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ABSTRACT
Borde and colleagues reported that a reporter plasmid inserted at different genomic locations in Saccharomyces

cerevisiae had different levels of meiotic recombination activity. We show that the level of recombination
activity is very significantly correlated with the GC content of DNA sequences flanking the insertion.

IN eukaryotes, chromosomal regions of high (hotspots) genomic hotspots to single open reading frame resolu-
and low (coldspots) meiotic recombination activity tion and found many hotspots were associated with local

have been identified (Lichten and Goldman 1995; regions of high GC content. One interpretation of these
Petes 2001). In Saccharomyces cerevisiae, the recombina- results is that GC-rich intergenic regions are a preferred
tion activity of a chromosomal region is primarily a substrate for the recombination machinery.
function of the frequency of local double-stranded DNA Borde et al. (1999) monitored recombination events
breaks (DSBs). DSBs generally occur between genes in within reporter plasmids (Figure 1) introduced into 10
nuclease-sensitive chromatin (Wu and Lichten 1994). different locations on yeast chromosome III. Two differ-
Three different types of hotspots (not necessarily mutu- ent assays of recombination activity were performed.
ally exclusive) have been described. The activity of �-hot- First, Borde and colleagues measured the frequency of
spots requires transcription factor binding, but not tran- DSBs located at two positions within the inserted plas-
scription per se (White et al. 1992, 1993). There are also mid, indicated as DSB-left and DSB-right in Figure 1.
hotspots associated with constitutively nucleosome-free Second, they determined the frequency of heteroallelic
regions of DNA (�; Kirkpatrick et al. 1999) and local recombination between the two plasmids (pMJ113 and
regions of high G � C base composition (�; Gerton pMJ115) placed at allelic positions. In general, these
et al. 2000). The mechanisms responsible for hotspot two measurements gave the same relative strength of
activity are not understood, although it has been sug- recombination activity. Borde et al. (1999) found that
gested that all hotspots may be in regions with hyper- recombination activity, as measured by either of these
modified nucleosomes (Petes 2001). assays, varied by more than a factor of 10, depending

The relationship between naturally occurring hot- on the position of the insertion.
spots in S. cerevisiae and chromosomal regions of high To determine whether the recombination activity of
G � C base composition has been examined in several the plasmid insertions in the study of Borde et al. (1999)
studies. Sharp and Lloyd (1993) found that chromo- was correlated with the G � C content of DNA sequences
some III had two broad (�50 kb) regions of high G � flanking the insertion, we used the “Composition” pro-
C content and pointed out that three of the four known gram of GCG to analyze the G � C content in various
recombination hotspots were located in the GC-rich “windows” of flanking DNA for all 10 insertions, varying
regions. Baudat and Nicolas (1997) mapped all of

the size of the window from 500 bp (250 bp to each
the DSB sites on chromosome III, demonstrating that

side of the insertion) to 100 kb (50 kb to each side ofmost of the strong DSB sites were located in these two
the insertion). For each window, the correlation betweenregions. Gerton et al. (2001) used microarrays to map
G � C content and the recombination activity (as mea-
sured by the sum of the DSBs at DSB-left and DSB-right)
was determined using both the Pearson parametric test
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Figure 1.—Plasmids used to monitor recombination activ-
ity. The 8.5-kb plasmids (a) pMJ113 and (b) pMJ115 contain
pBR322 sequences and the URA3 and ARG4 genes (Borde et
al. 1999). Plasmids pMJ113 and pMJ115 contain the mutant
alleles arg4-nsp and arg4-Bgl, respectively. Genomic DNA frag- Figure 2.—The correlation between recombination activity
ments derived from yeast chromosome III were inserted into in the reporter constructs (measured by the frequency of DSB
these plasmids, and the resulting plasmid derivatives were formation) and the GC content in a 100-kb window. Borde
integrated into the chromosomes of haploid a and �-strains; et al. (1999) measured recombination activity of the reporter
these haploid strains were subsequently crossed to generate plasmids inserted at 10 positions on chromosome III. One
diploids. Meiotic recombination was measured in two ways measurement of this activity was the sum of the DSB frequency
(Borde et al. 1999). In RAD50 diploids, the frequency of Arg�

