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Abstract. The roles of auxin and cytokinin in cell cycle
reactivation were studied during the first 48 h of culture
of mesophyll protoplasts dficotiana tabacumUsing
hormone delay and withdrawal studies we found that
auxin was required by 0—4 h of culture, whereas cytoki-
nin was not required until hour 10-12, which is 6-10 h
before S phase. Cycloheximide blocks division, indicat-
ing that protein synthesis is required. In an effort to de-

tect a molecular response to either hormone, we exam-

ined the expression of the cell cycle markedc2. Cdc2

vision in vitro (Das et al. 1956). They are also involved
in the regulation of cell division in vivo (Ferreira et al.
1991, Klee and Estelle 1991). Despite the importance of
these hormones, little is known about the molecular
events involved in their responses. In particular, we have
yet to identify the primary target of either hormone.

We have been studying the roles of auxin and cytoki-
nin in the reinitiation of cell division in cultures of to-
bacco mesophyll protoplasts. During the maturation of
tobacco leaves, mesophyll cells cease dividing when the

expression was detected by 12 h of culture, coincident |eaf ijs 25% expanded (Dhillon and Miksche 1981).

with the timing of the cytokinin requirement and well
before the entry into S. Howevecdc2 was partially

These cells are arrested predominantly in theRase of
the cell cycle (Galbraith 1984). When cultured in the

induced by either auxin or cytokinin alone, suggesting presence of auxin and cytokinin, tobacco mesophyll pro-
that cdc2 expression is not the primary target of either i4n)asts reinitiate the cell cycle and divide 48 h later.
hormone. Our hormqne delay expe_nments suggest thatDuring this period, tobacco mesophyll protoplasts pro-
there are separate signal transduction pathways leading,qgq through a series of predictable changes, which in-
from auxin and from cytokinin to reactivation of the cell  j,qe dedifferentiation, resynthesis of the cell wall, in-
cycle and that these pathways converge before S. Theyction of the cell cycle, and activation of a wound re-
underlymg mechamsms for these distinct pathways re- sponse (Cooke and Meyer 1981, Grosset et al. 1990,
main to be elucidated. Meyer and Cooke 1979, Nagata and Takebe 1970). Be-
cause large numbers of developmentally homogeneous
mesophyll protoplasts can be isolated and because the
reinitiation of cell division is dependent on auxin and
cytokinin, tobacco mesophyll protoplasts provide a
unique in vitro system for studying the hormonal control
of reinitiation of the cell cycle.

Changes in gene expression are known to occur during
protoplast development. Using in vitro translation and
two-dimensional gel electrophoresis, it has been shown
that the synthesis of many new proteins is activated
(Fleck et al. 1980, Meyer et al. 1984b). However, leaf-
specific proteins, such as Rubisco, are no longer synthe-
sized (Fleck et al. 1980, Vernet et al. 1982). Auxin ap-
pears to play a role in regulating the expression of some
of these genes, activating the expression of some (Meyer
et al. 1984a) while inhibiting the expression of others
(Grosset et al. 1990, Meyer et al. 1984a). Using differ-
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Auxin and cytokinin play integral roles in the regulation
of plant development. One of the most fundamental ef-
fects of these hormones is their requirement for cell di-

Abbreviation: S phase, DNA synthesis phase of the cell cycle; BA,
benzyladenine; 2,4-D, 2,4-dichlorophenoxyacetic acid; NAA, naphtha-
leneacetic acid; TCA, trichloroacetic acid; PCR, polymerase chain re-
action; SDS, sodium dodecyl! sulfate; kb, kilobases; bp, base pair(s);
CDK, cyclin-dependent kinase;,Gphase of cell cycle between M and

