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Abstract The analysis of phenotypic change resulting
from gene disruption following homologous recombination provides a powerful technique for the study of
gene function. This technique has so far been dicult to
apply to plants because the frequency of gene disruption
following transformation with constructs containing
DNA homologous to genomic sequences is low (0.01 to
0.1%). It has recently been shown that high rates of gene
disruption (up to 90%) can be achieved in the moss
Physcomitrella patens using genomic sequences of unknown function. We have used this system to examine
the speci®city of gene disruption in Physcomitrella using
a member of the Cab multigene family. We have employed the previously characterised Cab gene ZLAB1
and have isolated segments of 13 other closely related
members of the Cab gene family. In the 199-bp stretch
sequenced, the 13 new members of the Cab family show
an average of 8.5% divergence from the DNA sequence
of ZLAB1. We observed 304 silent substitutions and 16
substitutions that lead to a change in the amino acid
sequence of the protein. We cloned 1029 bp of the coding
region of ZLAB1 (including 177 of the 199 bp with high
homology to the 13 new Cab genes) into a vector containing a selectable hygromycin resistance marker, and
used this construct to transform P. patens. In three of
nine stable transformants tested, the construct had in-
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serted in, and disrupted, the ZLAB1 gene. There was no
discernible phenotype associated with the disruption. We
have therefore shown that gene disruption is reproducible in P. patens and that the requirement for sequence
homology appears to be stringent, therefore allowing the
role of individual members of a gene family to be analysed in land plants for the ®rst time.
Key words Gene disruption á Gene targeting á
Homologous recombination á Plant transformation á
Physcomitrella patens

Introduction
The integration of foreign DNA into eukaryotic
genomes occurs mainly at random loci by illegitimate
recombination, even when the introduced DNA has
homology to endogenous sequences (Roth and Wilson
1988; Bollag et al. 1989; Capecchi 1989a; Puchta et al.
1994; Puchta and Hohn 1996). Exceptions to this generalization include Saccharomyces cerevisiae (Rothstein
1991), Schizosaccharomyces pombe (Grimm and Kohli
1988) and some ®lamentous fungi (Timberlake and
Marshall 1989). Direct integration by homologous recombination (gene targeting) is rare compared with nonhomologous integration, but would provide a powerful
technique for the molecular genetic study of higher organisms and the determination of gene function.
Although gene targeting is now a well established tool
for the speci®c inactivation or modi®cation of genes in
yeast and mouse embryonic stem cells (Struhl 1983;
Capecchi 1989b; Rossant and Joyner 1989; te Riele et al.
1992), the development of similar techniques for plant
systems is still at a very early stage (Puchta and Hohn
1996). Some groups have reported genomic integration
by homologous recombination in plant cells using DNA
introduced by direct gene transfer or Agrobacteriummediated DNA transfer (Paszkowski et al. 1988; Offringa et al. 1990, 1993; Halfter et al. 1992). The highest
rates of gene disruption so far published for ¯owering
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plants are between 0.01 and 0.1% (Lee et al. 1990; Miao
and Lam 1995; Kempin et al. 1997), and these are too
low to allow routine gene disruption. However, it has
recently been shown that integrative transformants resulting from homologous recombination can be obtained following polyethylene glycol (PEG)-mediated
direct gene transfer into protoplasts of the moss Physcomitrella patens, at an ef®ciency comparable to that
found for S. cerevisiae (Schaefer and ZryÈd 1997).
We have now investigated the speci®city of homologous recombination by disrupting one of the members of
a multigene family. We have studied the eciency of
gene disruption using the ZLAB1 gene (Long et al.
1989), which codes for a major chlorophyll-a/b-binding
protein (CAB) in the light-harvesting complex of photosystem II. This gene belongs to a gene family containing at least 15 genes (Long et al. 1989; Reski et al.
1994).
Here we report that the ZLAB1 gene is speci®cally
disrupted in P. patens in three out of nine (30%) integrative transformants analysed. Thus, gene disruption in
P. patens is ef®cient, even when directed against a speci®c member of a multigene family, and shows a stringent requirement for sequence homology.

