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Quick identification of the members of the glutamine
synthetase gene family from sunflower by simultaneous
amplification of cDNA with degenerate primers
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Abstract

A single degenerate glutamine synthetase (GS)-specific primer was used to amplify
the 3° end of ¢cDNAs derived from different GS genes that are expressed in leaves
and roots of sunflower (Helianthus annuus L. cv. Peredovic). Four types of GS
cDNA (L II, IIT and TV} were simultaneously amplified from leaves and five types
(I, 11, V, VI, VII) from roots with a minimum investment of time and experimental
work. cDNAs I, III and IV encode chloroplastic isoforms as deduced by the presence
of chloroplastic GS-specific features in their sequences. The rest of cDNAs coditjies
cytosolic isoforms. Using cDNA-specific probes and primers, homologous sequences
to all GS cDNAs amplified from cv. Peredovic, except to ¢cDNAs IIT and IV, were
detected in the inbred line R4 1, This result strongly suggests that the three cDNAs for
chloroplastic isoform are allelic sequences from the same locus, and since cDNA
type IV contains sequences derived from cDNAs II and II, it indicates a
recombinational origin. The results presented are consistent with the existence of a
GS gene family in sunflower with at least five members, Four of them, named ggs1.1
to ggsl.4, codify for the cytosolic isoforms (¢DNAs I, V, VI and VII). A fifth
member, named ges2, from which three allelic sequences (¢IDNAs II, III and IV)
have been cloned, encodes the chloroplastic isoform.
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Introductien

Glutamine synthetase (GS, EC 6.3.2.1) is the enzyme that catalyses the ATP-
dependent synthesis of glutamine from glutamate and ammonium. In plants, GS
exists as multiple isoforms that are responsible for the assimilation of the ammonium
released by distant processes (Miflin and Lea 1980). The subunits of the GS isoforms
are encoded by small families of nuclear genes whose expression is differentially
regulated (Forde and Cullimore 1989, Lam et al. 1996). The gene for the
chloroplastic isoform is induced by light and exhibits enhanced expression in
photosynthetic cells, in good agreement with the main task of its product, the
reassimilation of photorespired ammonium (Wallsgrove et al. 1987, Edwards and
Coruzzi 1989, Lam et al. 1996). Different number of genes for the cytosolic isoforms
have been reported depending on the species considered, showing distinct patterns of
expression that support the preferential participation of their product in particular
processes (Forde and Cullimore 1989, Lam et af. 1996). Genes for cytosolic isoforms
that are preferentially expressed in cotyledons during germination and in senescing
cotyledons have been reported in pea and radish (Coruzzi ef al. 1991, Watanabe ef o/,
1994). Various legumes contain cytosolic GS genes with enhanced expression in
Na-fixing nodules (Bennett ef al. 1989, Walker and Coruzzi 1989, Roche ef al. 1993,
Temple et af. 1995). In maize, the treatment with ammoenium or nitrate increases the
amount of transcripts of GS1-1 in roots and of GS81-2 in shoots, whilst a third gene
for the cytosolic isoforms of GS (GS1-3) is unaffected by those nitrogen compounds
(Sukanya and Snustad 1994).

Consistently with this background, any approach to the understanding of the role
of GS in the metabolism of a new species will require to determine the number and
identity of the operating GS genes as well as the regulation of their expression. In
practical terms, this imply the cloning and characterisation of multiple sequences. To
date, plant GS genes have been cloned by traditional time-consuming methods based
in the preparation and screening of libraries with heterologous probes. This partially
explains why, while GS-coding sequences have been cloned from numerous plants,
the characterization of complete GS gene families has been achieved in relatively few
cases. As an alternative to traditional methods of cloning, GS-specific degenerate
primers have been designed that drive the amplification of GS-coding sequences
from a wide spectrum of plants (Pérez-Vicente er al. 1996).

