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Abstract 

We have constructed a yeast artificial chromosome (YAC) library using high-molecular-weight DNA 
prepared from agarose-embedded leaf protoplasts of the maize inbred line UE95. This library contains 
79000 clones with an average insert size of 145 kb and should therefore represent approximately three 
haploid genome equivalents. The library is organised as an ordered array in duplicate microtitre plates. 
Forty-one pools of DNA from 1920 individual clones have been prepared for rapid screening of the 
library by the polymerase chain reaction (PCR). Using this approach, together with conventional col- 
ony hybridisation, we have been able to identify between one and eight positive clones for every probe 
used. 

Introduction 

The recent developments in yeast artificial chro- 
mosome (YAC) systems capable of cloning DNA 
fragments several hundred kilobases in size, has 
for the first time opened up the possibility of link- 
ing the genetic map (measured in centimorgans, 
CM) and the physical map (measured in kb) [8]. 
A number of mammalian YAC libraries have been 
constructed for the characterisation of various 
genomic regions and individual genes [1, 7]. 
Complete YAC libraries prepared from plant 
DNA have so far been limited to those species 
having relatively small genomes. For instance, a 
number of YAC libraries have been constructed 
for the crucifer Arabidopsis thaliana [ 12, 24]. Un- 

fortunately Arabidopsis is not typical of the ag- 
ronomically important crop species. These spe- 
cies, typified by maize, have genomes at least ten 
times larger than Arabidopsis. This increase in ge- 
home size is mainly due to the presence of vari- 
ous types of repeat sequences [22]. Such 
sequences while representing only 25 ~o of the Ar- 
abidopsis genome [15] may represent up to 80Yo 
of the maize genome [22]. Unfortunately, this 
means that if a cloning method is to be useful in 
chromosome walking it must be capable of bridg- 
ing these large stretches of repetitive DNA. YAC 
libraries therefore seem to be an ideal tool for the 
representative cloning of maize DNA and for the 
development of a model for the organisation of 
larger plant genomes, 
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The difficulties in isolating and manipulating 
high molecular weight DNA from non-tissue cul- 
ture derived protoplasts led us to apply the 'aga- 
rose embedding' techniques developed to produce 
human YAC libraries [2] to construct a maize 
YAC library. Based on a haploid genome size of 
3.7 x 10 9 bp [5] this library should contain three 
haploid genome equivalents and represent 94~o 
of the maize genome. Our initial efforts have cen- 
tred upon characterising this library with respect 
to the abundance of both single, low-copy num- 
ber and repeat sequences. We intend to use this 
library to carry out a number of chromosome 
walks with a view to developing a model for the 
organisation of the maize genome. In order to 
facilitate this process we have used the PCR 
and conventional hybridisation to identify a 
number of sequences representing transcribed 
genes, RFLP markers and highly repetitive se- 
quences. 

Materials and methods 

Chemicals 

Lyticase and casein amino acid hydrolysate were 
obtained from Sigma. All growth media were ob- 
tained from Difco. Media for the growth and se- 
lection of recombinant yeast was as described 
[2]. Restriction and modification enzymes were 
obtained from Pharmacia. AmpliTaq DNA poly- 
merase was obtained from Perkin-Elmer/Cetus. 
Enzymes used in the isolation of leaf protoplasts 
were obtained from Yakult Honsha Co. Sea 
Plaque FMC agarose was obtained from Flow- 
gen Instruments. Agarase was obtained from Cal- 
biochem. Hybond N Nylon membrane and all 
radioactive chemicals were obtained from Amer- 
sham. 

Yeast strain and culture conditions 

Saccharomyces cerevisiae AB1380 (Mat~, ura3, 
trpl, ade2- I, canl-lO0, lys2-1, his5) and pYAC4 
were prepared and used as described [8]. Yeast 

cultures were grown on either complete medium 
(YPD) or selective medium lacking uracil (single 
selection) or uracil and tryptophan (double selec- 
tion) as described [2]. 

