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The presence of trinucleotide microsatellites within
genes is a well-known cause for a number of genetic
diseases. However, the precise distribution of dinucle-
otide microsatellites within genes is less well docu-
mented. Here we report 15 unique cDNAs containing
dinucleotide repeats from the channel catfish Ictalu-
rus punctatus. Gene identities of nine of the 15 cDNAs
were determined, of which three encode structural
genes, and six encode regulatory proteins. Five cDNAs
harbored dinucleotide repeats in the 5’ untranslated
region (5'-NTR), nine in the 3'-NTR, and one in the
coding region. The presence of these transcribed dinu-
cleotide repeats and their potential expansion in size
within coding regions could lead to disruption of the
original protein and/or formation of new genes by
frame shift. The low number of dinucleotide repeats
within coding regions suggests that they were
strongly selected against. All the transcribed micro-
satellite loci examined were polymorphic making
them useful for gene mapping in catfish. © 1999 Academic
Press
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Size expansion of trinucleotide repeats within genes is
well known and is the genetic basis for many neurological
disorders (1). These disorders include myotonic dystro-
phy, spinobulbar muscular atrophy, type 1 and type 3
spinocerebellar ataxia, dentatorubro-pallidoluysian atro-
phy, fragile X, and Huntington’s disease. Depending on
the position of the repeats, the trinucleotide microsatel-
lites can cause either loss or gain of function of genes
harboring such sequences. If the microsatellites are in
the upstream non-coding regions, they often reduce gene

' Correspondence should be sent to this author at the Department
of Fisheries and Allied Aquacultures, 203 Swingle Hall, Auburn
University, Auburn, AL 36849. Fax: (334)-844-9208. E-mail: zliu@
acesag.auburn.edu.

0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

190

expression leading to loss of function of the genes. In
contrast, if microsatellites exist in the coding regions,
they can lead to gain of new functions of the proteins by
containing poly-monomeric amino acid tracts, such as the
poly-glutamine tract encoded by CAG repeats (2-4).

Microsatellites are evenly distributed in genomes
(5). When located within genes, they may have adverse
effects on the organism as in the case of human dis-
eases. While expansion of trinucleotide repeats and
their relationship with a number of human diseases
are well known and much effort has been devoted to
characterizing trinucleotide repeat-containing cDNAs
(6-13), less is known about transcribed dinucleotide
repeats. Size expansion of dinucleotide repeats within
genes may have more serious effects than size expan-
sion of trinucleotide repeats because their size expan-
sion causes frame shifting for translation. The frame
shifting capacity of dinucleotide repeats within coding
regions could lead to loss of function of the original
proteins, and/or generation of new proteins with differ-
ent functions.

Microsatellites are extremely important markers for
development of genetic linkage maps because of their
high polymorphism, abundance, co-dominance, and
their small length, which facilitates genotyping by
polymerase chain reaction (PCR). However, they are
usually type Il markers (14) for which no known func-
tion has been established. Type | markers are associ-
ated with genes of known function and are more useful
for comparative gene mapping to study genomic evolu-
tion. Linkage associations between homologous genes
of different species may be of functional importance
(15). Once a quantitative trait locus (QTL) has been
located in one species, synteny analysis of genes may
predict possible candidate genes that affect the quan-
titative trait in another species (16).

Polymorphic type | markers are relatively rare as
compared to polymorphic type Il markers. One way to
develop polymorphic type | markers is to associate type
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FIG. 1. Strategy for transcribed dinucleotide microsatellite en-
richment.

Il markers with known genes (17). Microsatellites are
good candidates for this because of their even distribu-
tion in genomes examined to date (5). The objective of
this study was to identify genes that are associated
with microsatellites in channel catfish, Ictalurus punc-
tatus. Here we report 15 genes that were associated
with dinucleotide microsatellites, of which nine were
identified by homology comparison. Five genes harbor
microsatellites in their 5’ untranslated region (5'-
NTR), nine in their 3'-NTR, one in its coding region. All
examined clones were polymorphic making them use-
ful for gene mapping and QTL mapping in catfish.

MATERIALS AND METHODS

cDNA library and microsatellite enrichment. The lambda Uni-
ZAP 11 cDNA library constructed from pituitary RNA of channel
catfish was utilized (18). The lambda phage library was converted
into plasmid library by a mass in vivo excision procedure (Strat-
agene, La Jolla, CA, 19). The resulting plasmid library contained
cDNA clones within the plasmid pBluescript SK™. Conversion into a
plasmid library allowed preparation of single-stranded phagemid
DNA required for enriching clones containing microsatellites.