Sunflower is an important crop plant that raises interesting questions for basic and
applied research, many of which have not been approached in molecular terms. The
identity and location of the GS isoforms in sunflower have been determined (Cabello
et al. 1991) and regulation studies have been performed at the level of enzyme
activity. Light, nitrate and the stage of development differentially regulate the activity
of the GS isoferms of sunflower cotyledons along germination (de la Haba et al.
1992). A control at the level of gene transcription is expected to contribute to the
observed changes in enzyme activity (Forde and Cullimore 1989, Lam ef al. 1996).
The importance of this regulatory step is ignored since, to date, the number and
identity of the sunflower (GS genes remain unknown.
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This work was aimed to determine the number and type of GS genes operating in
sunflower. A single gene for the chloroplastic isoform and four genes for cytosolic
isoforms have been identified by analysing partial ¢cDNAs. Unique regions of
sequence for the preparation of gene-specific probes have been obtained. The cDNAs
were cloned in a context of reduced time and experimental simplicity by means of
PCR amplification with degenerate primers.

Materials and methods

Plant cultivation and DNA/RNA isolation: Sunflower plants (Helianthus ammus 1.)
were grown in plastic trays containing a 1:1 (v/v) mixture of perlite and vermiculite,
under a 16-h photoperiod with irradiance of 200 umel{photon) m~? s (400-700 nm)
provided by Sylvania cool white F72T12/CW/VHO, 160 W fluorescent lamps
supplemented with Mazda 60W incandescent bulbs) and a light/dark temperature of
25/19 °C and relative humidity of 70/80 %. Germinated seedlings were irrigated daily
with a nutrient solution with 10 mM KNO; (Hewitt 1966). Seeds from the sunflower
cv. Peredovic were donated by Eurosemillas (Cordoba, Spain). The inbred line R41
was a generous gift from Dr. J. Dominguez, Centro de Investigacion y Formacién
Agraria, Cérdoba, Spain. Young leaves and roots were collected from 10-15
individual 20-d-old plants, and total RNA and genomic DNA were isolated from
them as described previously (Pérez-Vicente et al. 1990),

¢DNA synthesis and amplification; Single-stranded cDNA, with an anchor sequence
at the 5° end, was prepared by priming 5 ug of total RNA from leaves and roots with
the Qr oligonucleotide (ccagtgagecagagtgacgaggactcgagetcaagetttttttttttetitit)
described by Frohman (1994). Reactions were performed by using the M-MLV
retrotranscriptase (Promega, Madison, USA) according to Yang et af. (1989). The
PCR amplifications were carried out with the Genedmp PCR Core kit (Perkin-Elmer,
Norwalk, USA) in a final volume of 50 mm’. Each reaction mix contained: 1 unit of
Tag DNA polymerase, 200 uM of each of the four dNTPs, 2 mM of MgCly, 1 pM of
each gs35 (ggagaggttatgectggicartg) and QoR (ccagtgageagagtgacgagga) primers
(Pérez-Vicente et al. 1996) and 1 mm® of the ¢DNA solution, in 10 mM Tris-HCI /
50 mM KCI, pH 8.3, buffer. Primers were isolated from the rest of the reagents in the
vials by means of a wax barrier to avoid false priming during the first steps of the
reaction, according to the ‘hot start’ technique (Frohman et af. 1988, Chou ef 4i.
1992). The PCR reactions were performed in a DNA Thermal Cycler 480 (Perkin-
Elmer, Norwalk, USA) using the following 40 cycle profile: 94 °C, 60 s + 60 °C, 30 5
+ 72 °C, 60 s plus a 6 s extension per cycle.

Specific amplification of ¢cDNAs II, Il and IV was performed under the same
conditions described before, except that QoR was replaced by the corresponding
cDNA-specific primer and that the annealing temperature was increased to 70 °C.
Specificity of the primers was confirmed by using plasmids carrying cDNA II, I and
1V inserts as target.
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Cloning and restriction analysis of the amplified gs5-QoR fragments: The products of
amplification with gs5 and QoR were blunt ended by treatment with the Klenow
enzyme (Sambrook et al. 1989) and separated by electrophoresis. The major bands
showed in Fig. 14 (lanes L and R) were excised from the gel, purified with the Qigex
gel extraction kit (Qiagen, Chatsworth, USA) and cloned into the EcoR V site of
pBluescript SK (+) (Stratagene, La Jolla, USA ) by standard methods (Sambrook
et al. 1989). Sixty randomly collected clones from roots and leaves were selected for
restriction analysis. The enzymes EcoR V, Hae ITI, Alu 1, Hinc 11, Sac 1 and Xba 1
from Boehringer (Mannheim, Germany) were used to digest both the crude PCR
products and the selected gs5-QoR clones. Crude PCR products (5 mm?®) were treated
for 16 h at 37 °C with 15 units of each enzyme to ensure a complete digestion. The
2s5-QoR inserts from individual clones were PCR amplified and digested according
to the instruction of the manufacturer. The result of the digestion were
electrophoresed through 2 % (m/v) Metaphor agarose (FMC, Rockland, USA) and
visualized by staining with ethidium bromide.

