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Benzyladenine-Induced Increase in DNA Content per Chloroplast
in Intact Bean Leaves
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ABSTRACT

Benzyladenine (BA) treatment was found to induce chloroplast DNA
(ctDNA) synthesis after it had stopped in primary leaves of light-grown
intact bean plants (Phaseolus vulgaris L.). The leaves were treated with
BA from 7 days after sowing. Chloroplasts were isolated and the ctDNA
content per chloroplast was determined. Chloroplast division occurred
until 13 days after sowing in untreated leaves. BA stimulated the division
keeping the level of ctDNA content per chloroplast the same as that in
the untreated controls. After the division period, the ctDNA content per
chloroplast increased in BA-treated leaves, but not in controls. Conse-
quently, ctDNA per leaf (or per cell) increased immediately after the
beginning of BA treatment, but remained constant in the control leaves.

Naito et al. (10) have shown that BA induces a marked increase
in total cellular DNA and chloroplast number per cell in growing
primary leaves ofbean plants. The present study was undertaken
to find to what extent the increase in ctDNA per cell contributes
to the increase in total cellular DNA.
The proportion of ctDNA in total cellular DNA was deter-

mined by several workers using reassociation kinetics (5, 14-16).
To correctly estimate the DNA content per chloroplast, Boffey
and Leech (3) measured the DNA content ofisolated chloroplasts
after DNase treatment. These studies showed that the ctDNA
content per chloroplast decreased during the development of
leaves in pea (6), spinach (14), wheat (3), and beet (16). However,
no information is yet available on the influence of BA on the
change in ctDNA content per chloroplast during growth and
aging of the leaf. In the present study, we measured the ctDNA
content per chloroplast in BA-treated and untreated bean leaves
at different ages, and correlated it with the phase of chloroplast
division.

MATERIALS AND METHODS

Plant Material. Bean seeds (Phaseolus vulgaris L. cv Yama-
shiro-kurosando-saito) were sterilized with Antiformin (NaOCI
solution, 1% Cl) for 10 min, soaked in water for 16 h, then
germinated on wet filter paper in plastic trays at 25°C in the
dark. After 24 h, 15 germinated seeds were transplanted onto a
plastic tray (32 x 23 x 5 cm) containing 3 L vermiculite wetted
with 1 L of half-strength Hoagland solution. They were grown
in a growth chamber at 25°C under a light regime of 16 h light
and 8 h dark. Light intensity was 163 IE/mi2 -s at 400 to 700 nm
(9.6 klux) on vermiculite, supplied by a mixture (1: 1) of white
and growth fluorescent lamps (Mitsubishi FL 40S SPG). One
liter of half-strength Hoagland solution was added to the tray at
4 d after sowing. Aging of primary leaves of the control plants

was delayed 1 d in the present experiments compared with that
characterized in a previous paper (11). Primary leaves were
unfolded at 7 d after sowing. At this stage, seven to eight seedlings
were selected for uniformity. The adaxial surface of the primary
leaves was painted with 30 mg/l BA solution containing Tween
80 at 50 mg/l every 4th d beginning at 7 d.

Isolation of Chloroplasts. Chloroplasts were isolated by a
modification of the methods of Mourioux and Douce (7) and
Mudd and Dezacks (8). Twenty grams of primary leaves was
homogenized with 100 ml of extraction medium (330 mm sor-
bitol, 30 mm Mops'-NaOH [pH 7.8], 2 mM EDTA, and 0.15%
BSA) in a Waring Blendor. The brei was filtered through two
layers of Miracloth (Calbiochem) and the filtrate was centrifuged
at 2200g for 30 s. Chloroplast pellets thus obtained were further
purified on a step gradient of Percoll (Pharmacia). The 3-step
gradient contained 2.5 ml of 90% (v/v), 5 ml of 40%, and 5 ml
of 20% Percoll mixtures containing 330 mM sorbitol, 50 mM
Mops-NaOH (pH 7.4), 2 mM EDTA, and 0.15% BSA. Chloro-
plasts were resuspended in the extraction medium, and a 1.5-ml
aliquot was layered on top of the gradient and centrifuged at
3500g for 20 min. Intact chloroplasts banding at 40/90% inter-
face were taken with a Pasteur pipette, diluted with extraction
medium, and pelleted at 2200g for 30 s. All procedures of
isolation and purification were carried out at 0 to 4°C.
The number of chloroplasts in the suspension was counted on

a hemocytometer after proper dilution of the suspension. The
amount of ctDNA per chloroplast (Fig. ID) was calculated by
dividing the value of DNA/ml of a chloroplast suspension by
the number of chloroplasts/ml of the same suspension. In the
experiments for Figure IC, the number of chloroplasts per leaf
was calculated from the values of Chl/leaf and Chl/chloroplast
(c "Results").
DNase Treatment of Isolated Chloroplasts and Stining with

DAPI. To accurately determine the DNA content per chloro-
plast, isolated chloroplasts were treated with DNase and then
stained with DAPI, a sensitive and specific probe for DNA,
according to the procedure of Boffey and Leech (3). Purified
chloroplasts were resuspended in 6 ml of a medium containing
330 mM sorbitol, 2.5 mm Mg acetate, and 50 mm Mes (pH 7.0).
Next, 300 !d of 2 mg/ml DNase I (Worthington) was added and
the mixture was incubated on ice for 10 min to digest DNA from
nuclear contamination and broken chloroplasts. After that, a 4-
ml aliquot was removed and 1 ml of 40% TCA solution was
added to it. From this sample, DNA was extracted and deter-
mined. Another aliquot ofthe DNase-treated chloroplast suspen-
sion was used for UV fluorescence microscopy. DAPI was added
to obtain a concentration of 20 ug/ml. The remainder was used
to determine the chloroplast number and examine the intactness.
DNA and Chl Determination. Nucleic acids were extracted by

