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Summary

For accurate analyses of eukaryotic tandem-repeat DNA, it is often required to clone a genomic DNA frag-
ment into a bacterial plasmid. It is, however, a serious problem that tandem-repeat DNA is frequently sub-
jected to structural changes during maintenance or amplification in the host bacteria. Here, we show an
example of a clear difference in the instability of tandem-repeat DNA between different culturing tempera-
tures. A fragment of monkey centromeric DNA carried by pUC19 was considerably degraded by culturing
bacteria at 37 °C, but the damage was reduced at 25 °C. Thus, culturing temperature is a significant factor for
avoiding degradation, in addition to the genotype of the host bacteria.

Genomes of higher eukaryotes generally contain large
amounts of tandem-repeat DNA, such as centromeric,
telomeric and ribosomal DNA sequences. For accu-
rate and fine structural analyses of such DNA,
sequence data obtained from shotgun sequencing
(even in the case of a hierarchical shotgun strategy)
are often inadequate because of the difficulty of as-
sembling contig sequences from sequence reads. This
is considered a serious problem, especially for repeat
DNA with high sequence homogeneity among repeat
units. As a reflection of this problem, great portions of
large-scale tandem-repeat regions are often put aside
from the genome browsers built by genome sequen-
cing projects.

When cloning of genomic DNA fragments (in a
vector such as a plasmid, fosmid, bacterial artificial
chromosome or yeast artificial chromosome) is in-
cluded in the analysis of repetitive DNA, another fac-
tor makes it difficult to obtain accurate nucleotide
sequences, that is, the low reliability of sequence
reads due to the possible rearrangements occurring
during the maintenance or amplification in cells of
host bacteria or yeast. Degradation of cloned tandem-
repeat DNA is a widely known phenomenon with a

number of illustrations in the literature (Brutlag
et al., 1977; Neil et al., 1990; Song et al., 2001). In
the present study, we examined the effect of the cultur-
ing temperature of the host bacteria on the degree of
degradation of a repetitive DNA fragment cloned
into a bacterial plasmid.

Alpha satellite DNA is a major DNA component of
primate centromeres (Maio, 1971; Willard, 1991). In
our previous study (Prakhongcheep et al., 2013 b), we
found that the centromeres of Azara’s owl monkey
(Aotus asazre) carry two types of alpha satellite DNA
that we designated as OwlAlp1 and OwlAlp2. These
are tandem-repeat sequences consisting of 185-bp and
344-bp repeat units, respectively. Comparison of their
sequences showed that OwlAlp2 is an alpha satellite
DNA of the original type and that OwlAlp1 was de-
rived fromOwlAlp2 in the owlmonkey lineage and sub-
sequently expanded in the genome. For further study of
their evolutionary history as well as their functions in
the centromere, we initiated experiments to accurately
determine their nucleotide sequences from cloned
DNA fragments of >10 kb in length. We used a pre-
viously described method (Prakhongcheep et al., 2013
a;Koga et al., 2014). Briefly, themethod included trans-
fer of the genomic DNA fragment from pCC1FOS (a
fosmid vector used for library construction) to pUC19
(a plasmid vector that carries the restriction enzyme rec-
ognition sites necessary for the next step), preparation
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of a series of deletion clones by using an exonuclease,
sequencing of the deletion clones by using a universal
primer and conversion of the sequence reads into a
contig sequence. These processes ran smoothly with
OwlAlp1, but we faced a problem in the initial trans-
fer step for OwlAlp2. The problem was that virtually
all recombinant products carried fragments shorter
than the original genomic DNA fragment. In these treat-
ments, the bacterial culture was incubated at 37 °C,
a widely used incubation temperature.

To solve this issue, we established a method to de-
tect which part of the entire process was causing the
problem. The OwlAlp2 fragment was transferred to
pUC19 (Fig. 1), and variation in the size of recombi-
nant plasmids was examined at three different points
(Fig. 2). Because the plasmid copy number per bac-
terial cell was considered a significant factor, we
included two different temperatures (37 °C and 25 °C)
in this test. pUC19 carries a mutant ColE1 replicon
(Yanisch-Perron et al., 1985) leading to several hun-
dred copies per cell when incubated at 37 °C and smal-
ler copy numbers when incubated at <30 °C (Twigg &
Sherratt, 1980). After the introduction of recombinant
plasmids into the bacteria, the culture was incubated
at 25 °C until colonies were formed on ampicillin-
containing agar plates (48 hours). A single colony
was picked up and suspended in liquid medium, and
the suspension was spread on agar plates. One set of
plates was incubated at 25 °C, and another was incu-
bated at 37 °C. After colony formation (48 hours at
25 °C, 14 hours at 37 °C), single colonies were picked
up and plasmid sizes were examined (B01–24 and
C01–24 for 25 °C and 37 °C, respectively). The bac-
terial host used was DH5α. This is a commonly used
strain of the recA1 genotype that is effective in sup-
pressing recombination (Taylor et al., 1993).