Materials and methods
Construction of the targeting plasmids
Physcomitrella patens genomic DNA was isolated according to
Reski et al. (1994). A 1029-bp fragment of the ZLAB1 Cab gene
(Long et al. 1989) was ampli®ed by PCR using primer X (5¢-CTC
GGC GCC CTT GGC TGG GCA GA-3¢), which is homologous
to a region 32 bp downstream of the translation start ( positions
1301±1324 of the sequence published by Long et al. 1989), and
primer Y (5¢-CGG GCG CCT GCA CGA AGA ACC CG-3¢),
which is complementary to a region 1042 bp downstream of the
translation start (positions 2319±2342 of the published ZLAB1
genomic sequence). Both primers contain a NarI site (underlined),
and mutated bases are indicated in bold face. The coding region of
the ZLAB1 gene starts at position 1277 and ends at position 2444
(Long et al. 1989). The ampli®ed coding region therefore lacks the
®rst 32 bp (coding for the ®rst 11 N-terminal amino acids) and the
last 104 bp (coding for the last 35 C-terminal amino acids).
PCR was performed in a thermocycler (Biometra) using 100 ng
of genomic DNA in a total volume of 100 ll. The reaction mixture
contained 20 mM TRIS-HCl pH 8.8, 10 mM KCl, 10 mM
(NH4)2SO4, 10 mM MgSO4, 0.1% Triton X-100, 0.1 mg/ml BSA,
1 lM of each primer, 200 lM of each dNTP, 1 unit of Taq polymerase (Perkin Elmer), and 1 unit of Taq Extend PCR additive
(Stratagene). DNA was denatured at 94° C for 2 min, and ampli®cation was carried out in a two-step PCR reaction comprising 25
cycles of 45 s denaturation at 94° C and 2 min annealing/elongation at 65° C, followed by a three-step PCR reaction with 10 cycles
of 45 s denaturation at 94° C, 1 min annealing at 65° C, and 2 min
elongation at 75° C. The ®nal elongation step was allowed to
proceed for 5 min, and the reaction mixture was then cooled and
stored at 4° C. A 10-ll aliquot of the reaction mixture was analysed
on a 1.2% agarose gel in TAE buer (Sambrook et al. 1989). The
resulting 1042-bp fragment was cloned directly using the TA
cloning kit (Invitrogen) according to the protocol provided. The
resulting plasmid was digested with the restriction enzyme NarI
(Boehringer-Mannheim). After NarI digestion, the 1035-bp fragment was isolated using Jetsorb (Genomed) according to the pro-

tocol provided, and subcloned into the plant transformation vector
pGL-2 (Bilang et al. 1991), which had been digested with NarI,
resulting in the plasmid pGLcab-a (see Fig. 2A).