Sequencing and sequence analysis: The c¢cDNA inserts in plasmid vectors were
sequenced by the chain termination method, using the AmpliTag DyeDeoxy
Terminator Cycle Sequencing kit (Perkin-Elmer/Applied Biosystems, Foster City,
USA). Two to three independent clones of each ¢DNA type (I to VII) were
sequenced on both directions to avoid PCR-induced mutations. The nuclectide
sequence data obtained will appear in the GenBank Nucleotide Sequence Database
under the accession numbers AF004847 (cDNA T), AF005031 (¢cDNA V), AF005032
(cDNA VI), AF005222 (cDNA VII), AF005223 (¢cDNA II), AF005224 (cDNA III)
and AF005225 (cDNA TV).

Computer applications used for sequence analysis were in the Wisconsin Package
Version 9.0 from Genetics Computer Group (Madison, USA). PILEUP was used to
align sequences and to obtain the corresponding dendrogram. Sequence identity
values from pair-wise comparisons were calculated with OLDISTANCES. Sequence
alignments that show the common positions shadowed were displayed with
PRETTYBOX and those that show a consensus sequence were obtained with
PRETTY,

Design of cDNA-specific primers: cDNA-specific primers were designed with the help
of the Oligo application (version 4.0.5, 1994) from National Biosciences (Plymouth,
USA). Primers specific for c¢DNAs 1 (gagctitcaaagagtgtacgeatea), III
(tgtggepaagtgaaaggticaaa) and IV (gacgeagtttggaccaageac) were designed from
unique regions located in the 3 untranslated region and the coding region as
indicated in Fig. 6. Primers specific for the cDNAs I (ccectecatattgttattcaaaataga),
V  (agccaagttcatgeccaactagt), VI (aaaccaaccatttacgtigttgttat) and  VII
(tgtigteactgatagtetagegacgta) were designed from ¢DNA-specific sequences located
at the end of the 3’untranslated regions.

Synthesis of cDNA-specific probes and hybridization experiments: Probes specific for
cDNAs I, V, VI and VII were obtained from their 3’ untranslated regions. Fragments

342



IDENTIFICATION OF GLUTAMINE SYNTHETASE GENES

containing the 3 untranslated regions were excised from cDNA I and cDNA V with
Rsa | (restriction site at 70 and 10 nt after the stop codon, respectively), from cDNA
VI with Aci [ (restriction site at 26 nt after the stop codon) and from ¢cDNA VI with
Sty I (restriction site at 11 nt after the stop codon). Single-stranded probes were then
prepared from the isolated 3” untranslated regions by PCR with [o**P]-dATP and the
corresponding cDNA-specific primer as described by Konat ez al. (1994).

Twenty microgrammes of genomic DNA from isogenic line R41 were slot blotted
onto Hybond-N filters (Amersham, Little Chalfont, UK) following the instructions of
the manufacturer, Filters were hybridized with radicactively labeled cDNA-specific
probes. Hybridizations were performed at 68 °C and filters were washed three times,
15 min each, in 0.2 x SSC at 68 °C following standard procedures (Sambrook et al.
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by hybridization to plasmid carrying the cDNA L, V, VI and VII inserts.

Results and discussion

Simultancous amplification of ¢DNAs coding for different GS isoforms: In the latest
years, the polymerase chain reaction (PCR) has become an advantageous technique
to clone ¢cDNA mainly because its superior sensitivity compared to traditional
methods. However, the use of PCR to clone plant GS sequences has been limited to
the isolation of one or, at most, two different cDNAs from each species selected
(Pérez-Rodriguez and Valpuesta 1996, Pérez-Vicente er al 1996), while the
potentiality of this technique to characterize a complete GS gene family remains
untested.