' Abbreviations: Mops, 3-(N-morpholino)propanesulfonic acid; DAPI,
4',6-diamidino-2-phenylindole.
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Schmidt-Thannhauser-Schneider's method (13) from tissues or
chloroplast suspensions. The defatted residue was resuspended
in 5% HC104 and heated at 90°C for 15 min. The suspension
was centrifuged at l0,000g for 10 min. The supematant was
assayed for DNA by the diphenylamine method of Giles and
Myers (4) using highly polymerized DNA from calf thymus
(Sigma) as the standard.
Chl was extracted from tissues or chloroplast suspensions with

80% (v/v) acetone and determined by the method ofAmon (1).

RESULTS
In primary leaves ofbean plants grown under light-dark cycles,

cell division ceased by 6 d after sowing regardless of whether BA
was applied or not (10). Therefore, the data presented here on a
per leaf basis would show the same kinetics when expressed on
a per cell basis.

Total cellular DNA increased about 50% in BA-treated leaves
during the 7- to 21-d period but remained unchanged in the
control leaves (Fig. IA). This agrees with the previous results of
our laboratory (9).
The Chl content per leaf increased markedly during the 7- to

13-d period in control leaves (Fig. 1B). BA enhanced this in-
crease. The Chl content began to decrease at 17 d in the controls,
while still increasing in BA-treated leaves. The Chl content per
chloroplast changed in a way similar to the Chl content per leaf,
although BA enhancement was less than in the former case (Fig.
IB).
The chloroplast number per leaf (Fig. IC) was calculated by

dividing each value of Chl content per leaf by that of the Chl
content per chloroplast at the same age in Figure lB. The changes
in chloroplast number per leaf coincide with earlier results (10)
obtained by methods other than those used in the present study.
Chloroplast division terminated at 13 d and thereafter the num-
ber ofchloroplasts per cell remained unchanged. Using the values
of 50 and 40 chloroplasts/cell at the plateau for BA-treated and
untreated leaves, respectively, together with the value of 200 x
IO5cells/leafreported previously (IO), the number ofchloroplasts
per leaf can be calculated to be I09 and 8 x 108 for the above-
mentioned samples, respectively. These values agree well with
those presented in Figure IC, i.e. 1.02 to 1.06 x 109 and 8.3 to
8.6 x 108 chloroplasts/leaf in the 13- to 21-d period for BA-
treated and untreated samples, respectively. This coincidence
indicates the validity of the present method for determining
chloroplast number per leaf.
The ctDNA per chloroplast decreased in both BA-treated and

untreated leaves during the 7- to 13-d period (Fig. 1D) when
chloroplasts were duplicating (Fig. IC). After 13 d, it increased
markedly in BA-treated leaves, while still decreasing slowly in
controls. At 21 d, a chloroplast in BA-treated leaves contained
about 1.6 times as much ctDNA as that in control leaves.
Examination by phase-contrast microscopy showed that 70%

to 95% of the isolated chloroplasts were intact. Neither nuclei
nor nuclear fragments were found in the chloroplast suspensions
when they were examined not only with a light microscope but
also with a fluorescence microscope after staining with DAPI
without DNase treatment. In the latter case, DNA was detected
in every chloroplast (data not shown). However, the possibilities
could not be excluded that the chloroplast fraction was contam-
inated with a small amount of nuclear fiagments which might
have escaped microscopic examination and that some part of
the ctDNA was lost from the broken chloroplasts during their
preparation. Therefore, we tried to accurately determine the
ctDNA per chloroplast using the method of Boffey and Leech
(3). Chloroplast suspensions were treated with DNase and then
with DAPI. Chloroplasts with distinct margins surrounded by a
halo under phase optics (Fig. 2A) were the same ones that showed
DAPI fluorescence (Fig. 2B). Here again no contaminants which
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FIG. 1. BA effects on changes in total cellular DNA and ctDNA
contents per leaf (A), Chl contents per leaf and per chloroplast (B),
chloroplast number per leaf (C), and ctDNA content per chloroplast (D).
(@, A), BA; (0, A), control. (A) Each plot of total cellular DNA/leaf
( -), (0--0) represents the mean of values obtained from three
determinations. Vertical bars through the points indicate the magnitude
of the standard deviation. The values of ctDNA/leaf (A-A, A--A)
were calculated from the results in C and D. (B) Each plot of Chl/leaf
(@ -, 0--0) represents the mean of values obtained from two
separate experiments. Chl/chloroplast (A- A, A--A) was calculated
by dividing the values of Chl/ml of a chloroplast suspension by the
number ofchloroplasts/ml in the same suspension. Each plot represents
the mean of values obtained from two separate experiments. (C) The
values were calculated from the results in B. See text for details. (D)
DNA in isolated chloroplasts was determined with (A, A) or without (0,
0) DNase pretreatment as described in the text. The figures on the
symbols indicate experiment numbers.

fluoresce with DAPI were detected (Fig. 2B). Thus, our prepa-
rations contained only ctDNA in intact chloroplasts without
DNA in broken chloroplasts or in fragments of other organelles.
The quantity of ctDNA per chloroplast was calculated by divid-
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