Plant tissue culture, transformation
and selection of transgenic plants
The Gransden wild-type strain of P. patens was used in this study
(Ashton and Cove 1977). Plant tissue culture conditions, protoplast
isolation, PEG-mediated direct gene transfer to protoplasts, and
selection of integrative transformants was performed as described
by Schaefer et al. (1994) and Schaefer and ZryÈd (1997).
Plant genomic DNA extraction and Southern analysis
Plant genomic DNA was extracted with cetyl-trimethyl-ammonium-bromide (CTAB) (Schaefer and ZryÈd 1997). Aliquots (3 lg)
of genomic DNA were digested to completion with EcoRI or XbaI
according to the enzyme supplier's instructions and blotted onto
nylon membranes (Biorad Zetaprobe) as previously described
(Schaefer and ZryÈd 1997). The 5¢ end-speci®c probe was isolated
from the original plasmid containing the sequenced ZLAB1 locus
(Long et al. 1989; a gift from N. Nelson) as an XbaI-BstXI fragment (bp 165 to 1053), puri®ed by gel electrophoresis and isolated
according to standard procedures (Sambrook et al. 1989). Radiolabelling of the probes and Southern hybridisation was performed
as previously described (Schaefer and ZryÈd 1997).
PCR analysis
DNA was extracted as described above. PCR was performed in a
thermocycler (Bio-med 60) using a total volume of 50 ll. The reaction mixture contained 350 lM of each dNTP (Pharmacia),
300 nM of each primer, 50 mM TRIS-HCl pH 9.2, 16 mM
(NH4)2SO4, 1.75 mM MgCl2, and 2.5 units of Expand long-template enzyme mix containing Taq and Pwo polymerase (Boehringer
Mannheim). The DNA was diluted 20-fold and 1 ll of the dilution
(approximately 100 ng) was used for PCR. The DNA was denatured at 94° C for 2 min. Ampli®cation was carried out for 30 cycles of 10 s denaturation at 94° C and 30 s annealing at 58° C
followed by 2 min elongation at 68° C. The ®nal elongation step
was extended to 10 min, and the reaction mixture was then cooled
and stored at 4° C. Aliquots (8 ll) of the reaction mixture were
analysed on a 1.2% agarose gel in TAE (Sambrook et al. 1989)
using various combinations of the following primers (see Fig. 4):
g1, 5¢-AGC ACT TAA AGG ACC GAT GTA ATC TCT C-3¢
(positions 359±386 in the ZLAB1 sequence published by Long et al.
1989); p1 (on pGL2), 5¢-GCA TCA GAG CAG ATT GTA CTG
AGA GTG-3¢; g2, 5¢-GTC CTA CTC TCA AGT GAT TTC GAC
GGA-3¢ (positions 2451±2477; Long et al. 1989); and p2 (on
pGL2), 5¢-CCA GCT GGC GTA ATA GCG AAG AGG C-3¢.
Isolation of novel members of the Cab multigene family
DNA was extracted as described above and ampli®ed with the
primers cab-2147 (5¢-ATG GGA GCC GTG GAG GGG TAC
CGT G-3¢; positions 2147±2172 in the ZLAB1 sequence published
by Long et al. 1989) and cab-2394rev (5¢-ACC GGG TCC GCC
AAG TGG TCG TTC-3¢; positions 2370±2394). PCR was performed in a thermocycler (Bio-med 60) using a total volume of
50 ll. The reaction mixture contained 350 lM of each dNTP
(Pharmacia), 300 nM of each primer, 50 mM TRIS-HCl pH 9.2,
16 mM (NH4)2SO4, 1.75 mM MgCl2, 2.5 units of Expand longtemplate enzyme mix containing Taq and Pwo polymerase (Boehringer Mannheim). Approximately 400 ng of template DNA was
used for each reaction. The DNA was denatured at 92° C for 2 min.
Ampli®cation was performed for 30 cycles of 10 s denaturation at
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92° C, 30 s annealing at 52° C, and 2 min elongation at 68° C, each
successive elongation step being extended by 5 s. The ®nal elongation step was for 10 min and the reaction mixture was then
cooled and stored at 4° C. Aliquots (10 ll) of the reaction mixture
were analysed on a 1% agarose gel as described above.
Sequence analysis
PCR fragments obtained using the primer pairs g1+p2 and p1+g2
were cloned directly using the TA cloning kit (Invitrogen) according to the protocol provided by the manufacturer. The resulting bacterial transformants were analysed by PCR with the
above primer pairs, and those containing the correct inserts were
expanded and plasmid DNA minipreps were prepared as described
by Sambrook et al. (1989).
Sequence analysis was performed by cycle sequencing using
25 ng of DNA per 2 ll of d/ddNTP reaction mixture (Promega
Silver sequencing kit), 1.25 ll of special sequencing buer (a 50:1
mixture of the 5´ sequencing buer provided with the Promega
Silver sequencing kit with Triton X-100), 2.5 pmol of ¯uorescently
labelled primer, 2 ll of sterile water, and 0.25 ll of Taq polymerase
(Promega Silver sequencing kit). The plasmid DNA was denatured
at 93° C for 2 min. Ampli®cation was for 36 cycles of 20 s denaturation at 94° C, 20 s annealing at 55° C, and 40 s elongation at
72° C. The ®nal elongation step was for 10 min and the reaction
mixture was then cooled and stored at 4° C after addition of 3 ll of
sequencing stop buffer (Pharmacia) had been added. Sequences
were read by ALF (Automated laser ¯uorescence, Pharmacia).
Fluorescently labelled universal primer and reverse primer
(Pharmacia) were used for sequencing.