We have used a cloning strategy that exploits the capacity of degenerate primers to
amplify diverse sequences that share conserved regions, in order to simplify the .
experimental manipulation required to clone the multiple members of a gene family,
while keeping a high sensitivity of sequence screening.

A fragment corresponding to the 3” half of the mRNA for the GS was selected for
amplification. This fragment spanned ca. 750 bp and contained part of the coding
region as well as the 3° untranslated sequence. Amplification was driven by primers
QoR and gs5. QoR is complementary to the sequence of the oligonucleotide Qr that
is anchored to the cDNAs used as amplification target (Fig. 1B). 255 is a GS-specific

rlpcrpnpmrr-r m-rmpr dpcucmed to match a wide varmfv of n];mr GS cDNAs without

restrictions regardmg the type of isoform encoded (Perez—Vtcente et al. 1996). Under
these conditions, the simultaneous amplification of various cDNAs derived from the
different GS genes that are expressed in the selected organ is expected (Fig. 14). In
each case, a band of the expected size was the mayor PCR product. Since the cDNAs
for plant GS exhibit a remarkable size homogeneity (Forde and Cullimore 1989,
Pérez-Vicente et al. 1996), the amplification of a single band does not imply the
amplification of a single cDNA. Several cDNAs for GS of similar size but different
sequence can be grouped together in a wide band (Fig. 14). To check this possibility,
the amplification product was treated with various restriction enzymes. Some of the
restriction patterns obtained indicated the existence of more than a single type of
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c¢DNA in the amplification product. For instance, when the product of amplification
of leaves cDNA was treated with EcoR V, only part of the cDNAs were digested
(Fig. 2). In other cases, the addition of the sizes of the fragments derived from the
digestion exceeded the size of the digested amplification product, thus indicating
sequence diversity (digestion with 4/u T and Hae 111 in Fig. 2).

A gs3-QoR
M L R
bp
1083 -
805 -
514 -
B
start start stop stop
¢chiGS oyiGs oytGS chi3S

| | P

26¢ bp gsd ¢a. 750 bp QaR

Fig. 1. PCR amplification of cDNAs coding for GS. A. Samples of cDNA from sunflower leaves (L)
and reots (R} were amplified with QoR, a primer for the anchored oligo Q. and gs3, a GS-specific
degenerate primer. The products of the amplification were electrophoresed in a 0.8 % (m/v) agarose
gel and stained with ethidium bromide. 0.005 ¢m’ from each PCR reaction (total 50 mm®) were
loaded per lane. M - molecular size marker corresponding to 0.5 pg of A phage DNA digested with
Pst 1. B. Model of the cDNA for cytosolic and chloroplastic isoforms of GS with indication of the
position and expected length of the fragment amplified with gs5 and QoR. The coding region of the
cytosolic subunit (black box) is showed overlapping the longer coding region of the chloroplastic
subunit (empty box), The 5* and 3’ untranslated regions are representes by lines.

To isolate the different cDNAs amplified simultaneously, the amplification
products were cloned in plasmids and identified by their restriction patterns. As
expected, two types of clones that differ in the presence of a restriction site for
EcoR V were identified in the product of amplification of leaves ¢cDNA (clones 31
and 46 in Fig. 2). In the same sample, three types of cDNAs were discriminated by
using Afu 1 (clones 2, 4 and 5 in Fig. 2), that, at the same time, belonged to one of the
two types defined by EcoR V. The ¢cDNA amplified from sunflower leaves and roots
was further analysed with Hae Il1, Hinc I, Sac I and Xba 1. A total of nine types of
cDNA (I to X} were identified. ¢cDNAs IIl and IV and ¢cDNAs V to IX were
exclusively found in leaves and roots, respectively. cDNAs I and II were ubiquitous.
Clones carrying the same type of cDNA of different length were also identified by
this method (clones 10, 12 and 13 in Fig. 2). Length differences were due to
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polyadenylation at alternative sites (Fig. 3), a common feature among plant mRNAs
{Dean et al. 1986). The existence of the AAUAAA motive preceding the
polyadenylation site was not a tight requirement for the polyadenylation of sunflower
mRNAs (Fig. 3), as observed in many other plant species (Li and Hunt 1997).