Figure 3 shows that there was no detectable size
variation among the colonies A01–12. Colonies
B01–24 originated from colony A01, and their plas-
mid size was uniform (and the same as that of A01;
11 kb) except for a case of colony B19. B19 exhibited
an extra faint band of a smaller size (7 kb), indicating
that the final culture contained a mixture of two plas-
mids of different sizes. The 7-kb-carrying plasmid is
thought to have been derived from an 11-kb-carrying
plasmid during incubation at 25 °C. C01–24 showed a
higher size variation. Different sizes were observed
among many colonies, and there were colonies exhi-
biting three or more different sizes (C03, 14, 17, 20,
22, 23 and 24). Although fragments identical to that
of A01 (11 kb) were observed in eight colonies (C01,
03, 09, 16, 17, 20, 22 and 23), the band coexisted
with bands of other sizes, mostly as a minor band.

In all images of gel electrophoresis, the sizes of vari-
ant fragments were smaller than that of the original
fragment. This does not necessarily imply that a plas-
mid of a larger size was not generated. The size

distribution observed here can be considered to have
been affected by the efficiency of plasmid amplifica-
tion; shorter plasmids would tend to have higher
amplification efficiency.

As shown in the above results, the OwlAlp2 fragment
was degraded during maintenance in host bacteria to a

Fig. 1. Scheme for the transfer of an insert fragment from
the pCC1FOS fosmid vector to the pUC19 plasmid
vector. pCC1FOS has two NotI recognition sites located
outside its cloning site. Fosmid DNA was digested with
NotI and mixed with a linear fragment carrying the
pUC19 sequence. The end regions of the fragment had
been modified to carry 15-bp blocks corresponding to the
end regions of the insert fragment. The DNA mixture was
subjected to the InFusion reaction that caused
recombination in the corresponding regions between
pUC19 and the insert fragment. The reaction mixture was
introduced into bacterial cells and the colonies formed on
ampicillin-containing agar plates were selected randomly
and used in subsequent experiments.
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small extent at 25 °C and to a larger extent at 37 °C. The
differences could be attributed to the copy number per
cell; the higher chance of recombination between plas-
mid molecules at higher densities. It is, however, also
possible that the difference was caused by other factors
such as difference in the activity of enzymes involved in
the recombination reaction. In addition to these assays
using the DH5α strain, we conducted a rough assay cor-
responding to the C colonies, using the SURE strain
whose genotype is recB, recJ, uvrC, umuC and sbcC.
The combinationof thesemutations is known tobe effec-
tive in suppressing awide range of recombination and re-
pair events (Doherty et al., 1993). The results obtained
were, however, essentially the same as those observed
with the C colonies.

Bacterial artificial chromosomes and fosmids are
used as cloning vectors for long DNA fragments
(>40 kb), and plasmids are used mostly for short frag-
ments (<15 kb). Even if the original genomic DNA
fragment is cloned in a bacterial artificial chromosome
or fosmid vector, the isolation of part of the insert
fragment by subcloning it into a plasmid vector is
often required. In such a case, a single-copy or
low-copy-number plasmid, such as pBR322, pSC101
or pA15, is preferable. However, many plasmids that
have been engineered to carry useful signals or cloning
sites are high-copy-number plasmids. For example,
pUC19, which we used in the present study, is one
such highly developed, high-copy-number plasmid.
Our results showed that culturing bacteria at a low

Fig. 2. Assay for the fragility of plasmid clones. Incubation of bacterial cells was conducted at 25 °C during the initial
steps. Incubation at 25 °C or 37 °C was performed after picking up a single colony.
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temperature (25 °C) is effective in reducing the degra-
dation frequency even if pUC19, and possibly its deri-
vatives, is used as a vector.

In addition to the effect of the culturing temperature,
our results show the possible involvement of higher order
DNA structure in determining degradation frequency.
In the photographs of C01–24 (Fig. 3), the size distri-
bution among the clones is not likely to be random:
eight clones (C02, 04, 05, 06, 10, 12, 13 and 15) exhibited
bandsofapproximately8 kband fourclones (C08, 14, 16

and 17) showed bands of approximately 5 kb. Bands of
other sizes were unique to a single clone or common
to two clones at most. The differences among those
commonly appearing bands, including the size of their
original fragment (11 kb; A01), are multiples of 3 kb.
In our extension study, we obtained a 10·8-kb contig
sequence of OwlAlp2 (GenBank accession number
LC002884) taking care to avoid degradation, and
found a higher order repeat structure in which nine
basic repeat units composed a larger repeat unit (Koga

Fig. 3. Results of agarose gel electrophoreses for size variation among plasmid clones. pCC1FOS carried two HindIII
recognition sites just adjacent to its cloning site, and the OwlAlp2 fragment did not have sites for this enzyme. The two
sites were transferred to pUC19 together with the entire OwlAlp2 fragment. Because the pUC19 portion did not contain a
HindIII site, digestion of pUC19 clones with HindIII produced the insert fragment (originally 11 kb) and a vector
fragment (2·9 kb) that consisted of the pUC19 backbone and short fragments originating from pCC1FOS. “M” stands for
size marker. The sizes of the marker fragments are shown along the left margin of the top picture.
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et al., unpublishedobservations).The lengthof the larger
repeat units was 3073 bp. We did not encounter any
problems in subcloning the OwlAlp1 sequence, as de-
scribed earlier in the present report, and we have not
found a higher order repeat structure in the OwlAlp1
contig sequence obtained so far. These results suggest
that the higher order repeat structure is involved in the
occurrence of structural rearrangements and the pro-
vision of rearrangement hotspots.
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