for both DSB-left and DSB-right. In this graph, this parameter
spores, resulting from heteroallelic exchange between arg4- is shown as a function of the GC content of the flanking
nsp and arg4-Bgl, was measured. In rad50S diploids, Southern genomic sequences, measured 50 kb to each side of the inser-
analysis was used to measure the frequency of DSB formation tion (100-kb window); since one of the plasmid insertions (at
at the positions indicated by arrows. CHA1) was located �50 kb from the telomere, this insertion

was not included in the analysis. The insert locations, the “%
DSB” and the “% G � C” content for the nine other insertions,

significant (Table 1). The correlation between DSB ac- are: HIS4 (B, 16.5% DSB, 39.2% GC); LEU2 (C, 14.2% DSB,
tivity and the flanking G � C content (100-kb window) 39.3% GC); YCL011c (D, 10.6% DSB, 38.5% GC); YCR004c

(E, 2.8% DSB, 37.7% GC); RVS161 (F, 1.9% DSB, 37.2% GC);for nine insertions is shown in Figure 2. The positions
YCR017c (G, 2.8% DSB, 37.2% GC); YCR026c (H, 4.3% DSB,
37.4% GC); RIM1 (I, 5.4% DSB, 37.8% GC); MAT (J, 10.2%
DSB, 38.6% GC).TABLE 1

Correlation coefficients (r values) and the associated probabilities
of correlations (P values) for the relationship of G � C of the insertions in relation to base composition forcontent (measured in windows from 0.5 to 100 kb)

windows of 5 and 100 kb are shown in Figure 3.and the frequency of meiotic recombination
In Table 1, the P values for correlations determined(assayed by double-strand break formation)

with the Pearson test (which assumes a linear correla-
tion) fall into two groups. For windows between 0.5 andPearson test Spearman test

Window size 20 kb, the P values are between 0.005 and 0.02; for
(kb) r values P values r values P values windows between 30 and 100 kb, the P values are all

substantially lower, between �0.0001 and 0.001. This0.5 0.808 0.005 0.857 0.002
1 0.639 0.05 0.657 0.04 analysis indicates that the recombination activity of in-
2 0.774 0.009 0.809 0.005 serted sequences is better predicted by the GC content
2.5 0.760 0.01 0.809 0.005 of large chromosomal regions (�30 kb) than by that5 0.750 0.01 0.681 0.03

of smaller regions (�20 kb). The P values for the non-10 0.778 0.008 0.686 0.03
parametric Spearman test did not follow the same sim-20 0.709 0.02 0.511 0.13

30 0.930 �0.0001 0.726 0.02 ple pattern. Since the correlation coefficients (r values)
40 0.894 0.001 0.789 0.01 obtained with the Pearson test for the large chromo-
50 0.904 0.0008 0.765 0.02 somal regions are larger than those obtained with the60 0.888 0.001 0.702 0.04

Spearman test for any window (except for the 100-kb75 0.934 0.0002 0.740 0.02
window), it is likely that the Pearson test represents the100 0.961 �0.0001 0.929 0.0003
better method of analyzing the data.