nd. Al nd. EcoR V nd, Hae HI n.d. Sac |
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Fig. 2. Identification of different ¢cDNAs simultaneously amplified with gs5 and QoR. The crude
PCR products (A) and the individual gs5-QoR fragments isolated from them were treated with the
indicated enzymes as described in Materials and Methods or remained undigested (n.d.). The
restrictions fragments were separated by electrophoresis in 2 % (m/v) agarose gels and stained with
ethidium bromide. Gel image is shown in negative. DNA size markers are indicated on the left.

501 AtgaAATTAT GAAGCCTGAT TTGGAGGGAG ATTGAAAAMAA TTTAATTGGA
551 ATTTGAAAAC AACCCTTCTA TATGTACTTT GTTAAAATTT AGGTGCATCC
601 TACTACTCTG TTTCCTTGTT TATTTTTACC TGATGTTTTA TATGTTCTTG
651 ATGCAAAGCA TTTTGGGICC AAAATGCTAA TGGCAACTAC TTGATTGCAT

10 12
701 TTGAGTTT_TCCCATTGGGAATATTGT C—AATATTTCTATTTTGAATAACAA

13
751 TATGGAGGGGTTGATTTAA_GATTAAAAAAA AANAADDBAD

Fig. 3. Multiple sites of polyadenylation on the mRNA for sunflower GS. Figure shows the 3’ end
of the GS ¢DNA type I, as obtained from clone h17. Alternative sites of polyadenylation on this
¢DNA are indicated by the number of the particular clones where they were found (10, 12 and 13).
A putative polyadenylation signal is underlined. The stop codon is typed in lower case.
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The sequences of the coding region of all ¢cDNA identified, except VIII and IX,
were closely related to those of the genes that encode cytosolic and chloroplastic GS
isoforms from Phaseclus and other higher plants. The average amino acid sequence
identity among the cDNAs from sunflower and the GS sequences from Phaseolus
was 84 %, and the lowest value obtained for a particular comparison was 74 %
(Table 1). As expected from sequences that are not under a severe selection pressure,
the degree of conservation of the 3’ untranslated regions was low. The average
nucleotide sequence identity of this region within the ¢DNAs from sunflower was
comparable to that found among the cDNAs from sunflower and Phaseolus (31 %).
As an exception, cDNAs II, III and IV exhibited a high sequence identity in the
3” untranslated regions ranging from 66 to 87 % (Table 1).

The ¢DNA VIII contained sequences that matched both primers gs5 and QoR,
even though it did not codify for any GS. The cDNA IX displayed QoR sequences at
both ends. The presence of false positives was expected since, given the high yield
and apparent specificity of the products of the first PCR (Fig. i4), no reamplification
with nested primers was performed. They appeared in low frequency (1 out of 60
clones analysed in both cases), thus not being a serious impediment for the
methodology employed.

Identification of the cDNAs coding for cytosolic and chloroplastic isoforms of GS: The
maost obvious feature of the mRNAs for chloroplastic isoforms, the region that
encodes the transit peptide that facilitates the entrance to the chloroplast, is placed at
the 5’end of the messenger (Forde and Cullimore 1989). However, other distinctive
features can be found at the 3° end or are distributed along the sequence.

The 3° end of the coding region from cDNAs II, IIT and IV was extended about
15 amino acids further than the rest of the sunflower ¢DNAs (Fig. 4). This
3’ extension, that was also present in the ¢cDNA for the chloroplastic GS from
Phaseolus, is an exclusive feature of the messengers that code for chloroplastic GS
(Forde and Cullimore 1989, Pérez-Vicente et a/. 1996), thus indicating that cDNAs
I, IT1 and IV code for chleroplastic isoforms while the rest of cDNAs, that lack such
3’ extension, encode cytosolic isoforms.

