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Molecular Biology

Expression of Two Tissue-Specific Promoters in Transgenic Cotton Plants

Ping Song, Jeanie L. Heinen, Teresa H. Burns, and Randy D. Allen*

INTERPRETIVE SUMMARY cotton genes,Gh-sp (seed protein) and Gh-rbcS
(ribulose-1,5-bisphosphate carboxylase small
Efficient genetic modification of cotton for subunit), were fused with a bb-glucuronidase (GUS)

agronomic traits will require the use of regulatory "éPOrter gene and the caulifiower mosaic virus

: CaMV) 35S terminator. These two gene constructs
sequences, known as promoters, to drive the\(/veretransferred into cotton (Gossypium hirsuturi.

expression of transgenes in specific plant tissues o v. Coker 312) by Agrobacteriummediated
at Certa.ln devellopmenta.tl stages. The pattern 0ﬁansformation. Transgenic plants from the T,

expression provided by different promoters must begeneration were analyzed for expression of the GUS
analyzed before they can be used to generatgeporter gene in different tissues and developmental
transgenic cotton plants commercially. In this study, stages of cotton. Qualitative and quantitative analyses
the expression patterns of two tissue-specificindicated the GUS gene driven by th&h-sppromoter

promoters were analyzed in transgenic cotton plantswere expressed only during seed maturation,
These promoters wef@h-sp derived from a seed beginning approximately 25 d postanthesis.
protein gene, an@h-rbcS obtained from a nuclear- EXPression of the GUS reporter gene driven by the
encoded chloroplast gene. These promoters wer&/10CS promoter was detected primarily in leaf

attached to a bb-glucuronidase (GUS) reportergeneISSue from transgenic plants. Levels of GUS

X i expression in leaves ofGh-rbcS/GUS transgenic
Tissues that express the GUS gene stain blue Wheﬂants was comparable to that in transgenic cotton

provided with a specific substrate, thus providing apjants containing a GUS gene construct controlled by
convenient means to identify the expression patternghe CaMv 35S promoter. These results indicate that
determined by each promoter. As expected, GUShese two tissue-specific promoters have the potential
expression under control of tid-sppromoter was  to be used to differentially express interesting genes
detected only in maturing seeds; GUS expressionin developing seeds or leaves of transgenic cotton.
controlled by theGh-rbcS promoter was seen . N
predominately in leaves. These results indicate thesel n the past few years, genetically modified cotton
two tissue-specific promoters can be used to targef Carrying insect- and herbicide-resistant genes has

the tissue-specific expression of important genes irP€en  commercialized successfully. Transgenic

transgenic cotton plants. cottons are likely to play an increasingly important
role in worldwide cotton production by conferring
ABSTRACT useful agronomic and fiber traits. Typically, the

beneficial gene is expressed in transgenic plants
In order to evaluate the functions of putative  under control of a regulatory DNA sequence known
transcriptional regulatory regions of cotton genes, the ~ as a promoter. Although the strict definition of the
upstream regulatory sequences (promoters) of two term promoter refers only to the core DNA
sequences necessary for basal transcription, for the
purposes of this report, a promoter is defined as the
g_- |80n9,| gL HeineTrh T-H+ BEFBS-_ anLd &D-kﬂ;n?.gagg- DNA sequences required to determine the
e e e e, BpPropratespatial an temporal xpression pattrn.
(brrda@ttu.edu). The primary regulatory sequences generally are
located within 1000 base pairs upstream (5") of the
Abbreviations: CaMV, caulifiower mosaic virus; EDTA, transcription start site in plant genes, although there

ethylenediaminetetraacetic acid; GUS, B-glucuronidase; PCRare cases where regulatory sequences are found
polymerase chain reaction.
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further upstream or are downstream (3") of theDNA followed by gel electrophoresis. Ethidium
coding sequences (Dietrich etal., 1992; Zhang et al.bromide staining was used to view the digested
1996). DNA.