S phases; G phase of cell cycle between S and M phases; M phase,
mitosis phase of the cell cycle.
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ential screening of a cDNA library, Takahashi et al. volume of 10% TCA was added. An aliquot was removed to determine
(1993) have identified several gengs(A, B, Q whose [*H]thymidine uptake. As a carrier, salmon sperm DNA was added to
transcription is auxin dependent and occurs early in pro- thetre]?ttr‘]’f the Salmp'e such tha(; tt:e f'”f:: Conlcen”f‘?‘é'oan’l‘;as 2'18 A)é;;e
toplast development. The product pérB is a glutathi- ¢St ©f the sample was passed through a glass fiber filter (type e
Stransferase. which coniugates alutathione to xeno- Gelman Instrument Co., Ann Arbor, MI, USA), rinsed twice with 5%
O_ne_ ' Jug g TCA and three times with 95% ethanol. The filters were dried, and the
E'OUCSf(TﬁkahaSh' etal. 1?9313"Aadndaarc z;l]re mlem- radioactivity was determined by liquid scintillation counting. All
ers of the same gene family and show homology to samples were done in duplicate.
several genes identified in other plants, one of which Incorporation of fH]thymidine into TCA-precipitable material was
shows glutathion&-transferase activity (Takahashi et al. corrected for $H]thymidine uptake in the following manner. In each
1995). However, the product @iarA is localized in the experiment, the sample vyith the greatest uptake was arbitrarily sgt to
nucleus and also shows homology to a 24-KEBaheri- tl-ot-h”t‘i Cot%“ts takeln “p_;ﬂ fﬁCh of t:‘e ?thetr T(am$Le_s were ”Ormt"_""zefd
chia coli protein that binds to RNA polymerase (Taka- '© & o the sampie wilh he greatest uptaxe. 'his gave a rafio o
hashi et al. 1995). It is possible that the prodpatA is uptake for each sample. Then, for each sample the courftithy-
. ved i : { " i p | lati prodp midine incorporated was divided by the uptake ratio. This gave incor-
Involvea In transcriptional regulation.

poration corrected for uptake.
Although auxin is known to stimulate expression of  The timing of nuclear division was determined by acetocarmine
genes during protoplast culture, it has not yet been de- staining of protoplast samples at different times during culture and
termined if protein synthesis is required for division or if measurement of the percentage of cells in the sample which had un-

the expression of genes identified so far correlates with dergone one or more nuclear divisions. Cells that had divided were

the requirement for auxin or cytokinin. The current study

seeks to address these issues. First, experiments wer

identified by the presence of crosswalls and by the presence of a
nucleus in each daughter cell. Cells with visible chromosomes, or

gnaphase or telophase mitotic figures, were also scored as having di-

designed to determine the precise timing of the auxin and yigeq. Cells that had not divided contained no crosswalls and only a

cytokinin requirements for reinitiation of cell division.
Second, we determined the timing of expression of the
cell cycle gene cyclin-dependent kinase {82 Deter-
mination of the timing of the hormone requirement and
expression ofcdc2 will facilitate determination of the
primary action of cytokinin.

Materials and Methods

Tobacco Plants and in Vitro Culture

Tobacco plants Nicotiana tabacumvar. Xanthi) were grown in a
growth chamber under a 16-h light/8-h dark cycle (light intensity 250
wEm™ s1), 60% constant humidity, and at 25°C. Mesophyll proto-
plasts were isolated from leaves 8-10 cm long as follows. The leaves
were sterilized by treatment with 10% commercial bleach for 6 min and
rinsed three times with sterile water for 3 min each. Leaf peels were
digested in CPW salts (Frearson et al. 1973) containing 0.1% Cellul-
ysin (Calbiochem Corp., La Jolla, CA, USA) and 0.02% Pectolyase
Y23 (Kanematsu Inc., Los Angeles, CA, USA). After a 10-h digestion
the protoplasts were separated from cellular debris by flotation on 18%
sucrose, washed to remove excess sucrose, and culturegGirkg
salts and vitamins (Nagy and Maliga 1976) plus OmiBlucose] con-
taining cytokinin [0.2 mg litet* benzyladenine (BA)] and auxin [0.1
mg liter* 2,4-dichlorophenoxyacetic acid (2,4-B 1 mg L™* naph-
thaleneacetic acid (NAA)]. In some experiments, cytokinin, auxin, or
both were omitted from the culture medium.

Determination of DNA Synthesis and Timing of
Nuclear Division

DNA synthesis was measured by incorporation #f]fhymidine into
trichloroacetic acid (TCA)-precipitable material as described by Zelcer
and Galun (1976). Briefly, .Ci of [°*H]thymidine (50 Ci/mmol, ICN
Radiochemicals, Costa Mesa, CA, USA) was added to samples of 2.5
x 10° protoplasts. After a 1-h incubation, the protoplasts were pelleted,
washed twice with KG medium, resuspended in;&, and an equal

single nucleus. Finally, cells that lacked crosswalls but which had

multiple nuclei were scored as having divided. The first divisions of

tobacco protoplasts often result in the formation of some multinuceate
cells because karyokinesis is not always followed by cytokinesis (Gal-
braith et al. 1981). Because some protoplasts undergo fusion during
protoplast isolation, a fraction of freshly isolated protoplasts is ob-

served to be multinucleate. In our protoplast isolates, no more than 5%
(usually less than 2%) of the freshly isolated protoplasts were multi-

nucleate.