In fact, it was found that a stretch as short as the first 250 nucleotides of each
cDNA (not including the 3 extension), contained enough information to determine
the type of coded isoform. The dendrogram obtained from the comparison of those
fragments clearly differentiated two groups of ¢cDNAs. One group included the
c¢cDNA for the chloroplastic GS of Phaseolus and the sunflower ¢DNAs that
displayed the 3* extension. The second group was formed by the cDNA for the
cytosolic GS of Phaseolus and the rest of the ¢cDNAs from sunflower (Fig, 3).

Four short regions of sequence conserved in the GS of mammals, plants and
prokaryotes are involved in the formation of the active site of the enzyme (Eisenberg
et al. 1987, Forde and Cullimore 1989). GS ¢DNAs amplified from sunflower
comprised regions 2, 3 and 4 (Fig. 4). Region 1 was 5" upstream from the amplified
fragments. Region 2 coincided with the binding site for primer gs5 (not shown in
Fig. 4).
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II
v
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delta

VII

bata

Ceon

11

III

delta

VI
VII

beta

Con

II

Iv
III

delta

VI
VII

beta

Con

Fig. 4. Comparison of the sequences from the coding region of the sunflower GS ¢cDNAs. Amino
acid sequences of cDNAs type I to VII (from the end of primer gs5 to the stop codons) are shown
aligned to the corresponding regions of the chloroplastic (delta) and cytosolic (beta) GS from
Phaseolus. Regions involved in the formation of the active site of the enzyme are underlined and
variant amino acids in them are in lower case. The 3" extensions exclusive of the chloroplastic
isoforms are boxed. Consensus sequence (Con) shows positions of unanimous agreement only,

The presence of a cysteine residue in regions 3 and 4 is an exclusive feature of the
chloroplastic isoforms (Forde and Cullimore 1989). Such cysteine residues occurred
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ERRLTGKHET
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ERRLTG-H-T
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exclusively in ¢cDNAs that showed an extended coding region (IL, III and IV from
sunflower and delta from Phaseolus), thus confirming these cDNAs as chloroplastic
isoform-coding sequences.

li

N
deita
Wi
Vil

beta

Fig. 5. Dendrogram of relationships among the GS ¢DNAs from sunflower and Phaseolus. The
dendrogram was derived from the comparison of the first 250 nucleotides of each GS cDNA from
sunflower and the corresponding sequences of the cDNAs for the cytosolic (beta) and chloroplastic
(delta) GS from Phaseolus. Distances along the horizontal axis are proportional to the differences
between sequences.

Occurrence of a recombination between the sequences that codify for chloroplastic
isoforms: cDNAs IT, I1I and TV, identified as for chloroplastic isoforms, are a singular
group of sequences exhibiting the highest sequence identity in both the coding region
and the 3’ untranslated sequences of all cDNAs isolated from sunflower (Table 1,
Fig. 4). Their presence in sunflower contradicts the general observation of a single
gene for the chloroplastic isoform of the GS in each plant species (Forde -and
Cullimore 1989, Lam et al. 1996).

The comparison of the sequences of ¢cDNAs II, ITl and IV showed that one of them
(IV) was composed from sequences derived from the other two. The first half of
¢cDNA 1V (nucleotides 1 to 460 in Fig. 6) displayed very few differences when
compared to that of cDNA II, while its second half (nucleotides 476 to 700) was
almost identical to the corresponding region of cDNA IIL. Between the first and the
second half there was an intermediate region of 15 nucleotides where all three cDNA
were identical (Fig. 6). The most probable explanation for this situation is that cDNA
IV had been originated by a recombination between cDNAs II and II1, one of the
crossing-over points being placed in the intermediate region. The second crossing-
over point might have happened at different distances from the first one and his
location is unknown by now, neither the corresponding reciprocal product of the
recombination has been cloned. After recombination, the resulting new gene seems to
have diverged form the parental ones as deduced from the accumulation of point
differences in its sequence (Fig. 6).

