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SNmnwinary. The incorporatioin of 3H-thy-midine ilnto inuiclear D:NA of leaf cells of

oanthiumn pennsvlvanicunin was studied as a functio-n of concentrationi andl specific
..ctivitv of the ra(lioisotope. From the assessment of the average mnmber of grains
Peernucleus and the percenit of labeled nuclei, it was concluded that the incorporation

wT!as a linear function o,f concentration of the exogenous radioisotopic solution and a

logarithmic fuinction of the incuba!tion time. Ten microcuries per milliliter on the
average yielded 20 % of labeled nuclei with 18 grains per nucleuis. Seven-fold increase

it concentrationi onlyl doulbled the amouint of 3H-thymidine incorporate(l. The lamina
regionis near the vein inicorporated a significantly greater amotint of the radioisotope
than the lamina region at some distance from the vein. 'The specific activities of 2,
3.35, 6.7 and 15.3 c/mmole had no effect upon the amotunt of 3H-thymidine inclorpor,ated,
if the amotunt of microculries of the inctubation solultionr was the same in each activit\.
Considering the total number of molectules, the estimated rates of in,corporation indi-
cated that at the activity of 2 c/mmole, the system operated w\ith abouit times higher
rates as compare(d with the activity of 15.3 c/mmole.

The application of 3H-thymidine in develop-
mental stuidies and investigations dealing with the
activity of various plant meristems has increased
extensively- [6,8, 3, 11, 12]. However, little quanti-
tative information is available concerning the ki-
netics of incorporation of this radioisotopic pre-

cuirsor into nuiclear DNA of variouis plant tissues.
In the labeling procedures the conicentrationi and

the specific activity remain the most important
variables in addition to the isotopic ancd postisotopic
growth periods.

The purpose of this investigation is to explore
the effect of 3H-thymidine concentration and its
specific activity upon incorporation of this radio-
isotope into nuclear DNA. In addition, an attempt
has been made to estimate the rates of incorporation
and the number of thymidine and 3H-thymidine
molectules incorporated into DNA per nuclear vol-
time as a ftunction of the specific activity and molar
concentration.

Materials and Methods

Buirs of Xanthiuw peminsykvltzicion \VNallr. (Syn-
onyim X. s(Icchtaratu)n) were germinate(l in flats of
soil. After the seedlings had (levelope(l the first 2
foliage leaves, they were planted in pots. The plants
we-re grown in a walk-in-type growth chamber
w here the light intensitv flulctuiated beitween 600

and 700 ft-c depeindinlg uiponi the height of the plant.
The temperatulre was adjuiste(d to 250 + 0.5. The
relative huimiclity was maintained at about 50 %.

I Tlbis investigation las been supported by a researcl
grant from the National Science Foundation NSF GB-
4205.
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To mailntaini vegetative growth the illtlminatioin %-as
cycled to give incandescent light period of 18 hours
and a dark period of 6 hours. Leaves on the pri-
marv shoot were numbered in order to their appear-
aince and the stuidies were made with the middle
portion of leaf nine. The morphological ages of
leaves were determined by ulse of the leaf plasto-
chron index (L.P.I.). Leaves utsed in this investiga-
tion were selected at abou't L.P.I. 0.5. At this stage
the leaf lamina is characterized by 6 compact meri-
stematic layers of cells and active cell divisioln.
The dulrationi of 1 L.P.I. was on the average
3.4 days for the plants growln under specifiedl en-
vironmental coniditions. For estimation of plasto-
chroni ages (P.I.) of pliants and leavejs, the reader
is referred to Erickson and Michelini, and Erickson
(4,5).

The lnuclear volume was estimate(d from fixed
and sectioned tissue from camera lucida drawings
at various plastochronic ages of leaves. Nuclei
which approximated a sphere were selected for
this purpose.