Currently, the most widely used promoter for
expression of foreign gene constructs (transgenes) in Promoter Isolation
dicot plants is the cauliflower mosaic virus (CaMV)
35S promoter (Ow et al., 1986). The CaMV 35S DNA sequences of a cotton ribulose-1, 5-
promoter provides strong constitutive expression inbisphosphate carboxylase small subunitgesie- (
most dicot plants, including cotton. However, to rbcS GenBank accession no. X54091), and a late
develop transgenic cottons with specialized embryogenesis abundarte@) seed protein gene
agronomic traits such as fiber quality and seed(Gh-sp GenBank accession no. M19389), were
nutrition components, a larger arsenal of tituéve identified. For PCR amplification of the 5'
and tissue-specific promoters will be required. Theregulatory region of th@h-rbcSgene, the following
characteristic expression patterns provided by theseligonucleotides were developed and used as 5' and
promoters must be analyzed to determine whetheB' primers, respectively: 5'-cgctcatgttaacaatta
they can be used to express beneficial genes iattcctataatc-3' and 5'-catcgtagtacgtgggtaagc
specific target tissues or developmental stages aicgagtact-3'. For polymerase chain reaction (PCR)
maximum levels. Although such promoter tests canamplification of the 5' regulatory region of tB&-sp
be conducted with transient expression assays or ipromoter, the following oligonucleotides were used
model plant systems such as transgenic tobacco arek 5'and 3' primers, respectively: 5'-gaaccaggtcgatag
Arabidopsis gene expression analysis in stablettgaattagttatgtt-3'and 5'-ctcagctgtttgcatcat
transgenic cotton plants provides confirmation thatggcagcatcttg-3'. About 1 mg of genomic DNA was
these promoters can be used for development ofised in 50 mL PCR. PCR was performed with
transgenic cotton for commercial production. TaKaRA Ex Taq polymerase (Takara Shuzo Co.,
Although several fiber-specific promoters have beenOtsu Shiga, Japan) under conditions suggested by
tested in transgenic cotton plants (Dang et al., 1995the manufacturer. PCR products were separated on
John and Crow, 1992; Rinehart et al., 1996), thel.1 % agarose gels and stained with ethidium
isolation of constitutive and tissue-specific promotersbromide. DNA fragments of the expected size, based
(Song and Allen, 1997; Song et al., 1998) is also ofon the designated primers, were cut from gels and
interest. Here we report the expression patterns ofubcloned into a TA cloning vector (pGEM-T
two promoters from cotton that direct seed-specificSystem, Promega, Madison, WI). Subcloned PCR
and leaf-specific expression in transgenic cottonproducts were sequenced to verify the gene identity.
plants. We anticipate that these promoters can be
used to direct expression of transgenes in cotton and

other plants. Gene Constructs
MATERIALS AND METHODS To build gene constructs includigh-rbcSor
Gh-sppromoters fused to the GUS reporter g&se,
DNA Extraction | sites were added to the 5' ends of the promoter

sequences and the initiation codons were mutated to

Genomic DNA was extracted from fully Ncol sites. This was done by PCR amplification of
expanded leaf tissues of greenhouse-grown cottothe subcloned promoter fragments with primers
plants Gossypium hirsutumn. cv. Coker 312) using containing the respective restriction site changes,
the procedure of Guillemant and Laurence (1992)with the resulting PCR products being purified and
and further purified by phenol/chloroform/isoamyl digested withPstl andNcol. This resulted in a
alcohol (25:24:1) extraction and ethanol 1200 base pair DNA fragment containing @Gile-sp
precipitation. DNA concentration was measured promoter and a 560 base pair fragment containing
spectrophotometrically. Quality of DNA was the Gh-rbcS promoter. These two promoter
determined by Hind Il digestion of 2 mg genomic fragments were ligated into tistl andNcol sites
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in the binary vector pPCGN1578h10to replace the each plant were used for histochemical staining.
Gh10 promoter (Song et al., 1998). pCGN1578 Slices of emerging leaves, longitudinal sections of
Gh10containsGh10GUS/CaMV 35S terminator- shoot and developing seeds, intact anthers, pollen,
CaMV 35S promoter /INPT/CaMV 35S terminator and petals were incubated in GUS staining solution

