of the gene, which is nuclear-localized, and one to only thé lagbns, which is not
nuclear-localized, but occasional failure to terminate transoniptentrally leads to rare
transcripts across the entire gene. This interpretation is temtsigith the distribution and
abundance ofurf-1 ESTs (WormBase). Nevertheless, the conservation of the eotird
transcription unit organization in other animals suggests thatatkefull-length transcripts
are functionally significant, even if not very abundant.

Although the majority of GFP fusions made in this study gave @dtiecexpressiom vivo,
neither of those tagging an alternative translational readamgef did. In both cases assayed,
for syd-9 andnurf-1, the alternative reading frame runs through the final exon sisdban a



single EST, and could simply reflect a rare splicing error. kamait alternative translational
reading frames are seen frequently in viral genomes, with severe simaicdsisbut rarely in
animal genomes where there is much less pressure to use the genome in ahre#aer.

Conclusions

The significance of alternative transcripts for the expoessf C. elegans transcription factor
genes was explored. Expression patterns were determinie@ for 121gfp reporter fusions,
constructed in fosmids by recombineering to maintain the broad gemmificcontext, for
29 genes. We began with a thorough assessment of the gene modelsotded in
WormBase. Agfp reporter was inserted seamlessly at specific points im gaee, with or
without subsequent minimal manipulations, so as to assess the coosbafi different
transcripts to the complete expression pattern of each gene.

The alternative transcripts dof. elegans transcription factor genes encoding multiple
isoforms differ most frequently in their starting points, tfiends. Transcripts with distinct
first exons presumably arise from distinct promoters. Strikiafghyost all such genes yielded
either a very broad or constitutive reporter gene fusion expresdiennpan marked contrast
to the spatially and/or temporally restricted expression patsas more frequently in a
prior, unfocussed screen @f. elegans transcription factor gene expression patterns [17].
Only egl-13, amongst the 17 examples examined, yielded a more restrictexssrprpattern
but this still included nerve cells, body wall muscle cells and Vutuzscle cells, through
postembryonic development. The full broad gene expression pattern ofjeraetappeared
driven by at least one of the promoters in every example, with gitoenoters driving
expression in sub-components. There are hints from close observatidie oeporter
expression that this may actually reflect each promoter drigxgression in all of the
different components for a particular gene but at markedly diffdexels. Such a mode of
expression could arise from the promoters being quite generaleguiated by multiple
enhancer elements for different expression components distributesk abe gene, their
influence on each promoter varying, perhaps with proximity.

The other way in which transcripts for a gene can differ at themds is when the transcripts
are nested, with the starts of shorter transcripts lyirttirw internal exons of longer
transcripts. Again, five of the seven genes examined which had pusthdnaternative
transcripts yielded broad expression. It may have been anticigatadften such nested
transcript annotations would simply reflect artefactual ESTsingr from truncated first
strand cDNA synthesis with no biological relevance. However, @ashy specific for a
nested transcript, with elimination of expression arising fromhé&urtupstream, yielded
reporter expression. This suggests that typically the nestedripaagio indeed contribute to
the expression of a gene and could have their own promoters. Neverttiedesgpression
patterns observed for the nested transcripts typically appearedriesas for the transcripts
within which they were nested. The single exception to this mms23 although the
additional intestinal component observed with the reporter fusion fonakted transcript
was only seen infrequently. In general, therefore, the nested transcrjpésiseasimply from
transcription starting from the shared upstream promoter, with-gplicing onto an internal,
downstream splice acceptor to generate the shorter transcript(sh nested transcripts
would not provide differential expression of transcription factor isoforms.