Contour-clamped homogeneous electrophoresis 

Contour-clamped homogeneous electrophoresis 
(CHEF) was carried out using a BioRad CHEF 
apparatus. Gels were 1~o agarose (Pharmacia) 
run in 0.5× TBE (1 x T B E = 8 9 m M  Tris, 
89ram boric acid, 2.5 mM EDTA, pH 8.3) at 
200 V. Gels were run using various switch times 
as indicated for individual experiments. Where 
gels were subsequently blotted on to Hybond N 
membrane they were first subjected to HC1 depu- 
rination as described [23]. Hybridisation was 
carried out in 6 x SSPE, 0.1~o SDS and 0.25~o 
Blotto [ 19] at 65 °C. Filters were washed in 0.2 x 
SSC, 0.2~o SDS at 65 °C. 

Isolation of high-molecular-weight DNA from maize 
protoplasts 

Leaf protoplasts were isolated from all but the 
first leaf of UE95 maize seedlings (ICI seeds) 
which had been grown at 25 °C in the light for 7 
days followed by dark growth at 25 ° C for 2 days. 
The seedlings were germinated from kernels 
which had been imbibed overnight in Knops me- 
dium (1 g/1 Ca(NO3)2"4H20, 250 mg/1 each of 
KNO3, KHaPO 4 and MgSO4.7H2 O, 6.4mg/1 
Fe 2 + EDTA, pH 5.6 [ 14]). Imbibition was at 4 ° C 
prior to growth on wire-mesh platforms in open 
glass jars containing liquid Knops medium. Lon- 
gitudinal leaf slices were digested in an enzyme 
mixture (0.5 ~o Cellulase RS, 0.25 ~o Macerozyme 
R10, 375 mM mannitol, 50mM CaC12, 0.2~o 
MES pH 5.6) for 3 h, without shaking at 30 °C 
in the dark. The tissue was teased apart prior to 
passing through a 53 gm sieve. Two washes were 
carried out using a sorbitol medium (0.6 M sor- 
bitol, 10 mM Hepes-KOH, pH 7.5, 2 mM CaC12) 
and centrifuging at 700 rpm for 3.5 min between 
each wash. The protoplasts were finally resus- 



pended in 1 70 Sea Plaque low temperature gelling 
agarose in Kao's medium (kept at 42 °C [13]) at 
a final concentration of 5 x 106 protoplasts per 
200 #1. The molten agarose/protoplast mixture 
was gently poured into a BioRad mould and al- 
lowed to solidify at 4 °C for 20 min. The plugs 
were then processed further as described [2]. 
Using this procedure it was possible to produce 
five 200 #1 plugs from ca. 100 maize seedlings. 

Preparation of Eco Rl  partially digested DNA 

In order to establish the conditions for partial 
digestion we found that it was first necessary to 
remove the low-molecular-weight (LMW) DNA 
which would otherwise interfere with the subse- 
quent partial digestion [9]. LMW DNA was re- 
moved by pre-electrophoresis of the intact plugs 
in a 1 70 agarose gel, using a pulse duration of 60 s 
for 6 h. Using these conditions genomic DNA 
greater than 3 Mb remained within the original 
plug. The plugs were then removed from the aga- 
rose gel and processed further for restriction di- 
gestion. Conditions for partial digestion were de- 
termined essentially as described [2] with the 
exception that digestion was allowed to proceed 
for 1 h at 37 °C. Following partial digestion 
LMW DNA fragments were removed by return- 
ing the agarose plug to a 170 agarose gel and 
subjecting them to a further electrophoresis using 
a pulse duration of 10 s at 200 V for 3 h. This 
procedure removed > 90~/o of DNA fragments 
smaller than 90 kb without significantly reducing 
the amount of larger DNA fragments. The plugs 
were then re-isolated and used to construct the 
YAC library as described below. 