For each window, the correlation between G � C content
From our analysis, we suggest two conclusions. First,and the recombination activity (as measured by the sum of

the context dependence of the recombination proper-the DSBs at DSB-left and DSB-right) was determined using
the SAS JMP software (version 4.0.4; SAS Institute, Cary, NC); ties of plasmid insertions observed by Borde et al. (1999)
we determined correlation coefficients (r values) and their reflects, at least in part, the base composition of the
associated probabilities (P values) using both the Pearson DNA sequences flanking the insertion. These effects act
parametric test and the Spearman nonparametric test. Since

at a distance, since the DSB sites used to assay recombi-one of the insertions (near the CHA1 gene) is �15 kb from
nation are located �1 kb from the junction with thethe telomere, this insertion was not used to calculate r and P

values for windows �30 kb. chromosomal DNA. Second, our analysis supports the
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Figure 3.—Base composition of chromo-
some III assayed using moving windows of
5 and 100 kb. (a) 5-kb moving window: GC
content was determined (using the “Win-
dow” Program of GCG) in a window of 5
kb moved in 1-kb intervals. The arrows with
letters show the positions of the insertions
(A represents the CHA1 insertion; code for
B–J in Figure 2). The short arrows at the
top of the figure indicate nine peaks of
G � C that are �3% above the average for
chromosome III (38.7%). The numbered
arrows represent hotspots for recombina-
tion as determined by Gerton et al. (2000).
(b) 100-kb moving window: GC content was
determined in windows of 100 kb moved in
1-kb intervals.

earlier conclusion (Sharp and Lloyd 1993; Baudat Galtier et al. 2001; Marais et al. 2001), since high
recombination rates result in elevated levels of hetero-and Nicolas 1997) that there are recombination-stimu-
duplex formation and since mismatches in hetero-lating effects of high G � C that involve large (�30 kb)
duplexes are usually repaired with a bias toward GCchromosomal regions. On the basis of the colocalization
over AT in mitotic mammalian and yeast cells (Brownof hotspots and peaks of local (�5 kb) G � C content
and Jiricny 1989; Birdsell 2002) and in meiotic yeast(Gerton et al. 2000; Birdsell 2002), there appear to
cells (Birdsell 2002). The first model is more consis-be both local and regional effects of G � C content
tent with the observation that GC-rich sequences de-on meiotic recombination. Local effects could reflect a
rived from Escherichia coli plasmids often have unusuallypreference of the recombination machinery to associate
strong hotspot activity when introduced into the yeastwith high-GC intergenic regions whereas regional ef-
genome (Stapleton and Petes 1991; Wu and Lichtenfects may represent some global feature of chromosome
1995), although (as discussed above) the hotspot activitystructure that is affected by base composition (Zickler
of these sequences is influenced by the GC content ofand Kleckner 1999); such global features could be
the chromosomal DNA sequences that flank the inser-regions of recombination-promoting hyperacetylated
tion.nucleosomes or recombination-suppressing hypermeth-

Although our results and those of others support theylated nucleosomes. The reporter plasmids were GC
conclusion that GC content affects hotspot activity, localrich (46.2%) compared to yeast genomic DNA (39%)
and regional GC content is only one factor. In S. cerevis-and therefore would be expected to contribute to both
iae, other factors associated with hotspot activity include:local and regional GC richness. Since this contribution
(1) “open” chromatin, (2) a location between diver-is the same for each position of integration, the relative
gently transcribed genes, and (3) a requirement forrecombination activities of the insertions should be in-
local transcription factor binding (Lichten and Gold-dependent of this effect.
man 1995; Petes 2001); hotspots are found infrequentlyA correlation between high recombination activity
in centromeric or telomeric regions (Baudat and Nico-and high GC content has also been observed for humans
las 1997; Gerton et al. 2000). Although these associa-(Eisenbarth et al. 2001), Caenorhabditis elegans, and Dro-
tions have some predictive value in determining whichsophila melanogaster (Marais et al. 2001). Two different
DNA sequences will be recombination hotspots, thetypes of explanation have been given for this relation-
mechanisms responsible for these associations are notship. We suggested that regions of high GC stimulate
understood.recombination (Gerton et al. 2000; Petes 2001). Alter-

natively, high levels of recombination may create geno- We thank P. Mieczkowski, J. Stone, and M. Lichten for useful discus-
sions and J. Stone, M. A. Amamoo, D. Moore, and N. Degtyarevamic regions with high GC content (Eyre-Walker 1993;
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