Results
Isolation of new members of the Cab multigene family
Using PCR, the regions corresponding to the bases 2172
to 2370 of the ZLAB1 gene were isolated from other
members of the Cab multigene family, cloned and sequenced (see Materials and methods). Analysis of these
clones revealed that there are at least 13 more genes
within the Cab family that show a high degree of sequence identity to the ZLAB1 gene (86±94% at the
DNA level, see Fig. 1). The sequenced 3¢ portions of the
multigene family vary at the DNA level but base substitutions are silent in 95% of the cases; the few exceptions are indicated in bold face in Fig. 1. At the protein
level, the products of the new Cab genes are 97±100%
identical to that of ZLAB1.
Gene disruption strategy
We constructed the targeting plasmid pGLcab-a by
cloning a portion of the ZLAB1 coding region lacking
Fig. 1 Partial sequences of 13 new members of the Cab multigene
family aligned with the published ZLAB1 sequence (Long et al. 1989).
These gene members are highly conserved at the DNA and protein
level. All base substitutions are silent except for those marked in bold
face. The sequences are numbered as for the ZLAB1 gene (Long et al.
1989). The underlined sequence corresponds to the part of the ZLAB1
contained in the plasmid pGLcab-a. The amino acids in bold italics,
above the protein sequence, are the amino acids speci®ed by the few
non-silent substitutions
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the bases coding for the 11 N-terminal and the last 35 Cterminal amino acids (see Materials and methods and
Fig. 2A). Gene disruption should occur following homologous reciprocal exchange between the portion of
the ZLAB1 coding region in the targeting plasmid
pGLcab-a and the corresponding region in the chromosomal ZLAB1 locus, since neither of the two gene
copies resulting from integration are full length ± one is
truncated at the 3¢ end (missing the sequence coding for
the last 35 amino acids) and the other at the 5¢ end of the
gene (lacking the whole promoter region and the sequence coding for the ®rst 11 amino acids, see Fig. 2B).
Following transformation of P. patens with the targeting plasmid pGLcab-a, stable transformants resulting
from random integration of pGLcab-a should be distinguishable from those resulting from homologous recombination by Southern and PCR analysis (Fig. 2B).
Sequencing of the junctions ampli®ed by PCR allows the
®delity of homologous recombination in P. patens to be
con®rmed at the molecular level.
Isolation of integrative transformants
In P. patens, following transformation with vectors
containing a gene coding for antibiotic resistance, the
majority of resistant transformants are unstable (nonintegrative; Schaefer et al. 1994). To distinguish stable
(integrative) from unstable transformants, antibioticresistant plants are grown for 2 weeks on medium
lacking antibiotic and then transferred back to selective

medium. Only stable transformants retain the antibioticresistant phenotype following this procedure (Schaefer
et al. 1994). The growth rate and development of stable
integrative transformants on hygromycin-containing
medium is comparable to that of wild-type P. patens
grown on non-selective medium, whereas unstable
transformants display much slower growth rates and
formed gametophores at a very early stage.
We selected putative integrative transformants based
on their unrestricted growth on selective medium, and
con®rmed the mitotic stability of their hygromycin resistance phenotype. No other phenotypic dierences