The occurrence of a recombination strongly suggests that ¢cDNAs II, III and IV
represent allelic sequences from a single locus. The most frequent type of
recombination in higher plants takes place during the pairing of homologous
chromosomes in the meiosis, a mechanism that invelves the alighment of allelic
sequences (Watson e al. 1987, Berg and Singer 1992). Since cv. Peredovic studied
was not a certified inbred line and the material for RNA extraction was collected
from different individuals, the possibility of having cloned allelic sequences can not
be discarded.
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Fig. 6. Alignment of the nucleotide sequences of the GS cDNAs from sunflower encoding
chloroplastic isoforms. Sequences aligned encompass part of the coding region and the
3" untranslated sequences. Conserved positions are shadowed. Nucleotides from the stop codons are
hidden by black dots. The region of recombination between ¢cDNA 11 and 1II to form ¢cDNA IV is
boxed. cDNA-specific primers were designed from the underlined sequences.
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Although recombination is a well known mechanism for the generation of genetic
variability, its participation in the creation of new variant of GS genes has not been
reported yet. As a result of intra-allelic recombination as the one observed in
sunflower, previously existing genes may interchange stretches of their sequences to
generate novel GS subunits. Therefore, different polypeptidic domains that have
evolved separately may be assembled in novel advantageous combinations.

The sunflower GS gene family: Taken together, the results obtained are consistent
with the existence of a multigene family with at least five members. Four genes
named ggsl.1, ggsl.2, gesl.3 and ggsl.4 (¢cDNAs I, V, VI and VII, respectively)
encode cytosolic isoforms of the GS. The mRNAs were isolated mostly from roots
and lack the 3° extension. A fifth gene named ggs2 encodes the chloroplastic isoform,
from which three putative allelic sequences (a, b and ¢) have been cloned (¢cDNAs II,
IIT and IV, respectively) (Table 2).

Table 2. The GS gene family from sunflower.

Locus Allele Encoded isoform cDNA cDNA origin
gegsl.l cytosolic | leaves, roots
2gs2 a chloroplastic II leaves, roots
chloroplastic il leaves
c chloroplastic v leaves
gesl.2 cytosolic v roots
gesl.3 cytosolic VI roots
ggsl.4 cytosolic VII roots

This arrangement of genes was confirmed by searching in the inbred line R41
(Dominguez 1996) for sequences homologous to those amplified from cv. Peredovic.
Gene-specific probes were prepared from the 3’ untranslated regions of the four
¢DNAs for cytosolic isoforms and hybridized to genomic DNA from R41 under
stringent conditions. A clear signal of hybridization was observed for all four types of
sequences (Fig. 74}.

The high similarities showed by the cDNAs for chloroplastic isoforms along their
entire sequences disapproved the preparation of cDNA-specific probes. However, it
was possible to design cDNA-specific primers against very short unique regions.
When cDNA samples from leaves of R41 were subjected to PCR with specific
primers, only the ¢cDNA type 1T was amplified (Fig. 7B). The absence of the cDNAs
111 and IV from the inbred line R41 confirmed their allelic character.

The size of the plant GS gene families does not show great variations in spite of
the diversity of the species considered. Both Arabidopsis and pea contain four GS
genes (Coruzzi ef al. 1991, Peterman and Goodman 1991), five GS genes were
described in Phaseolus (Forde and Cullimore 1989), and six in maize (Li et al. 1993).
The sunflower GS gene family is one of the largest described so far, including, at
least, five members. If additional GS genes exist in the sunflower genome, they either
will be similar enough as not being distinguished from the rest by the restriction
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analysis performed, or sufficiently weak in their expression that the amount of cDNA
obtained was below the limit of detection of the methodology used. In relation to this,
it is expected that the extraordinary sensitivity of PCR (Pérez-Vicente et al. 1996)
should guarantee an exhaustive retrieval of GS sequences from leaves and roots of
sunflower.

A

1 2 3 4

bp

1083 -
8056 -
514 -

Fig. 7. Survey of G8-coding sequences in the sunflower inbred line R41. 4 - twenty micrograms of
genomic DNA from the inbred line R41 were slot blotted onto nylen filters and hybridized with
3" untranslated probes especific for cDNA I (1), ¢cDNA V (2), ¢cDNA VI (3) and ¢cDNA VII (4).
B - total RNA from leaves of the inbred line R41 was retrotranscribed to ¢cDNA as indicated in
Materials and methods. cDNA samples were then amplified by PCR with gs5 and the corresponding
specific primer for cDNA 11 (a), cDNA III (b) or cDNA IV (¢). 5 mm® from each PCR reaction were
loaded per lane. M - molecular size marker corresponding to 0.5 ug of A phage DNA digested with
Pst L.