Two microsatellite-enriched cDNA libraries were made according
to the procedure of Ostrander et al. (20) as outlined in Figure 1.
Single-stranded phagemid DNA was prepared in E. coli CJ236, a
dut™/ung” strain, and primed by oligonucleotide [CA];s and [GA]s
primers, respectively. Microsatellite-containing clones were con-
verted into double-stranded DNA by using Taq polymerase. The two
microsatellite-enriched cDNA libraries were screened by colony lift
hybridization (21) using oligonucleotide primer probes: [CA];s, and
[GA],s labeled with y-P** ATP. Positive clones were picked for plas-
mid preparation and DNA sequencing.

DNA sequencing and sequence analysis. Plasmid DNA was pre-
pared using the Qiagen Miniplasmid Kit (Qiagen, Chatsworth, CA)
and sequenced using the 7-deaza thermosequenase cycle sequencing
kit (Amersham, Arlington Heights, IL) with T7 and T3 primers
(LI-COR, Lincoln, NE), respectively. A single pass sequencing from
both strands was sufficient to identify genes and to locate microsat-
ellite sequences using a LI-COR 4200IR automated DNA sequencer.
Vector sequences were removed before searching for identity using
BLASTN and/or BLASTX servers via the Internet (NCBI, http://
www.ncbi.nlm.nih.gov). Matches were considered to be significant
only when the smallest sum probability (P) of the BLAST search was
less than 0.0001 (22).
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PCR amplification and analysis. To determine polymorphism of
transcribed microsatellites, DNA from six channel catfish were
tested by PCR. Approximately 200 ng of genomic DNA was amplified
in PCR reactions of 50 ul containing 50 mM KCI, 10 mM Tris (pH 9.0
at 25°C), 0.1% Triton X-100, 0.25 mM each of deoxynucleotide
triphosphate (dNTPs), 1.5 mM MgCl,, 20 M each of the upper and
lower PCR primers, and 2.5 units of Tag DNA polymerase. The
temperature profiles used for PCR amplification were 94°C for 30
sec, 55°C for 1 min, and 72°C for 2 min, for 35 cycles. Following
amplification, samples of 3 ul were mixed with 1 ul loading dye and
electrophoresed on 10% acrylamide (19:1 acrylamide:bisacrylamide)
gels or on sequencing gels.

RESULTS AND DISCUSSION

Two microsatellite-enriched cDNA libraries contain-
ing [CA]In and [GA]n were established. Fifty positive
clones were initially isolated, of which 27 contained
[GA] repeats, and 23 contained [CA] repeats. The 50
clones were further analyzed by DNA sequencing. All
repeated clones and clones that did not contain poly
(A)* sequences were eliminated. Seven unique [GA]-
containing, polyadenylated cDNA clones were isolated,
as were eight unique [CA]-containing, polyadenylated
clones. A large proportion of [GA]-containing clones
were redundant clones of several transcripts. For ex-
ample, growth hormone accounted for 14 of the 27
clones (52%) and ribosomal protein S16 accounted for 4
of the 27 clones (15%). Clearly, their representation in
the enriched library is biased toward highly expressed
genes in the pituitary (19). This is a shortcoming of this
approach for isolating microsatellite-containing cDNAs
from microsatellite-enriched cDNA libraries. The poly-
adenylated [CA]- and [GA]-containing clones were fur-
ther analyzed for sequence identity by database
searches and for polymorphism using PCR.

A variety of cDNAs contained microsatellite se-
quences (Table 1). The sequences of the expressed se-
quence tags (ESTs) have been deposited in the dbEST
database and their accession numbers are included in
Table 1. Among the 15 unique clones, nine are products
of known genes as determined by homology compari-
son. Six of the known cDNAs encode proteins with
regulatory functions including cyclin B1 (IpTR006),
Y-box protein YB2 (IpTR030), cyclin-dependent kinase
8 (CDKS, IpTR036) (23, 24), growth hormone, epithe-
lial growth factor-like protein, and DNA excision repair
protein MHR23B. The other three known cDNAs en-
code ribosomal protein S16, cytochrome ¢ oxidase sub-
unit 1, and a C. elegans homologue Y57G11 (Table 1).