Fig. 2A,B Structures of the wild-type genomic ZLAB1 locus and the
pGLcab-a plasmid (A), and the predicted structure of the ZLAB1
locus after the insertion of two copies of pGLcab-a by a single crossover homologous recombination event (B). Restriction sites: Xb,
XbaI, R, EcoRI. The translation start site (ATG) of the ZLAB1 gene
(+1) corresponds to position 1277 of the genomic ZLAB1 locus
(Long et al. 1989). The ®lled boxes represent ZLAB1 coding regions
present only in the endogenous Cab gene, and the hatched box the
truncated ZLAB1 copy present in the targeting vector pGLcab-a. The
open box indicates the hygromycin-resistance cassette. The fragment
sizes obtained following digestion of the ZLAB1 locus are indicated
above the map in A and the predicted fragment sizes following
insertion of pGLcab-a into the ZLAB1 locus by a single cross-over are
shown above the map in B. The 5¢ probe is indicated by the black bar
extending to the right from the XbaI site upstream of the ZLAB1
locus (positions )1112 to )225 bp from the translation start site of
ZLAB1). The 3¢ probe (not depicted) extends from position )125 to
+560 of ZLAB1. The locations of the primers g1, g2, p1 and p2 are
shown, and the predicted sizes of PCR-ampli®ed sequences are shown
below the maps in A and B
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were observed between the stable transgenic strains obtained with pGLcab-a and the wild type.
Plasmids containing P. patens DNA transform with a
higher ef®ciency than plasmids without such sequences
(Schaefer and ZryÈd, 1997). In the experiments reported
here, we obtained no integrative transformants from
500,000 regenerating colonies transformed with the
control plasmid pGL2 (which contains no P. patens
DNA). Transformation with pGL2 usually yields stable
transformants at a mean relative transformation frequency (RTF) of 1 in 105 regenerants (Schaefer and
ZryÈd 1997). The RTF observed following transformation with pGL-108 (which contains 3.6 kb of P. patens
DNA), was similar to that reported previously (146 integrative transformants among 684,000 regenerants,
corresponding to 23.514.4 transformants per 105 regenerants; see Schaefer and ZryÈd 1997). In all, 38 integrative transformants were obtained from 714,000
regenerants following transformation with pGLcab-a,
corresponding to an RTF of 5.84.2 transformants per
105 regenerants. This RTF is about three times higher
than that routinely obtained with pGL2, and provides
evidence that targeted integration of pGLcab-a is indeed
occurring.
Southern analysis
We isolated genomic DNA from nine randomly chosen
integrative transformants and tested, by Southern analysis, whether the targeted ZLAB1 gene had been disrupted. To avoid cross hybridisation with plasmid DNA
and/or with other members of the Cab multigene family,
a fragment covering 888 bp of upstream untranslated
sequences of the ZLAB1 gene (extending from the XbaI
site at position )1112 to the BstXI site at position )225
with respect to the translation start site ± corresponding
to bp 165 and bp 1053 of the sequence published by
Long et al. (1989; Fig. 2) was used as a speci®c 5¢ probe
for the ZLAB1 gene. Three of the nine transformants
were found to be disrupted at the ZLAB1 locus. The
Southern analysis of three targeted (GT1 to GT3) and
two non-targeted transformants (NT1 and NT2) is
shown in Fig. 3. The other six non-targeted transformants gave results similar to those observed for NT1 and
NT2. The predicted structure of a targeted ZLAB1 locus
is shown in Fig. 2 together with the sizes of bands expected to hybridise with the 5¢ probe following digestion
with EcoRI or XbaI.
As expected for DNA of the non-transformed wild
type, the 5¢ probe detected a major signal at 2.5 kb after
EcoRI digestion, and a signal at 3.7 kb after XbaI digestion. In the non-targeted transformed strains NT1
and NT2, the 5¢ probe also hybridised to a 2.5-kb band
following EcoRI digestion and to a 3.7-kb band following digestion with XbaI (Fig. 3). Although the 5¢
probe was assumed to be speci®c for ZLAB1, two additional weak bands were detected following digestion of
wild-type DNA with EcoRI (at 3.5 and 7.5 kb) or XbaI

Fig. 3 Southern analysis of EcoRI- and XbaI-digested DNA from
wild type (WT) and pGLcab-a transformants using the 5¢ probe (see
Fig. 2). NT1 and NT2 are non-targeted transformants; GT1-GT3 are
targeted transformants. Replacement of the wild-type band by the
predicted junction fragment is clearly observed in the three targeted
transformants