\Iethyl labeled 3H-thvmidine wvas iicorporate(!
by a method of foliar absorption of the isotope. InI
this method, the intact Xanthimw plants were set in
an inverted position. The whole shoot with youig
leaves was suibmerged in 0.1 % Tween for abotut 1;
minuites to facilitate uptake of the isotope throuigh
the epidermal waxes (9). The wetting ageInt was

replacedI with the isotope for 4 hours. Air wxas
buibbled into the meditum to increase oxygeni coniceni-
tration. The time of growth in the isotope is re-
ferred to as the isotopic growth. After the isotopic
growth, the leaf was rinsed with distilled water,
and the plants were grown for 4 houirs in the
absence of the 3H-thymidine to allow time for
translocatioln and incorporation. This peridcl is re-
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ferred to as the postisotopic growth. The tissue
was cut into 4 ,u sections and stained with Feulgen.
Kodak Nuclear Track Emulsion NTB-2 was used
in autoradiography. Sliides were exposed for 2
weeks at 40 and processed according to established
autoradiographic techniques (8). A Bausch and
Lomb Whipple micrometer was used for grain
couints and estimation of the percentage of labeled
ntuclei in the lamina region between 2 veins. A
series of DN-ase experiments were performed to
check on the specificity of 3H-thymidine incorpora-
tion into nuiclear DNA.

The term average number of grains per labeled
nucleuts as used throulghout the text should be inter-
preted as the average number of grains per labeled
nuiclear section. Similarly, the percent of labeled
nutclei in actuality means the percent of labeled nu-
clear sections as seen oni a slide. In contrast, re-
ferring to the nuiclear voluime, the estimated number
of 3H-thymidine molecules and also the amount of
microcuries incorporated will be expressed per 74
I3 of the average labeled nucleus.

The analysis of data at various isotopic growth
periods and variotis specific activities are illustrated
in table I. The average number of grains per
nuicleus was estimated from leaves treated with the
isotope of various specific activities and concentra-
tions expressed as c/mmole and Juc/ml, respectively.
To consider a nucleus as liabeled, a minimal number
of grains per nucleus was established which was
significantly higher than the backgrouind of the
same area. The range of backgrotunid radiation was
between 0.2 and 0.4 grains per nucleuis. Nuclei
with 6 grains or more were considered as signifi-
cantly labeled. The straight lines in figure 3 were
fitted by least squares method, but the curves in
figure 4 were fitted by eye. To indicate the varia-
bili-ty of data the 95 % confidence intervals were
calculated. The rates of incorporation (dX/dt) were
calculated using 3-point formtula for numerical dif-
ferentiation (13).

Table I. Incorporation of 3H-T1ly;nidinc into Nulclear
DNA

Confi-
Isotopic Sp Nuclei Grains/ dence
growth act scored nucleus Intervals

Hrs c/mmole Total no Avg no ±
2.00 846 7.85 1.26

1 3.35 852 8.76 1.00
6.70 1080 9.67 1 6S

15.30 990 9.23 1.72

2.00 1736 18.10 1.60
4 3.35 733 15.91 1.59

6.70 890 17.05 1.69
15.30 778 20.77 2.14

2.00 663 20.95 1.86
8 3.35 488 16.60 1.70

6.70 615 18.65 1.72
15.30 712 24 02 3.45

Results and Conclusions

In quantitative autoradiography perhaps the
most useful approach in collecting data is the assess-
ment of the average number of grains per nuicleus
and the estimation of the average percent of labeled
nuclei. Both of these variables indicate a relative
amount of the radioactive precursor incorporated
into D:NA molecules. The percentage of labeled
nuiclei x-ill represent a relative number of cells in a
cell population engaged in DNA synthesis. The
number of grainis per nucleuis however, will be inl-
(licative of the amount of the radlioactive precursor
incorporated into nuclear DXNA of a single cell.