cassette. These two gene cassett&d)- overnight at 37C. Stained tissues were cleared with
spGUS/CaMV 35S terminator-CaMV35 promoter 70% ethanol.
INPT/CaMV 35S terminator andGh- For the fluorometric assay, 0.2 g of fresh tissues

rbcSGUS/CaMV 35S terminator-CaMV35 were ground in 500 mL GUS extraction buffer (50
promoter /NPT/CaMV 35S terminator, were mM phosphate buffer, pH 7.4;10 mM R-
introduced into the disarmedigrobacterium  mercaptoethanol, 10 mM EDTA, 0.1% sodium
tumefaciensstrain EHA101 by the freeze-thaw lauryl sarcosine, and 0.1% Triton X-100). The
method. For cotton transformation, positive clonessamples were centrifuged at 12 000 x g for 15 min at
were selected on LB medium containing 50 pg'mL 4°C. Ten microliters of supernatant were transferred
of kanamycin and gentamycin. Restriction digeststo 0.5 mL GUS assay buffer (1 mM 4-methyl
and southern blot analysis of plasmid DNA extractedumbelliferyl 3 -D-glucuronide in extraction buffer).
from positive clones were used to verify the After incubation at 37C for 2 h, the reactions were

integration of the GUS expression cassette. stopped by the addition of 2 mL of 0.2 M Jq&D,
and the fluorescence was measured with a
Transgenic Plants fluorometer (Turner Model 112, Sequoia-Turner

Corp., Mountain View, CA). Tissue collection was
Transformation of cotton plants with tlagh- the same as for histochemical staining. Three
spGUS/CaMV 35S term-CaMV 35S promoter sampleswere taken from each plant and each sample
INPT/CaMV 35S terminator andGh- was measured three times. Mean GUS activities for
rbcIGUS/CaMV 35S term-CaMV35 promoter each independent line were compared.
INPT/CaMV 35S terminator gene constructs was

carried out by inoculation of hypocotyl segments RESULTS AND DISCUSSION
from cotton G. hirsutum L. cv. Coker 312)
seedlings grown under sterile conditions with Seed Protein Promoter Gh-sp

Agrobacterium tumefacienstrain EHA101 and
regeneration of plant via somatic embryogenesis as The Gh-sppromoter sequence is from the late
previously reported (Bayley et al., 1992; Payton etembryogenesis abundaheg) class of seed proteins
al.,, 1997). T plants were analyzed for GUS (Bakeretal.,1988). Analysis bfagene expression
expression. in cotton indicated that mokea mMRNAs start to
accumulate in developing seeds at about 30 d
GUS Assay postanthesis (Hughes and Galau, 1991). Sequence
analysis of th&h-sppromoter indicated a conserved
Histochemical staining and fluorometric assays sequence motif located 89 base pairs upstream of the
were used for analysis of GUS expression (JeffersonTATA-box that is similar to the G-box core motif
1987). Fresh tissues were used for detection of GUSACGT). Because similar elements are required for
expression with histochemical staining solution (0.02 seed-specific gene expression in several plant species
M 5-bromo-4-chloro-3-indolyl-bb-D-glucuronide, (Stalberg et al., 1993; Vincentz et al., 1997; Wu et
0.1 M NaHPQ, 0.25 M ethylenediaminetetraacetic al., 1998), we anticipated that the 1200-base pair
acid (EDTA), 5 mM potassium ferricyanide, 5 mM Gh-sp promoter would provide seed-specific
potassium ferrocyanide, 1.0% (v:v) Triton X-100, expression of the reporter gene.
pH 7.0). Tissues from mature flowering plantsinthe ~ Transgenic cotton plants {)lwere regenerated
greenhouse were collected. All individual plants in from two independent cell lines transformed with the
each independent transgenic line (two to four lines)Gh-sgGUS gene construct. The presence of the
were analyzed. Three emerging leaves, flowers, an@GUS reporter gene in these transgenic plants was
shoots and developing seed from three bolls frondetected by PCR ampilification, using GUS-specific
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Fig

GUS Activity

Fig.