Construction of the YA C library 

For the construction of the YAC library, partially 
digested high-molecular-weight (HMW) DNA 
from five separate (but identical) partial diges- 
tions was liberated from the agarose plugs by 
digestion with agarase as described [2]. This pro- 
cedure produced approximately 85 #g of digested 
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and fractionated DNA in 1 ml of highly viscous 
solution (from 5 plugs). This was ligated to 170 #g 
(i.e. a 30-fold molar excess) of Eco RI cut and 
dephosphorylated pYAC4 in a total volume of 
2ml. 15 #1 of this ligation mix (representing 
ca. 64 ng of maize DNA) was used to transform 
yeast spheroplasts which were then plated 
into single selection media [2]. Transformed col- 
onies were grown at 30 °C for 3-4 days before 
being picked onto double selection media. For 
long term storage, colonies were transferred to 
microtitre plates containing 75 #1 of single selec- 
tion media plus 20~o glycerol before being stored 
at - 7 5  ° C.  

Preparation of DNA from individual YA C clones 

Intact yeast chromosome DNA was prepared by 
embedding yeast spheroplasts produced from a 
5 ml overnight culture in 200 #1 1 ~o Sea Plaque 
agarose as described [ 1 ]. LMW yeast DNA suit- 
able for restriction digestion and the PCR was 
prepared by resuspending yeast spheroplasts, 
produced from a 5 ml overnight culture, in 1 ml of 
a yeast DNA extraction buffer (50 mM Tris-HC1 
pH7.5, 25mM EDTA, 250mM NaC1, 1~o 
SDS). This was phenol- and chloroform-ex- 
tracted and ethanol-precipitated. The total nu- 
cleic acids pellet was resuspended in 100#1 
1 × TE. 2.5 #1 of this was sufficient for restriction 
digestion and analysis by Southern blot hybridi- 
sation. 

Screening of the library for chloroplast and repeat 
sequences 

Screening of the library for chloroplast and repeat 
sequences was carried out by conventional yeast 
colony hybridisation [7], with the exception that 
lyticase at 50 units per ml was used to lyse the 
colonies instead of Zymolyase 100T. 32p-labelled 
probes were prepared using the random primer 
labelling method [ 10]. Autoradiography was car- 
ried out for 1-4 days at -70 °C with a single 
intensifying screen. 
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Screening of the library for low- or single-copy se- 
quences 

Screening of the maize YAC library for low- or 
single-copy sequences by colony hybridisation 
was impractical due to the large number of indi- 
vidual clones involved. To screen the library for 
such sequences we therefore adopted the PCR 
screening procedure [ 11 ]. Screening of the library 
for such sequences was carried out in three stages. 
Firstly, PCR was carried out on DNA pools pre- 
pared from 1920 individual colonies (41 pools for 
the entire library) grown on single selection agar 
for two days. Secondly, positive pools were fur- 
ther divided into four smaller pools each consist- 
ing of 480 individual colonies for a second round 
of the PCR. Finally, positive pools from this 
screening were used to make conventional filters 
which were screened using colony hybridisation 
to identify individual positive clones. 

Results 

Preparation and partial digestion of high-molecular- 
weight maize DNA 

DNA prepared from agarose embedded proto- 
plasts, routinely consisted of approximately 50 
LMW (1-300kb)  and 50~o HMW ( > 3 M b )  
DNA as judged by CHEF. Following pre- 
electrophoresis the plugs contained only high mo- 
lecular weight genomic DNA which was a suit- 
able substrate for partial EcoRI digestion. 
Surprisingly, the pre-electrophoresis did not sig- 
nificantly reduce the amount of chloroplast DNA 
within the original plug despite the fact that the 
chloroplast genome is only 137 kb [4]. Presum- 
ably this is due to the apparent inability of intact 
circular chloroplast DNA to migrate from the 
original plug under the CHEF conditions used, 
such an abnormal migration pattern within CHEF 
has previously been described for other circular 
DNAs [6]. DNA prepared from agarose embed- 
ded protoplasts was found to be very sensitive to 
Eco RI per digestion (Fig. 1), as judged by the 
observation that digestion with 1 unit of Eco RI 

Fig. 1. Agarose-embedded genomic DNA was subjected to 
digestion with the indicated number of units ofEco RI (per ml) 
for 1 h at 37 °C and then subjected to CHEF using a switch 
time of 60 s. The molecular weight markers (MW) were yeast 
chromosomes prepared from the strain AB1380. All sizes are 
in kb. 

per ml for 1 h was sufficient to produce DNA 
fragments in the 100-500 kb range. 