Dramatically distinct transcription factor isoforms would be geteel if alternative
transcripts arose from inclusion versus exclusion of optional introrexams. However,
examination of all our reporter expression patterns failed to previdience to support such
an arrangement as the sole mechanism operating for a tptioscriactor gene. While
alternative splicing o€. elegans genes has received considerable attention (reviewed in [26])
this mode of generating alternative isoforms appears of legsriamce for transcription
factor genes and indeed f&v elegans transcription factor genes are annotated with such an
organization. Furthermore, for 3 of the 5 genes specifically invéstigzere in this regard,
insertion of the reporter after the annotated initiation codon dfaite yield reporter
expression, a result not seen for any of the other genes examirgecoricerns over the gene
models that such results raise was vindicated, at leastded6, with the subsequent revision
of this gene’s start in WormBase revealing that the repdraer actually been inserted
upstream, outside of the real protein coding region. But this onlgsé&remphasize the lack
of certainty in gene structures that exists for genes, like #seding transcription factors,
with low levels of expression and consequent poor EST evidence. Tkhengmiels have
been revised for 10 of the 29 assayed genes in the four yeaeehat5190 and WS230. In
addition, reporter expression observed gn-21 andnhr-117, the other 2 genes of the 5
examined here, yielded no support for alternatively spliced tiatscin both cases, the
coding region annotated as optional appeared to be used constitutilelpewthis is an
exon fhr-117) that is spliced into, or an “intronpgn-21) that is not spliced out of, the final
transcript.

Reporter analysis did show alternative exons were utilisedinfo62, but in combination
with other modes of alternative transcript generation and, uniquelyltgr@ative internal
exons were mutually exclusive rather than optional. Further coitpiexunc-62 expression,
beyond generation of the four previously characterized transcriptsig2ifplicated: first,
from the variability of expression pattern between different gams lines created with the
same reporter gene fusion; second, from the continuation of reportesgixpreven after the
coding regions of both of the mutually exclusive alternative éxsins were disrupted. The
latter expression could have arisen from one or more of the nemstsdripts, one of which
was confirmed to be functional. The promoter driving expression ohdéiséed transcript
could lie upstream of any of the first three exons, the uncertamtoduced by the
complications otrans-splicing. Despite the range of transcripts encoded;62 expression
was broad with multiple components and the components attributed teenliffeanscripts
appeared substantially overlapping if not identical. It was implesso associate specific
transcripts with specific components suggesting whatever the rtiamge of having
alternative transcripts, it is not to allow different UNC-6&fasms to be expressed in distinct
sets of cells.

Similarly, none of the other genes, with alternative transcrg@serated by multiple
mechanisms that were examined, yielded evidence for non-overlapgrgsson patterns

for different isoforms. Fodaf-19, the expression patterns for the downstream promoters and
nested transcript appeared to overlap substantially with thel lesqaression domain of the
upstream promoter. Fdih-30, both distinct promoters gave the same broad expression, with
the nested transcripts encoding fusion proteins that were no longeamnlodalized. The
complexity of thesyd-9 annotation may be misleading in that only one transcript appeared to
yield reporter expression. Even fowrf-1, with its clearly distinct yet linked halves,
expression is very broad, at least for the first half of the gene.



The general impression gained from this extensive analysissafngicant sample oC.
elegans transcription factor genes is that structural qualities of théss of proteins,
combined with the broad expression of certain members, simply adttermative gene
transcripts to be tolerated. It has been noted previously that, cammamammalsC.
elegans tends to have fewer genes with alternative transcripts andr falternative
transcripts per gene [7]. This distinction is now emphasized télnterpretation that, even
when multiple transcripts are expressed from a sidylelegans gene, these may all be
expressed similarly and lack distinct functions in distindscat least for transcription factor
genes. InDrosophila melanogaster shadow enhancers have been identified, apparently to
improve precision and reproducibility of gene expression patterns [28]e \Mieise shadow
enhancers are not envisaged to cause expression of alternatieeigtarencoding distinct
protein isoforms, the alternative promoters relegans transcription factor genes could
have a similar value for robustness of gene expression.