Hormone Delay and Withdrawal Studies

Protoplasts were cultured ing& containing auxin (NAA + 2,4-D) or
cytokinin (BA). At 13, 18, and 24 h after culture, the protoplasts were
pelleted, washed twice with JG, and resuspended in medium contain-
ing auxin and cytokinin. At each time point, control samples (proto-
plasts cultured in both auxin and cytokinin) were also pelleted, washed
twice with K;G, and resuspended in medium containing auxin and
cytokinin.

For cytokinin withdrawals, protoplasts were cultured ig&con-
taining auxin and cytokinin. At 10, 19, and 24 h of culture the proto-
plasts were pelleted, washed twice, and resuspended in 10 mi®f K
medium containing auxin only or auxin and cytokinin. The controls
were cultured in auxin and cytokinin, and at each time point they were
treated as described above except they were resuspended in auxin and
cytokinin. The fraction of cells that had undergone nuclear division was
assessed every 12 or 24 h. Nuclear divisions were visualized as de-
scribed above.

RNA Isolation

Total RNA was isolated following the procedure of Wadsworth et al.
(1988). Samples of 1-2 x $@rotoplasts were washed once in 10 mL
of K;G and taken up in 1 mL of extraction buffer (100unTris-HCI,
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20 mwv aurintricarboxylic acid, 200 m LiCl, 100 mv EDTA, and 100 14 em B — — 2

mm 2-mercaptoethanol). Diethylpyrocarbonate was added at a concen-

tration of 0.36 mL/mL of extraction buffer. The protoplasts were ho- 14 cm M — — 4

mogenized using a glass homogenizer set in ice. The mixture was

extracted three times with 1 mL of phenol/chloroform/isoamyl alcohol 14 em T — —_ 3

(50:48:2) and then precipitated with an equal volume of cold (4°@) 6

LiCl. After a 1-h incubation on ice, the RNA was pelleted and then

washed three times with ice-coldvBLICl, dissolved in 2% potassium 10 cm B — - 6

acetate, and precipitated on ice with a final ethanol concentration of

71%. RNA concentrations were determined spectrophotometrically. 10 ¢m M — — 4
10 cmT — — 5

Probes for Northern Hybridizations

Clones ofArabidopsis thaliandistone H3 (clone A713) and H4 (clone ScmB— ! — 119

A748) genes were obtained from Dr. C. Gigot (IMBMP-CNRS,

France). A soybean 25 S ribosomal gene clone (pGmR1) was obtained SemM— — 45

from Dr. E. Zimmer (Department of Biochemistry, Louisiana State

University, Baton Rouge, LA, USA). The histone and 25 S probes were SemT— s — 14

labeled with either{?P]dCTP or f2P]JdATP (NEN Life Sciences, Inc.,

Boston, MA), by the random primer method (Feinberg and Vogelstein

1983). Thecdc2 probe was prepared, in the presence of either JemW — . — 100

[32P]dCTP or P?P]dATP (Schowalter and Somer 1989), by amplifica-
tion of a subcloned PCR-generated tobacdo2 fragment. The two
oligonucleotides used for preparation of the probe were: 5
GGTGAAGGAACTTACGGTGT-3 and B-TTCTTTCAAGAGG-

Fig. 1. Northern analysis of histone H4 expression in tobacco leaves of
different sizes. Temg of total RNA was applied to each lane. A clone
of the A. thalianahistone H4 gene was used as a probe. filnabers

GAGATTTC-3.. I : .
above each sample represent quantified histone H4 expression normal-
ized to the value obtained for the 3-cm leaf samfle.M, and B
represent leaf tip, middle, and base, respectivélyrepresents whole
Northern Blot Hybridization leaf.

Each 10pg sample of total RNA was mixed with [LL of 0.4 pg/uL . ) ) ) o
ethidium bromide, heated to 65°C for 10 min, separated on a 1.7% Sion of the most abundant histone variants is replication