Construction of the YAC library 

Electrophoresis of the partially digested, embed- 
ded DNA using a switch time of 10 s was found 
to be successful in removing LMW (<  90 kb) 
DNA. Attempts to increase the stringency of this 
size fraction as described [2] were unsuccessful. 
Our most stringent fractionation while resulting 
in larger inserts (200-500 kb) also resulted in a 
100 fold reduction in the subsequent transforma- 
tion frequency as described [ 1 ]. The fractionated 
DNA was then ligated to a 30-fold molar excess 
of pYAC4 vector arms. 

Transformation of AB 1380 spheroplasts with 
15 #1 of the ligation mix (in 10 separate transfor- 
mations) resulted in between 50 and 250 trans- 
formants appearing on the urea plates after 3-4 
days. This represented a transformation fre- 
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quency of between 1000 and 5000 transformants 
per #g of maize DNA. Approximately 95 ~o of 
these transformants continued to grow on the 
double selection media. 

Characterisation of a random selection of 
clones by CHEF showed that about 10~o of the 
clones contained two YACs. In the five cases 
which we have examined so far (by Southern blot- 
ting and hybridisation to specific probes) these 
have been shown to result from two independent 
YAC clones being picked together, presumably 
when the clones were transferred from the single 
to the double selection plates. Therefore before 
further analysis, all YAC clones were streaked to 
single colonies. 

Clone size distribution 

CHEF of six randomly chosen yeast clones 
showed that each contained an extra chromo- 
some (Fig. 2). These were between 100-200 kb in 
size. Southern blotting [20] and hybridisation of 
with either 32P-labelled pAT153 (specific for the 
pYAC4 vector, [21]) or total maize genomic 
DNA showed that all the clones contained maize 
DNA cloned into the YAC vector (Fig. 2B and C 
respectively). 

Steps were also taken to ensure that the aver- 
age insert size throughout the library was main- 
tained above 90 kb. To show that this had been 
achieved, 10 agarose plugs were prepared as de- 

Fig. 2. CHEF of chromosomes from six yeast cultures carrying YACs. A. After staining with ethidium bromide. B. After South- 
ern analysis and hybridisation to 32p-labelled pAT 153. C. After hybridisation to 32p-labelled total maize genomic DNA. The extra 
faint band below the main YAC band in lane 6B .and 6C was found to be due to second YAC clone. All sizes are in kb. 
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scribed [3 ], each plug consisting of 96 individual 
clones taken at random from throughout the li- 
brary, i.e. 960 clones in total. These multi-clone 
plugs were subjected to CHEF and blotted onto 
Hybond N membrane. Following hybridisation 
to 32p-labelled pAT153 and autoradiography, the 
hybridisation pattern was analysed by an LKB 
scanning densitometer and plotted as an histo- 
gram (Fig. 3). These results show that the library 
had an average insert size of ca. 145 kb (155 kb 
minus the 10 kb vector arms) with only 12.5 ~o of 
clones having an insert size of less than 100 kb. 

Extent of chloroplast and other high-copy-number 
sequences 

Hybridisation of 960 randomly chosen YAC 
clones with a 500 bp fragment from the chloro- 
plast gene encoding the large subunit of ribulose 
bisphosphate carboxylase (Rubisco) [ 16] showed 
that 43 of the clones contained chloroplast DNA. 
Assuming the chloroplast genome is 137 kb [4], 
then this represents approximately 4.5~o of the 
library. 