The transcribed dinucleotide microsatellites did not
appear to be randomly associated with various types of
genes. They were highly associated with genes of reg-
ulatory functions. This is consistent with previous find-
ings that trinucleotide microsatellites are highly asso-
ciated with proteins having regulatory roles such as
transcriptional factors (25-27) or tumor suppressor
genes (28). In fact, a search of the GenBank database
revealed that a large proportion of kinases contained
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TABLE 1

Transcribed Microsatellites and Their Associated Genes
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Locus Accession Homologous Gene Repeat Repeat Poly Number
names numbers sequences Probability identity units location (A" of clones

IpTRO02 A1308622 S69215 0.0 growth hormone [GA]s 3’-NTR Yes 14
A1308623

IpTRO06 Al304251 AF036565 2.9e-07 cyclin B1 [TG].s 3’-NTR Yes 2
A1304252

IpTROO7 Al304253 M60854 3.4e-15 ribosomal [GTLIGA], 3'-NTR Yes 4
Al1304254 protein S16

IpTRO15 Al304255 799281 3.4e-07 C. elegans [GT].[GA]s 3'-NTR Yes 2
AI1304256 Y57G11 (CAT),

IpTRO16 A1304257 - - unknown [CA],;N, 3’-NTR Yes 2
Al1304258 [CA].;

IpTRO20 Al1304259 - - unknown [TClss 3'-NTR Yes 2

IpTRO30 Al1304260 AA925251 1.0e-06 Y-box protein [CA]L. 5-NTR Yes 1
Al1304261 YB2

IpTRO36 A1304262 U33015 1.5e-13 Cdk8 [CA], Coding Yes 1
Al1304263

IpTRO38 Al304264 M91245 2.0e-25 cytochrome ¢ [GA].. 5-NTR Yes 3

oxydase

IpTRO40 A1304265 - = unknown [GT]s 5'-NTR Yes 3
A1304266

IpTRO42 A1304267 - = unknown [CA]., 3’-NTR Yes 2
A1304268

IpTR043 A1304269 — — unknown [GA]1:CT 5'-NTR Yes 3
AI1304270

IpTR048 Al304271 AB011538 1.0e-07 Mouse [CT]6n[CA]un  3'-NTR Yes 2
A1304272 MEGF5 [CA] %

IpTRO49 Al304273 - - unknown [GT]s 3’-NTR Yes 2
Al304274

IpTRO93 A1304275 X92411 3.0e-18 MHR23B [CAl. & Coding & Yes 1
Al304276 [CCA]L 5-NTR

microsatellite sequences (not shown). Strong associa-
tion of microsatellites with transcriptional factors (29),
kinases (30), and transcription factor binding sites sug-
gest that microsatellite repeats have a role in evolution
of genes, regulation of gene expression and conse-
quently species evolution (26).

Ten of the 15 clones contained simple microsatellite
sequences while 5 contained composite microsatellites.
cDNAs containing [CA] repeats appeared to be more
abundant than cDNAs containing [GA] repeats in the
pituitary cDNA population. We put greater effort in
isolation of the seven unique [GA] containing cDNAs
than in isolation of the eight unique [CA]-containing
cDNAs. Another factor reducing the number of unique
[GA]-containing cDNAs isolated was the complication
of the presence of many redundant growth hormone
cDNAs containing [GA] repeats in the pituitary cDNA
library.

The majority, 9 of 15, of the microsatellites were
found in the 3’-NTR. Five clones contained microsat-
ellites in 5'-NTRs. The most interesting clones were
IpTR0O36 and IpTR093, which contained microsatel-
lites in the coding regions. 1p036 contained [CA]
dinucleotide repeats in the coding region. 1p093 con-
tained (CCA) trinucleotide repeats in its coding re-

gion, additional to presence of [CA] repeats in its
5’-UTR. The dinucleotide [CA] repeats contained in
IpTRO36 encoded the repeated sequence of two
amino acids, histidine (H)-threonine (T). While ex-
pansion in size of trinucleotide repeats within genes
is known to cause serious human diseases (1), little
is known about phenotypes caused by expansion of
dinucleotide microsatellite sequences. Obviously re-
peat number changes of non-integrals of three would
cause a frame-shift of the open reading frame down-
stream from the microsatellite sequence. If such a
mutation involved unique genes such as transcrip-
tion factors, kinases, or other genes of regulatory
function, serious consequences may result. Thus
identification of such microsatellite containing genes
may have clinical importance and allow prediction of
potential target genes involved in disease.