The a-erage percent of labeled nuiclei in figuire
2 increases linearly up to about 16 hours of isotopic
growth. This means that the rate of change in
nutimber of cells engaged inl DNA synthesis duirinig
this phase is constant. Fuirther curvature of the
lines indlicates a gradual (lecrease in the rate of
incorporation, and 48 hours of isotopic growth give
about 90 % of labeled nuclei. judging by the con-
fidence intervals, the lamina region near the vein,
represented oIn the graph by the dashed line, gave
a significantly higher percentage of labeled nuiclei
than the lamina region at some distance from the
vein. The average nuimber of grains per nucleuis
of the near-vein region was also significantly higher
than that of the lamina proper. One possible ex-
planation is that not all of the radioactive precuirsor
initially absorbed by the laminla cells was immedi-
ately incorporated inlto inluclear DNA. Some of this
precuirsor may have beeni translocated into the vas-
cullar system and additionally made available to the
dividing cells located near the veins. The niear-veini
region may be a metabolically distinct part of the
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FIG. 1. Autoradiograph of a cross section of Xan-
thium leaf is presented at L.P.I. 0.43. At this develop-
mental stage leaf lamina consists of about 6 layers of
meristematic cells. Only 4 layers are included on the
photomicrograph. Average diameter of a nucleus is
about 5.2,. The grains over some nuclei represent rela-
tive amounts of 3H-thymidine incorporated into DNA.
The leaf was treated for 4 hours with 10 *c/ml of the
radioisotope with specific activity 2 c/mmole.

815

4 J. -i ..AIL 0MIV4;0
0 ft

* W

e-t I
: % * t



PLANT PHYSIOLOGY

lamina, with higher rates of incorporation and mi-
totic turnover than any other part of the lamina.

The average number of grains (fig 3) increases
as a linear function of concentration of the radio-
isotopic soluition, expressed in ,uc/ml. A significant
fit was achieved for all the l'ines fitted by least
squares method. In all experiments the concen-
tration of 10 puc/ml, and four hours of isotopic
growth gave, on the average, abouit 20 % of labeled
nucl,ei, and 18 grains per average labeled nucleus,
which are suitable magnitudes for visual counts and
statistical computations.

A 7-fold increase in concentration gives only an
increase in grain counts by a factor of 2. It is
possible that with an influx of the exogenous 3H-
thymidine, some of it is pumped into the vascular
system, and is not immediately available for incor-
poration. A physiologically active plant organ in
this case deviates significantly from the theoretically
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FIG. 2. The average percent of labeled nuclei is
plotted vs. time of isotopic growth in hours, for the
lamina region near the vein and for the lamina region
at some distance from the veins.

expected stoichiometric relationship. Another in-
teresting observation based on figure 3 is the fact
that there is no significant difference among the
various specific activities as revealed by variance

analysis and chi-sqtiare tests. This leads to the
conclusion that variouis specific activities of 3H-
thymridine (2, 6.7, and 13.7 c/mmole) have no effect
upon the amo-unt of the radioisotope incorporated,
provided the amount of juc/ml is kept constant.

Figure 4 represents the average number of grains
per nucleus on the left ordinate and the rate of

8 - H -thymidine
o K L Specific Activity
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FIG. 3. The average number of grains per nucleus is
presented as a function of 3H-thymidine concentration at
different specific activities. The various specific activi-
ties represented by separate lines on the graph, had no
effect upon the amount of the radioisotope incorporation.

incorporation of 3H-thymidine per nucleus on the
right ordinate, plotted as a function of the isotop:c
growth. Since the variance analysis and chi-square
tests indicated no significant difference among the
various points at 1, 4, and 8 houirs of isotopic
growth, only one cuirve was fitted by eye, approxi-
mately over the average values of 4 specific
activities (2, 3.35, 6.7 and 15.3 c/mmole). The
average number of grains per nucleuis increases as
a logarithmic function of time of growth in 3H-thy-
midine. These data also support the conclusion
mately over the average values of 4 specific
activities had no effect upon the amotunt of tritiated
thymidine incorporated. The rate of incorporation
(dX/d't) in figure 4 is high during the first hour.
and it decelerates with the time of isiotopic growth.