Control Gh-sp/GUS-1

. 1. Immature seeds (25 d postanthesis) from
nontransformed (control) cotton plants and a
transgenic cotton plant containing a reporter gene
construct with a promoter from a cotton seed protein
gene Gh-spGUS-1) were stained for 3-glucuronidase
(GUS) activity. No detectable GUS activity was seen
in control seeds. Embryos of seeds that contained the
Gh-spGUS-1 reporter stained intensely blue with
strongest signal in the cotyledons, indicating high

levels of GUS activity in these organs.
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2. Quantitative assays for GUS-specific activity in
extracts of developing ovules from untransformed
cotton plants (control) and two independent
transgenic cotton lines (each has two plants) that
contain the Gh-sp reporter gene construct Gh-

spPGUS-1 and Gh-spGUS-2). Background levels of
GUS activity were seen in both control and transgenic
plants through 20 d postanthesis. A rapid increase in
GUS activity occurred in transgenic seeds during the
next 10 d of maturation, reaching maximum levels at

about 30 d postanthesis.

primers. The expected band was not observed in
nontransgenic plants (data not shown)héitgh this
assay indicates the presence of the transgene, it does
not indicate whether the transgene is expressed. To
analyze expression, thesgplants were grown to
flowering in a greenhouse and analyzed for GUS
expression. Different plant tissues - including
sections of emerging leaves, longitudinal sections of
shoots, roots, petals, mature anthers, and styles -
were stained for GUS activity. After incubation in
the staining solution overnight at3Z, no blue stain
indicative of GUS activity was apparent in any
tissues from these primary transgenig) (@lants,
suggesting that the GUS gene was not expressed in
these tissues (data not shown). Also, no GUS
staining was detected in any of the nontransgenic
control plants.

To determine the expression pattern of@e
sp/GUSconstruct in seed development, bolls from
two T, plants from each independent transgenic line
were tagged and ovules ,jTwere harvested at
different days postanthesis and stained for GUS
activity. GUS activity was not detected in
developing seeds before 25 d postanthesis, but very
strong staining was observed in the developing seeds
from all of the transgenic lines at 30 d postanthesis
or later (Fig. 1). Staining was limited to embryonic
tissues, with strongest activity in the cotyledons.
Results from quantitative fluorometric assays of
GUS activity matched the histochemical staining
pattern in maturing seeds. GUS activity in ovule
extracts increased dramatically at 25 d postanthesis
relative to background levels in non-transgenic
control plants (Fig. 2).

The GUS expression pattern controlled by the
Gh-sp promoter in transgenic cotton plants was
similar to that reported for endogenous cottea
genes (Hughes and Galau, 1991). Therefore, this
Gh-spseed-specific promoter will be useful in the
genetic modification of seed properties during the
later stages of seed maturation such as protein
quality, fatty acid composition, and gossypol
content. In fact, th&h-sppromoter has been linked
to an antisense cDNA for cadinene synthase, one of
the key enzymes in the gossypol synthesis pathway,
in an effort to reduce gossypol synthesis in
cottonseeds (C.R. Benedict, personal
communication). Introduction of this gene cassette
into transgenic cotton is underway.
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Rubisco Small Unit Promoter Gh-rbcS

The small subunit of ribulosk5-bisphosphate
carboxylaserpc9 is encoded by gene families in
most plants. Promoters from one group of these
genes contain twais-acting elements, the I-box and
the G-box, that are important for tissue-specific
expression (Donald and Cashmore, 1990; Manzara
et al., 1991). Analysis of transgenic tomato plants
expressing arbcS -promoter/GUS fusion gene 3
confirmed that promoter fragments ranging from 0.6 {h‘ :
to 3.0 kb ofrbcS], rbcS2 andrbcS3Agenes were
sufficient to confer the temporal and organ-specific
expression pattern (Manzara et al., 1993; Meier et
al., 1995). In these genes, the I-box and G-box are
located within -600 to100 bp upstream of the
transcription initiation site. The 560-bp promoter
fragment from the cottatvcSgene used to assemble
the GUS reporter gene construct reported here ContrOI Gh'rbCS/GUS"I
includes putative I-box (-287 to -274 base pair) andrig. 3. Segments of expanding leaves from nontransformed
G-box (-260 to -252 base pair) sequences. (control) cotton plants and transgenic cotton plants