The genes for GS are among the best conserved sequences in plants (Forde and
Cullimore 1989). Therefore, the high values of sequence identity obtained in the
comparison of the carboxy-terminal sequences of the GS subunits between sunflower
and the other plants were not unexpected (Table 3). In general, a higher sequence
identity corresponded to a higher phylogenetic proximity, the lowest values being
obtained with the far related green algae Chlamydomonas. Within the higher plants,
dicots always showed higher values than monocots.

 According to our data, the cDNA corresponding to ggs1.2 was the most divergent
of the sequences for cytosolic isoforms (Fig. 5, Table 1). Some of the differences
found among the product of ggsl.2 and of the others GS genes from sunflower
affected amino acids in regions involved in the formation of the active site (Fig. 4).
An additional evidence of the uniqueness of the product of ggs1.2 was its consistent
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divergence from the corresponding sequences of others plants. Compared with the
other selected sequences (ggsl.1 and ggs2a), ggs1.2 always gave the lowest values of
sequence identity (Table 3).

Table 3. Comparison of the C-terminal end of chloroplastic and cytosolic GS subunits from
sunflower to the corresponding sequences from different monocots, dicots and from the green algae
Chlamydomonas reinhardfii. The amino acid sequences of the coding region of cDNAs I, V and II
(genes ggsl.1, ggsl.2, and ggs2a, respectively) were compared to the corresponding sequences of
the GS subunits from Raphanus sativus (Rap), Brassica napus (Bra), Lycopersicon esculentum
(Lyc), Nicotiana plumbaginifolia (Npl), Pisum sativum (Pis), Phaseolus vulgaris (Pha), Zea mays
(Zea), Hordeum vulgare (Hor), Arabidopsis thaliana (Ara), Nicotiana sylvestris (Nsy), and
Chlamydomonas reinhardtii (Chl). The number after the abbreviation indicates cytosolic (1) or
chloroplastic (2} subunits. For each GS subunit, the GenBank accesion number is listed in
parentheses. The values of sequence identity were calculated as the number of conserved positions
divided by the length of the shorter sequence.

Cytosolic GS gesl.l gesl.2 Chloroplastic G§  ggs2a
Rap1(d23325) 0.94 0.89 Ara2(s69727) 0.94
Bral(x76736) 0.93 0.88 Bra2{x72751} 0.94
Lycl{ul4754) 0.93 0.87 Pha2(x12738) 0.93
Npl1(m19055) 0.91 0.85 Pis2(m20664) 0.92
Pis1(m20663) 0.91 0.85 Lyc2(ul5059) 0.91
Phal(x04001) 0.9t 0.83 Nsy2(x66940) 0.88
Zeal(x65926) 0.90 0.83 ZeaZ(x65931) 0.91
Hor1{x69087) 0.89 0.85 Hor2(x53580) 0.90
Chl1{u46207) 0.63 0.62 Chl2(u46208) 0.54

In summary, multiple cDNAs derived from a variety of GS genes that are
expressed in the leaves and roots of sunflower have been cloned by using a time-
saving technique based in the simultaneocus amplification of related sequences. This
methodology is expected to be of immediate application to new plant species, since
the key element, the GS-specific degenerate primer gs5, and others primers of similar
characteristic that have proven successful amplifying GS sequences from a wide
variety of plants, are available (Pérez-Vicente ef o/ 1996). The impossibility to
obtain a full-length cDNA in a single amplification reaction, the major drawback of
PCR-cloning, has been palliated by a careful selection of the fragment to be
amplified. Although the gs5-QoR fragments amplified from sunflower do not span a
full-length ¢DNA, they contained the information needed to confirm their identity,
determine the type of isoform encoded and provide unique regions of sequence to
prepare gene-specific probes and primers, thus completing the basic requirements for
the characterisation of a multigene family. Once the sequence of the 3” ends is
known, the cloning of the corresponding 5° ends can be easily carried out by means
of well established methodologies such as RACE (Frohman e# of. 1988, Frohman
1094, Chenchick ef al. 1995).
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