Discussion

In the studies on incorporation of radioactive
precursors into nuclear DNA, one is confronted
with the complexity of this process. AnI exogeInous
molecule supplied from the mediuim has to cross
several membrane barriers; it is transported throuigh
the cytoplasm anid frequently is translocated to
distant tissues before being incorporated into nu-
clear DNA. This, of course, indicates that the
process of incorporation is composed of many steps
which are still not well understood, and for which
no single equ,ation can be proposed at the present
time. However, from kinetic studies, one can con-
clude that the whole process of incorporation, with
its component steps, occuirs in a controlled and
frequently predlictable fashion. To mention onlv a
few, it responds with a linear ftunction to external
concentrations of the isotope (fig 3) ancd with a
logarithmic function to the time of isotopic growth
(fig 4).

There are several points wN-hich should be dis-
cussed in rela,tion to figuire 2. It shouild be empha-
sized that the slopes of the lines representing the
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FIG. 4. Th-e av-erage number of grains per nucleus and

the rate of 3H-thymidine incorporation are plotted vs.
time of isotopic growth. The solid-line curve approxi-
mates a logarithmic function. Rates of incorporation are

high during the first hour, rapidly decelerating thereafter.

average percent of labeled nuclei would change
depending on the established criteria as to what
minimal number o,f grains should constitute a spe-

cificall) labeled nucleus. The cell population of
the lamina with 4 hours of isotopic grow;th has a

high frequiency of nuclei with 1, 2, 3, 4 and 5 grains
(11). To ratisfy the P<0.01 level of significance
with respect to the background radiation, it was

necessary to consider nuclei as labeled only if they
were associated with 6 or more grains. For P<0.05
level of significance it would be necessary to use

5 grains over 1 nucleus. If one would plot the
number of labeled nuclei with 5 grains or less

versus the time of isotopic growth, the slopes of the
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curves would become steeper depending upon the
selected criteria. A significant proportion of la-
beled nuclei with 5 grains or less was rejected in
figure 2 to assure 99 % certainty that the assessed
nuclei were specifically labeled. The percent of
labeled nuclei increases as a function of growth in
3H-thymidine. The duration of the isotopic growth
will affect the proportion of the cells going through
the S period. Since the average generation time
for Xanthifun cells is about 22 hoturs with an S
period of about 15.7 hours (6) one would expect
that after about 22 hours all cells that went through
that period should appear as labeled. However, a

100 % level of labeled nuclei in figure 2 was not
reached. One of the possibilities is that not all
cells are undergoing division in terms of DNA
synthesis during a period of 48 hours. Some of
these cells may be in a process of differentiation
or have already differentiated into specialized tis-
sues. This conclusion would be in agreement with
the cellular morphology of lamina development (10)
in the Xanthium leaf.

Quantitative autoradiography usually represents
relative measturements (14), but from grain density
data, if autoradiographic efficiency is known, it is
possible to calculate the absolute amount of the
isotope incorporated. The magnitude of error will
depend primarily on the autoradiographic efficiency.
Calculations based on the assumption that 20 dis-
integrations represent 1 grain (1,2, 15) reveal that
1.1 X 10-8 ,uc of the radioisotope was incorporated
per 74 '.3 of the average nucleus at 4 hours of
isotopic growth. An attempt was also made to
estimate the number of molecules incorporated into
DNA per 74 ~3 of the average labeled nutcleus
(table II). Af,ter 4 hours of isotopic growth, with
a concentration of 10 ,uc/ml and specific activity
of 2 c/mmole, a nucleus has incorporated a total

Table II. Incorporation of Thymidine and 3H-Thymidine Molecules into Nutclear DNA

Total* No of
Isotopic Sp no of dX/dt-Rate of 3H-thymidine dX/dt-Rate of
growtth act molecules'105 incorporation* molecules. 105** incorporation**