The low level of expression of transcription factor genes meahbdbkground noise makes
up a larger fraction of the transcripts produced and increases fibaltyifof distinguishing
physiologically relevant transcripts for gene models. Simgédgection of alternative
transcripts, with the increasingly sensitive techniques availaB|80], need not mean that a
transcript is functional or that production of alternative transripy a gene is
physiologically important. This consideration applies to otherrosgas beyondC. elegans.
Claims of functionality of alternative transcripts should dependbservation of phenotypes
specifically dependent on the integrity of the proposed coding regfiche alternative
isoforms. Indeed reporter expression alone also does not reveal lablagiction for an
alternative isoform. However, notwithstanding the difficulties agsifrom functional
redundancy, complementation of gene knockouts with the subtly manipulasedd$
described here could address these questions of functional significance.

Methods

Recombineering

Fosmid clones were obtained fromCa elegans fosmid library (Source BioScience Life
Sciences) of approximately 30-40kb genomic DNA inserts cloned ip@&LFOS vector.

Fosmids, maintained at low copy number in EPIBD@oli, were grown in overnight LB
cultures containing 0.01% arabinose to induce clone copy number. DN&xtvasted using

either the FosmidMAX kit (Epicentre) or the QIlAprep Spin Minipidap (Qiagen) and

fosmid identity was confirmed by restriction digest.

Recombineering was carried out using a slightly modified protocoth& described
previously [10]. Fosmid DNA was electroporated into either EL350 fioy&n) or MWO005
[31] strains ofE. coli and electrocompetent cells were prepared with incubation at 42°C t
induce the Red functions. For eagfp insertion, a specifiapsL-tetA(C) cassette (RT
cassette) was generated by PCR from a template contéiargpssette flanked by the first
and last 50 nucleotides of the GFP coding sequence (fUL#SB29 [11lihanthined in the
pCC1FOS vector without copy control induction. The primers consisted rfid@otides of
gene-specific sequence flanking the desired site of insertion, kaswine homology arms
(HASs), plus 20 nucleotides directed at the vergrs3 ends of thegfp present in the template.
An extra nucleotide was inserted immediately before theatmti codon when the
translational reading frame was to be shifted for assayistpahdranscripts. Faunc-62,



substitutions were used to create in-frame stop codons in the alternatiegdins that would
knock out expression from transcripts containing the exon. To elimirptession arising
from transcripts containing the alternative internal exonsnm62, a single base pair was
inserted within that exon to create both an in frame stop codon aaksktional frame shift.
For introducing point mutations, the RT cassette was amplifieceisalne manner and with
the same template except that: the primers consisted of 50 milelel#s plus the first or
last 20 nucleotides of the RT cassette sequence rather thdankiedg GFP; and the HAs
matched genomic DNA segments 200-300 base pairs apart, resultivegreplacement of
this section by the RT cassette. PCR was performed witmitaTag DNA Polymerase
High Fidelity (Invitrogen) and the products purified with a QIAquiGkl Extraction Kit
(Qiagen). After electroporation and selection for RT cassefertion, potential positive
clones were re-streaked and screened directly by PCR wittengriflanking the insertion
point.

Single tetracycline-resistant RT-positive clones were usguepare electrocompetent cells
for the second recombineering step, again with Red functions induE&dc@ling sequence
(with introns) was prepared coRI digestion of a plasmid (pUL#SB94). Fragments of
genomic DNA containing point mutations were amplified by PCR usiagoriginal purified
fosmid as the template. The forward primer consisted of the S&Gmecleotide HA used to
amplify the RT cassette with the desired mutation dire&tbf the HA, followed by a further
18-22 nucleotides corresponding to the target. The reverse primer wshertal8—22
nucleotide oligonucleotide corresponding to therid of the reverse HA used to amplify the
RT cassette. Cells were electroporated with the appropridfg purified using a QIAquick
Gel Extraction Kit (Qiagen), with selection for streptomycisisg&ance to detect the loss of
the RT cassette. Potential positive clones were re-strealk@dCR screened. When using
the EL350 strain, DNA was extracted and electroporated into the Caopyrol strain
EPI300. (MWO0O5 contains both Red functions and Copy Control capability, amdnsber

to EPI300 is then not necessary). Fosmid DNA was prepared and yntegnfirmed by
restriction enzyme digestion and/or sequencing. All primers wgnéhesized by IDT and
long primers were PAGE-purified.