(at 3.6 and 4.8 kb). Similar-sized bands were also detected in all stable transformants analysed. These bands
may result from weak cross-hybridisation between the
probe and other members of the Cab multigene family.
The major bands at 2.5 kb in EcoRI- and 3.7 kb in
XbaI-digested DNA of the non-transformed wild type
were not observed in the three targeted transformants
GT1 to GT3 (Fig. 3). Instead, as would be predicted
following disruption of the ZLAB1 locus (see Fig. 2),
bands could be seen at 4.8 kb in DNA digested with
EcoRI and at 6.3 kb in DNA digested with XbaI
(Fig. 3). Using a probe covering part of the 5¢ untranslated sequence, part of the coding region coding for the
N-terminal region of the ZLAB1product, and part of
the intron (positions )124 to +560 with respect to
the translation start site, corresponding to bp 1153±1837
of the sequence published by Long et al. (1989), the
expected 3¢ junctions (a 1.5-kb EcoRI fragment and a
3.1-kb XbaI band, (see Fig. 2) were also detected in all
three targeted transformants, but not in the wild-type or
the two non-targeted transformants (data not shown).
pGL2 DNA was used as a probe to demonstrate that
there were several direct repeats of pGLcab-a integrated
into the genome of both targeted and non-targeted
strains (data not shown). The strain GT1 contained ®ve
integrated plasmid copies, while the strains GT2 and
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GT3 each contained about 20 integrated plasmid copies.
These values are within the range reported previously
(Schaefer and Zrd 1997).
These results provide molecular evidence for the
successful disruption of the ZLAB1 locus in approximately 30% of the plants analysed.
PCR ampli®cation and sequence analysis
of novel DNA junctions in the targeted strains
PCR ampli®cation and sequence analysis of novel DNA
junctions was carried out to determine the speci®city of
gene disruption. Only homologous recombination can
juxtapose the PCR primer pairs g1+p2 or g2+p1 (see
Fig. 2). One primer of each pair hybridises with the
targeting vector pGLcab-a (p1 or p2) and the other with
the 5¢ non-coding region (g1) or the 3¢ untranslated region (g2) of the endogenous ZLAB1 gene. The g1 and g2
sequences are not present in the targeting vector. Since
the CAB proteins in P. patens are encoded by a multigene family, we designed primer g1 to anneal at position
)918 (with respect to the translation start site) of the 5¢
untranslated region of ZLAB1 (Fig. 2A), so that only
speci®c PCR products corresponding to the ZLAB1
gene would be ampli®ed.
We performed PCR analysis on the nine transgenic
plants analysed by Southern hybridisation, using primer
pair g1+g2, to amplify the wild-type ZLAB1 gene,
g1+p2 to amplify the 5¢ junction region between the
integrated plasmid pGLcab-a and the genomic ZLAB1
gene, and g2+p1 to amplify the 3¢ junction region (see
Fig. 2). PCR with the primer pair g1+g2 resulted in the
ampli®cation of the expected original 2119-bp fragment
from the non-transformed wild type (Fig. 4). A similar
result was obtained for those integrative transformants
identi®ed by Southern analysis as not having been targeted to the ZLAB1 locus (NT1 and NT2 in Fig. 3;
NT3-NT6 data not shown), indicating that the ZLAB1
gene had not been disrupted. Ampli®cation of this

Fig. 4 PCR analysis of pGLcab-a transformants. The sizes of the
PCR products are in agreement with the predicted sizes indicated on
the right and with the predicted outcome of targeting depicted in
detail in Fig. 2. DNA templates were from wild type (WT), the nontargeted transformants NT1 and NT2, and the targeted transformants
GT1, GT2 and GT3. M, molecular weight marker. The primer pairs
used were g1+g2 (wt), g1+p2 (5¢), and p1 + g2 (3¢). See Fig. 2 for
locations

fragment was not observed for the pGLcab-a transformants GT1, GT2 or GT3 (Fig. 4).
PCR with primer pairs g1+p2 for the 5¢ junction
region and g2+p1 for the 3¢ junction region (see Fig. 2)
showed that gene disruption had occurred in the transgenic strains GT1-GT3. PCR analysis of genomic DNA
from these transformants using either primers g1+p2 or
g2+p1 resulted, respectively, in the ampli®cation of the
expected 2062-bp or 1245-bp products (Fig. 4). Wildtype moss DNA yielded no PCR products with these
primer pairs, nor did DNA from transgenic strains that
were not targeted at the ZLAB1 locus (Fig. 4; NT3NT6, data not shown).
The PCR-ampli®ed fragments obtained from DNA
of the targeted pGLcab-a transformants using the
primer pairs g1+p2 and p1+g2 were cloned and subsequently sequenced for at least 300 bases in each direction. Sequences observed in the 5¢ and 3¢ regions of
these fragments were identical to those expected to arise
after targeted insertion of the pGLcab-a construct into
the P. patens ZLAB1 locus, and the predicted DNA
junctions were identi®ed clearly by sequencing (Fig. 5).
The 3¢ junction region (positions 2150±2450; Long et al.
1989) contains the sequence of ZLAB1 shown in Fig. 1
(positions 2146±2394; Long et al.1989) that includes the
region cloned and sequenced for the other 13 members
of the Cab multigene family described above.