No of tritiated thymidine
hrs c/mole No of molecules.105.hr'1 molecules-105-hr-1

2.00 17.80 12.40
3.35 10.63 7.00

1 6.70 5.31 3.60 1.201 0.850
15.30 2.33 1.60

2.00 33.45 2.85
3.35 19.97 1.75
6.70 9.98 1.10 2.256 0.190

15.30 4.33 0.27

2.00 39.51 0.70
3.35 23.56 0.40

8 6.70 11.79 0.15 2.665 0.055
15.30 5.16 0.12

* Labeled and unlabeled.
** The number of 3H-thymidine molecules and their rates of incorporation are approximately the sarr.e for each

s;pecific activity.
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of 3.34 X 106 thvmidin e molectules, of w%hich 2.25 X
105 were labeled. Assuiming that 1 tritiuim atom is
associated with 1 thymidine molecuile, anid that no
isotope effect is operative in the system, approxi-
mate ratios of 3H-thymidine to thymidine molecules
can be estimate(l. Specific activities of 2, 3.35,
6.7 anid 15.3 c/mmole give ratios of about 1 :14, 1:8,
1 :3 anId( 1:1 of labeled to tinlal)eledl molecuiles re-
spectively. The nutmber of tritiated molectules in-
corporated iinto inticlear D)NA remainis constant for
anry specific activity. Changes in the specific ac-
tivitv affect only the number of tunlabeled molecuiles
aind also the molar conicentrationi of the incubation
soluitioin. Increased molar concentrations restult in
higher rates of incorporationi of the total nutmber
of molectules. It is believed that the dlifferential
rates of tuptake anid incorporation are respon,sible
for the situation, where in 1 case, packages of 1:14,
aind in the other 1:1 packages of the labeled to
tilulabeled molecules are incorporated. This would
be possible in an tunsaturated system, in which the
exogenous supply of molectules is smaller than the
endogenous thymidine pool. It is hypothesized that
inder a satuirate(d condition one would expect a
(lecrease of 3H-thynridine incorporation, expressed
by a drop in the nuimber of grains per average
labeled nuicleuis. A cell caininot distinguish between
tritiated alnd inon-tritiated moieties. Increase in the
mnmber of carrier molecuiles should result in a
progressively smialler tuptake of the labeled mole-
ctules siice the probability law of random, selection
should be applicable in this system.

Cleaver and Ilolford (2) studied 3H-thymidine
incorporation iInto DNA of motuse L-strain cells.
Thev were intereste(d in the exogenouts and endog-
enilos thymi(line pools involved in DNA synthesis.
This investigation is limite(d to the kinetics of
incorporation. However, some parallels can be
dliscusse(l between the 2 stuidies. They concluded
that 3H-thymildine was incorporated continuiously
into DNA at a constant rate tip to 1 houir at
concentrations between 0.01 ancl 40 ,UM. At con-
cenitrations of the externlal medium higher than
2 u the incorporation mechanism appeared to be
satlr-ate(l and the incorporatioin rate was in(lependent
of the concentration of thy,midine in the external
nledlilni. C'onsidering the average inuimber of grains
per nulleuis, the exposuire time and(I the time of
isotopic growvth, the leaf cells (lisplay significantly
siialler rates of incorporation. Perhaps becauise of
the slugishiness of the system, a satuirationi level ill
leaf nuliclei w%as not reached wi,th 5 /uir thymidinie
concentrationi and(I 4 houirs of iniciubationl. This
wotul(l in(dicate that both (lifferenit physical barriers
and. physiological mechanisms may be operative in
the 2 systems, with similar kinetic patterns bult
different magnitude of rates.

One should realize that not only are there dif-
ferences between animal and plant tissues, but
there also are differences among various plant
organs such as roots and leaves. As evident from
the work of Wimber and Qu,astler (16,17) root

cells can be labeled efficiently with significantly
lower concenitrations of 3H-thymidine and a shorter
periodl of isotopic groxvth than the Xanthim,n leaf
cells.

It is believed that the observations reported in
this paper wvill be applicable in physiological stud(lies
of roots, stem apices and leaf development with
application of tritium labeled prectursors. They
also may prove valuialble in investigations (lealing
with niucleic aci(d metabolism of these planlt organis.
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