To investigate the occurrence of highly repeti- 
tive sequences within the library, a further 960 
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Fig. 3. Size distribution of 960 randomly chosen YAC clones. 
The calculated mean YAC size is 155, kb. 

randomly chosen YACs were probed with a 32p_ 

labelled oligonucleotide homologous to 30 base 
pairs of the knob repeat sequence [17]. Colony 
hybridisation revealed that 3 clones (0.3 ~o) con- 
tained sequences homologous to knob DNA. 
Preliminary characterisation of one of these 
clones has revealed that despite having approxi- 
mately 550 copies of the knob repeat sequence the 
clone appears to be completely stable (A. de Sai- 
zieu, unpublished data). 

Isolation of single-copy sequences 

The usefulness of any cloning system depends 
upon the ability to quickly identify and isolate 
clones carrying sequences of interest. Because of 
the size and format of the maize YAC library 
conventional hybridisation techniques would be 
time-consuming and expensive. To circumvent 
this problem we used the PCR in combination 
with colony hybridisation to identify individual 
clones. This three-step procedure was capable of 
confirming whether or not a particular clone was 
present in the library within 4 h. Individual pos- 
itive clones could then be isolated within four 
working days. An example of such a screening 
using primers derived from the alcohol dehydro- 
genase 1 (Adhl) gene [18] is shown in Fig. 4. 
Screening of the library with a further 9 randomly 
chosen primer sets derived from publicly avail- 
able RFLP markers and gene sequences obtained 
from the EMBL database showed that all the 
sequences were present within the library at or 
near the expected frequency (Table 1). 

Character&ation of the Adhl YA C clones 

Numerous studies have been carried out in mam- 
malian and plant systems to investigate the YAC 
cloning system. These studies have indicated that 
in a minority of YAC clones the insert appears to 
be unstable and prone to deletions. As the maize 
genome is known to contain large numbers of 
repeat sequences organised into extensive arrays 
[22], we were interested in confirming the authen- 
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Fig. 4. Identification of a YAC clone containing the maize Adhl  gene. A. 41 pools of maize YAC clones (each pool containing 
DNA from 1960 clones) were analysed via the PCR for the presence of Adhl  gene sequences. Lane c contained the PCR prod- 
uct from 50 ng of maize genomic DNA. B. Pools 5 and 16 were divided into 4 further sub-pools (i.e. 480 clones) and re-analysed 
by the PCR. Lane c contained the PCR product from 50 ng of maize genomic DNA. In A and B the molecular weight markers 
(MW) are the 1 kb ladder from BRL. Sizes are in kb. The position of the expected fragment (0.3 kb) is marked. C. Colony 
hybridisation using an Adhl-specific probe was carried out on sub-pool 2 from primary pool 5 to localize the individual clone. 
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Table 1. Results of the PCR screening of the maize YAC li- 
brary with 10 randomly chosen primer sets corresponding to 
either RFLP markers or sequences obtained from the EMBL 
database. 

Source of Chromosome Numer of 
PRC primers I location positives 

NPI447 1L 3 
Adhl  1L 2 
NPI298 2L 4 
UMC27 5L 4 
BNL6.29 6S 8 
UMC85 6S 1 
UMC48 8L 2 
Bronzel 9S 3 
NPI264 10L 1 
NPI437 10L 2 

1 Where applicable, the RFLP markers are classified accord- 
ing to either the Native Plant Industries (NPI), the University 
of Missouri (UMC) or the Brookhaven National Laboratory 
(BNL) convention. 

ticity of individual YAC clones. For this purpose 
we chose to examine in detail the two indepen- 
dent clones identified as containing Adhl  se- 
quences (Fig. 4). Yeast and maize genomic DNA 
(50 ng and 20/~g respectively) was subjected to 
restriction digestion, agarose gel electrophoresis 
and Southern blotting. Hybridisation of the re- 
sulting blot with an Adhl-specific probe showed 
that the two yeast clones each contained a YAC 
with a hybridisation pattern indistinguishable 
from maize genomic DNA, whereas a yeast clone 
chosen at random showed no such hybridisation 
(Fig. 5). Furthermore, this restriction pattern cor- 
responded to the pattern expected from the 
Adh l - lF  allele gene sequence [18]. 