Recombineering-mediated fosmid ‘stitching’

Recombineering was used to generate single fosmids, containingpote ofdaf-16 or nurf-

1, from pairs of overlapping fosmids, each partially coveringgdree, WRM0610bB12 and
WRMO065dEO1 for daf-16, WRMO0629dF11 and WRMO0610dHO04 fonurf-1. The
recombineering technology was as described above but followingctieme presented in
Additional file 4. An RT cassette was recombineered into tts¢ fismid named for each
gene, within the region of overlap between the fosmids, for subsegpatement with the
second half of the gene from the second fosmid, in the second reconmgrstep. Fodaf-
16, the inserts in both fosmids were in the same orientation wipece to the vector
backbone, simplifying the manipulations. Due to the reverse orientatitine inserts for
nurf-1, the RT cassette was generated by two PCR reactions tonadds50 bp region
corresponding to the end of the insert in the second fosmid. This theredithe second half
of nurf-1 to be introduced into the first fosmid by recombineering. To addres reduced
efficiency of recombineering with large fragments, a kanamgassette, amplified by PCR
using primers with appropriate homology arms and pENTR201 (Invityagetemplate, was
inserted downstream of the target gene segments in the second,fesgain by
recombineering, selecting directly for kanamycin resistaRoemid DNAs containing the
inserted kanamycin cassette were prepared and digestedrimtioesenzymes to release the



target gene segment®)fl andAfill for daf-16 andSmal for nurf-1. The gene segments were
purified using the Qiaex Il Gel Extraction Kit (Qiagen) for urs¢he second recombineering
step. Replacement of the RT cassette with the downstreamsggneent was selected for
with kanamycin resistance. Potential clones were screen®CByand the integrity of the
resulting fosmids was confirmed by restriction enzyme digestion.

C. elegans culture and transformation

C. elegans strains were maintained as previously described [32]. Thetyplel Bristol N2
strain [33] was transformed by microinjection [34] with fosmid DMA5-20 ng/ml and
pRF4 plasmid DNA at 100 ng/ml. pRF4 containd-6(sul006), conferring a rolling
phenotype, allowing detection of transformants and maintenance nsgémac lines. The
extrachromosomal arrays created in the transformation evemtslty contain both plasmid
and fosmid DNA. Each transgenic line was derived from a differécitoinjected animal to
ensure independence. GFP expression patterns were observed by spgluwganicroscopy
with Chroma Technology Corp. filter set 41012 or Zeiss filter4sebn a Zeiss axioplan
microscope or on a Leica DMR microscope, respectively, equippedittoptics. Images
were collected with a Photometrics CoolSNAP camera and Improvision @saitavare.
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Additional files

Additional_file_1 as XLSX

Additional file 1. Is a Table with the consideration of prior evidence for alternative
transcripts for all potentidl. elegans transcription factor genes, including: molecular and
genetic gene names; mode of alternative transcript production; asséssrstrength of
evidence with comment; the class of transcription factor encoded; if thereasmial f
containing the gene available; and if the gene was selected for study.

Additional_file_2 as DOCX
Additional file 2. Is a Figure containing the gene models foCaldegans genes assayed
including the exon/intron structure of each alternative transcript.

Additional_file_3 as XLS

Additional file 3. Is a Table with details of all reporter gene fusions constructed and
expression patterns obtained, including: molecular and genetic gene namespifasmasd
clones containing the reporter gene fusions; the name of one of the tranggémsc st
generated by transformation with each reporter gene fusion; precigs ofetiae nature of
the reporter gene fusions constructed; descriptions of the expression observettamthe s
transgenic for each reporter gene fusion; and WormBase expression pattdfinatient
number.

Additional_file_4 as DOCX
Additional file 4. Is a Figure of the recombineering schema used to unite parts of large genes
split across two fosmids into a large but single fosmid.
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