Discussion
The purpose of this study was to achieve the speci®c
disruption of a member of the highly conserved Cab
multigene family in P. patens with an insertion vector
carrying a fragment of the targeted gene, ZLAB1, and to
con®rm the speci®city of homologous recombination at
the sequence level. For this purpose we have cloned and
sequenced parts of 13 additional Cab genes. For these 13
genes, the region cloned, which lies within the coding
sequence, shows 86±94% identity, at the DNA level, to
ZLAB1. Such homology within Cab coding sequences
has been well documented in the Cab multigene families
of higher plants (Mcgrath et al. 1992).
In order to inactivate the chromosomal ZLAB1 locus, we designed a construct containing a truncated
ZLAB1 fragment. Homologous recombination between
this construct and the ZLAB1 locus generates one copy
of the ZLAB1 gene which lacks the coding sequence for
the 35 C-terminal amino acids, and a second copy of the
ZLAB1 gene copy lacking the promoter region and the
coding sequence for the 10 N-terminal amino acids (see
Fig. 2).
Three of the nine integrative transformants analysed
in these experiments (GT1 to GT3) were disrupted at the
ZLAB1 locus. Sequence data from PCR-ampli®ed DNA
showed that, in targeted transformants, genomic DNA
from outside the region of homology was contiguous
with plasmid DNA, and con®rmed successful gene disruption. In all targeted transgenics (GT1-GT3), the se-
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Fig. 5 Sequence analysis of the disrupted endogenous ZLAB1 locus.
The sequences of the 5¢ and 3¢ junction regions obtained after cloning
of the corresponding fragments ampli®ed from targeted transformants
by PCR using g1+p2 and p1+g2 were identical to those expected
following homologous recombination of the targeting pGLcab-a
plasmid with the endogenous ZLAB1 gene. Portions of the novel
junctions arising from integration of the targeting vector pGLcab-a
are shown in detail. Mutations were introduced into the oligonucleotide sequence in order to create a NarI site for cloning (see Materials
and methods), and these are indicated in bold face. X¢ and Y¢ denote
the parts of primers X and Y, respectively, left after NarI digestion.
The locations of primers g1, g2, p1, and p2 are indicated. Open boxes,
P. patens genomic DNA; hatched boxes, the truncated Cab sequence
used in the targeting vector; thin line, pGL2 sequences

quence of the 3¢ junction region (positions 2150 to 2450;
Long et al. 1989) was identical to the corresponding
sequence of ZLAB1 and different from the other 13 Cab
gene copies sequenced. (see Fig. 1). Thus, the speci®city
of homologous recombination could be established at
the sequence level. We have not yet established whether
the integrative transformants in which the ZLAB1 locus
was not targeted contain a plasmid insert in another
member of the Cab multigene family. The weak bands
detected by Southern analysis with the 5¢ probe may
correspond to other Cab genes which are closely related
to ZLAB1, even in the promoter region. These bands
were conserved in both targeted and non-targeted
transformants.
The frequency of targeted events among integrative
transformants following transformation with a vector
which shares 1000 bp of sequence homology with the
genome is therefore about 30%. This targeting eciency
is lower than, but comparable to, that reported for insertion vectors sharing more than 2 kb of sequence homology with the moss genome (Schaefer and ZryÈd 1997).
However, a targeting eciency of 30% using 1 kb of
genomic sequence is considerably higher than that previously observed in higher plants (0.13%) (Kempin et al.

1997). The requirement for sequence homology for homologous recombination appears therefore to be stringent and comparable to that reported for mouse
embryonic stem cells (te Riele et al. 1992).
We have detected no obvious phenotypic change in
targeted transformants. This is not surprising in view of
the complexity of the Cab multigene family. There are
no data available on the level of expression of ZLAB1
and other members of the family, and so their relative
roles are as yet unknown. A more detailed phenotypic
analysis of targeted transformants may however reveal
more subtle changes in phenotype that we have not yet
identi®ed, and shed light on gene function within the
Cab multigene family.
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