Discussion 

Because of its importance as an agricultural crop, 
maize has been extensively studied by both clas- 

Fig. 5. Southern blot of a restriction digest of DNA from yeast containing YACs (lanes A, B, and C) and maize genomic DNA 
(lane D). Lane A contains a yeast clone chosen at random. Lanes B and C contain the two yeast clones identified as containing 
Adhl  sequence. Lanes 1A-D were digested with Pst I. Lanes 2A-D and 3A-D were digested with Bgl II and Bgl II plus Pst I 
respectively. Approximately 20/~g of maize genomic DNA and 50 ng of yeast DNA was digested. The Southern blot was hybridised 
to a 32p-labelled Adhl-specific probe and subjected to autoradiography with an intensifying screen for 2 days. The molecular weight 
markers (MW) are 32p-labelled lambda DNA digested with Hind III. Sizes are in kb. 



sical geneticists and molecular biologists. Whilst 
these studies have resulted in a highly developed 
genetic linkage map, they have also shown that 
the maize genome has a complex organisation 
consisting of unique or low-copy-number se- 
quences surrounded by large arrays of highly re- 
petitive DNA which may be up to 100 kb in length 
[22]. Unfortunately, such an organisation makes 
chromosome walking or general mapping using 
lambda or cosmid-based vectors virtually impos- 
sible. To overcome these difficulties we decided to 
use a YAC-based cloning system to clone HMW 
maize DNA which had been partially digested 
with Eco RI. 

The library constructed consists of 79000 
clones with an average insert size of 145 kb. This 
is considerably smaller than that described for the 
numerous mammalian YAC libraries which have 
been constructed using this or similar methods. 
However, the insert size is favourable when com- 
pared with other plant YAC libraries [12, 24]. It 
is likely that this difference between plant and 
mammalian library insert size is primarily due to 
the increased problems associated with extracting 
HMW DNA from plant cells. 

Screening a small proportion of the library with 
either chloroplast or knob repeat specific probes 
showed that both were present within the library. 
However, whereas the chloroplast clones were 
present at or near the expected frequency, only 
0.3 ~o of clones appeared to contain knob repeat 
sequences. This was below the lower end of the 
expected range (0.5-5~o) and may be due to the 
lack of Eco RI restriction sites within the knob 
repeat clusters [17]. Unfortunately this require- 
ment for the presence of Eco RI restriction sites 
could introduce variations in the representative 
nature of the library. For instance, regions of the 
genome devoid of Eco RI sites would be under- 
represented in the library whereas regions con- 
taining large numbers ofEco RI sites may be over 
represented. One way to eliminate this problem 
would be to use the random shearing method [24] 
which eliminates the effects of clustering due to 
any particular restriction site. 

The ability of YACs to clone very large DNA 
fragments means that there is a finite chance that 
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multiple inserts are cloned within a single YAC. 
Characterisation of other YAC libraries has 
shown that this can be a significant problem which 
only becomes apparent during the construction of 
large contiguous maps. The use of DNA depleted 
of low molecular weight fragments and a 30-fold 
molar excess of vector DNA used in constructing 
the maize library should have minimised this 
problem. Chromosome walks at present being 
undertaken with this library will further help to 
confirm its representative nature. 

Using the PCR approach, we have so far 
screened the library with 10 sets of PCR primers 
derived from RFLP markers and sequences taken 
from the EMBL database. In all cases we have 
identified between 1 and 8 positive clones (aver- 
age 3) for each probe used. Detailed characteri- 
sation of a limited number of the clones has so far 
failed to reveal any differences between the DNA 
cloned into YACs and maize genomic DNA. We 
therefore believe that this library will, together 
with other maize clone banks, provide a useful 
tool for the further characterisation of the maize 
genome. 
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