One important goal of this work was to develop mi-
crosatellite markers for their application to genetic
linkage mapping (Table 2). Polymorphisms are re-
quired for markers to be used in genetic linkage anal-
ysis. To determine if these transcribed dinucleotide
microsatellites show similar polymorphism as com-
pared to non-transcribed dinucleotide markers, PCR
primers were designed from flanking sequences of
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TABLE 2
Determination of Polymorphism of the Transcribed Microsatellite Markers by Polymerase Chain Reaction

Locus names Upper primer sequences

Lower primer sequences Polymorphism

IpTR0O06 ATTCCCCTGTTTACACTCCAG
IpTROO7 AGTCCAAGAAGTTCGGAGGTC
IpTRO15 TCTAAGCGGAAAAGCCAATCTGC
IpTRO16 GCGTTTACTTCGGGTACAAACAC
IpTRO20 TAGTCGAAAGCCAAAGAGGTG
IpTRO42 CTGCTGCCTGCATCTGATCACGA
IpTRO49 CAATAAATTAACGTGCTATCTCT

TTCCATTGTTTTAATGTCAGGAC yes
TTCTCCTCAGGTTTATTCTGGTG yes
GCCGCTCATGCCCTACTCTCTT yes
TTTCATCATTTTCGCTCTTGCTC yes
TTTAGTCACTGCATCTGGTGTTG yes
TGCTTCCCTGTGAGCCAGCTCTG yes
AAAGTGAGTACACCCCTAAGTG yes

seven loci, randomly selected, and tested in six channel
catfish used for production of four Auburn resource
families produced for gene and QTL mapping. Use of
these parental fish provides a comparison of polymor-
phisms of transcribed microsatellites with non-
transcribed microsatellites in catfish (31, 32). The tran-
scribed microsatellites showed similar levels of
polymorphism as compared to non-transcribed micro-
satellites (31) making these microsatellites useful for
construction of catfish genetic linkage and QTL maps.
Mapping of these markers will directly map the asso-
ciated genes to chromosomes. These microsatellites
may serve as strong anchor points for comparative
gene mapping.

Recent studies indicated the functional importance
of microsatellites, especially when they were adjacent
to genes. Reduced expression of the rat androgen re-
ceptor gene was observed with CAG repeat expansion
in its first exon (33). Attenuation of expression of the
rat hepatic polymeric immunoglobulin receptor gene
was also associated with the tri-nucleotide repeats in
the terminal exon (34). However, CGG repeat expan-
sion in the fragile X gene FMR-1 only affected trans-
lation, but did not affect transcription (35). Many of the
frequently characterized trinucleotide microsatellites
in coding regions encode transcriptional factors, or
serve as transcription factor binding sites. Although
little is known about functional importance of tran-
scribed dinucleotide repeats, the high mutational po-
tential by frame shifting after size expansion of dinu-
cleotide microsatellites justifies further investigation.

A total of 15 transcribed dinucleotide microsatellite
markers were identified. The 15 microsatellites were
polymorphic, and can be used in the ongoing, national
effort (36) of genetic linkage and QTL mapping in cat-
fish. The association of microsatellites to known genes
converts these type Il markers into type | markers.
Mapping of these markers will allow assignment of
their associated genes to chromosomes. Localization of
transcribed dinucleotide repeats in coding regions also
provides emerging evidence of the importance of tran-
scribed dinucleotide repeats. Their expansion or
shrinking in length has great mutational potential by
frame shifting, which could lead to disruption of the

original genes and/or to formation of new genes. A
recent report indicated that over 11% of the gene-
associated microsatellites were distributed within the
open reading frames of the Japanese pufferfish, Fugu
rubripes (26) and that many of the involved genes have
regulatory roles such as transcription factors (27). In
this study, the two catfish genes harboring microsatel-
lites in their coding regions are cdc2-dependent kinase
8 and the DNA excision repair protein MHR23B, both
of which are important for normal cellular functions.
The nature and possibility of size expansion of micro-
satellites in these genes are being studied in our labo-
ratory.
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