Three transgenic ¢J cotton plants were that contained a reporter gene with a promoter from
a cottonrbcSgene Gh-rbcSGUS-1) were stained for

regenerated frc_)m each of five independent cell lines B-glucuronidase (GUS) activity. While GUS activity
transformed with th@h'rbCSGUS_ gene cassette. was not detected in leaves of control plants, leaves
The presence of the transgene in these plants was from the transgenic plant stained intensely blue,
confirmed by PCR amplification of the GUS DNA indicating high levels of GUS activity.

fragment from genomic DNA using GUS-specific

primers; corresponding bands were not amplified  Fluorometric assays of leaf tissues from the 15
from DNA of nontransgenic plants (data not shown).transgenic plants indicated that GUS activity in
Analysis of transgene expression was carried out byeaves of Gh-rbc3GUS transgenic plants was
analysis of GUS activity. Leaf sections from significantly higher than in nontransgenic plants
emerging leaves of plants with four to five true (data not shown). There was considerable variation
leaves and flowering plants were incubated within the level of GUS expression among transgenic
GUS staining solution at 3 overnight. GUS  plants regenerated from different cell lines (Fig. 4),
expression was detected in all 15 transgenic plantsvhile the plant-to-plant variation observed within the
tested and no blue color appeared in nontransgenisame transgenic line was small. Expression in the
(control) plants (Figs. 3, 4). Other tissues - includingtransgenic lines with the highest levels of GUS
roots from regenerated transgenic plantlets,activity (Gh-rbc3GUS-1 andGh-rbc3GUS-2) were
longitudinal sections of shoots, intact petals andonly slightly lower than that of a 35S/GUS
anthers, and 8-d postanthesis-developing ovules frortransgenic plant tested. The variation in expression
flowering transgenic plants - were tested for GUSbetween different cell lines could have been caused
expression. GUS activity was not detected in thesdoy "position effects" that depend on the chromosomal
samples except for the shoot, which showed lightlocation of the transgene insertion, by co-
staining primarily in the outer parts of the cortex suppression, and/or the presence of multiple copies
(data not shown). These results demonstrate the GUSf transgenes. Because we have not yet analyzed the
gene expression under control of th-rbcS  number of transgene inserts in our transgenic plants,
promoter is expressed in chlorophyll-containing we cannot distinguish among these possible
tissues, primarily leaves. mechanisms at this time.
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4. Quantitative assays of GUS specific activity in
extracts from expanding leaves from untransformed
(control) cotton plants and five independent
transgenic cotton lines containing theGh-rbcSGUS
reporter gene construct Gh-rbcSGUS-1, two plants;
Gh-rbcSGUS-2, three plants;Gh-rbcSGUS-3, three
plants; Gh-rbcSGUS-4, four plants; Gh-rbcSGUS-5,
three plants) and one transgenic cotton plant
containing a GUS reporter gene controlled by a
CaMV 35S promoter (35S/GUS, two plants). Levels of
GUS activity in all of the Gh13/GUS lines were
substantially higher than in control plants but activity

varied by as much as 300% between transgenic lines.

The two highest-expressing linesgh-rbcSGUS-1 and
Gh-rbcSGUS-2) had activities similar to those in
leaves of a typical 35S/GUS containing plants.

A tobacco tissue-specifibbcS gene promoter

cotton, this work shows that promoters from native
cotton genes can effectively mimic the expression of
endogenous genes and do not appear to be greatly
affected by gene silencing.
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