agarose/6% formaldehyde gel, and transferred to nitrocellulose as de-dependent in plants (Kapros et al. 1992). Thus, we have
scribed by Sambrook et al. (1989). The filters were prehybridized over- ysed changes in the level of histone mMRNAs to determine
night 314550 in 58% fo”}?amige{ Ot-)l"f/;’ SDSA 2 ; Sosf' 5;‘ DLe;hafdt’s when cell division ceases during leaf development.
reagent, m soaium osphate burter, 0, 0.1 mg/m eparin .
(Sigma Chemical Co., gt. Lguis, MO, USIZ), 0.1 mg/ml_gyeast tENA RNA .Was ISO.Iated from leaves 3-14 cm Iong, and
(Sigma), and 0.01 mg/mL poly(A)RNA (Sigma). Hybridization was expression Of. histones H3 and H‘} was determined by
carried out at 42°C for 18-24 h. After hybridization the filters were NOrthern blotting. The results for histone H4 are shown
washed. The final wash consisted of 0.1 x SSC and 0.1% SDS and wasin Fig. 1. Similar results were obtained for H3 (data not
done at 42°C. Hybridizations were visualized and quantified using a shown). The histone H4 probe hybridized to a single
Betascope 603 blot analyzer (Betagen Corp., Waltham, MA, USA). pand on the blot. Based on the sizes of the 25 S (3_5 kb,
After visualizatiorz, the filters were washed _in 0.05% SSC gnd 0.1% Perry and Palukaitis 1990) and 18 S (1.8 kb, Schmidt-
il;rsogogdl. h at 65°C to remove thegbe. The filters were air dried and Puchta_ et gl. 1989) ribosomal' RNAs, the tobacpo H4
The amount of MRNA present was expressed as the percentage oftf@NSCripts Is about 680 nucleotides. Thethalaniahis-
hybridization to the 3-cm leaf (in the leaf studies) or the 24-h auxin + tone H4 transcript is known to be 700 nucleotides
cytokinin sample (in the protoplast studies). The counts per minute (Chaboute et al. 1988).
hybridized to the 3-cm leaf or 24-h auxin + cytokinin sample was Histone H4 expression declined rapidly as the leaves
arbitrarily set at 100%. grew beyond 5 cm in length, and it declined faster at the
tip of the leaf than the base; this follows the known
pattern for the cessation of cell division during tobacco
Results leaf development (Digby and Firn 1985). Leaves 10 cm
long had only 4-6% as much H4 mRNA as leaves 3 cm
long. Leaves 14 cm long had slightly lower histone
mMRNA levels, but the yield of protoplasts was substan-
Because our aim is to study the hormonal regulation of tially lower than that from 10-cm leaves. Because the
cell cycle reactivation, it is important to determine the 10-cm leaves met our criterion of containing predomi-
extent to which leaf cells used for protoplast isolation nantly nondividing cells, we used 10-cm leaves for pro-
have ceased progressing through the cell cycle. Expres-toplast isolation for the remainder of the experiments.

Identification of Tobacco Leaves in Which Cell
Division Has Ceased
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0 — - Fig. 3. Time course of DNA synthesis in tobacco mesophyll protoplasts
and its dependence on hormones. Protoplasts were cultured as in Fig. 2
10 20 30 40 50 60 70 (all symbols are the same) and were labeled wittjthymidine for 1

h just before sampling. All samples were done in duplicB@nel A,
uptake of fH]thymidine. After PH]thymidine labeling, the protoplasts
were washed, resuspended ipG<medium, and TCA was added. An
aliquot of protoplasts was used to determine uptake. The data are
expressed as the total counts taken up by 20,000 protopReste! B,
incorporation of $H]thymidine. The rest of the sample panel Awas

Hours

Fig. 2. Time course of nuclear division in tobacco mesophyll proto-
plasts cultured with and without hormones. Protoplasts were isolated
from 10-cm leaves and cultured from time zero ig&medium supple-

mer;ted W|thk_al_1xm de _cyltoklmnsd(Jhd sr(‘]uare}s auxin only {ri- passed through a glass fiber filter and rinsed with TCA and ethanol.
angles, cytokinin only ircles), an. no 'or_monesopen squa}re)s . The data are expressed as the total number of counts incorporated into
Protoplasts were sampled at the times indicated, fixed, stained with TCA-precipitable material/20,000 protoplasBanel C,incorporation

acetocarmlpg, and the perqentagt_a of protoplasts that had undergoneof [®H]thymidine after normalization of the data for uptake. The incor-
nuclear division was determined visually.

poration shown irpanel Bwas corrected for uptake as described in the
Materials and Methods section.

Nuclear Division and DNA Synthesis in Protoplasts

Isolated from 10-Centimeter Leaves [H]thymidine incorporation at 24 h as did protoplasts

In a typical batch of protoplasts cultured in complete cultured in complete medium (FigB3. This incorpora-
medium (i.e. containing both auxin and cytokinin), tion dropped to low levels by 36 h in these protoplast
nuclear division began at about 36 h of culture (Fig. 2). samples.

By 72 h, 58% of the protoplasts in complete medium had ~ The results described above show thit]fhymidine
undergone at least one nuclear division; 11% had divided incorporation parallels uptake for protoplasts cultured in
twice. If either hormone was omitted from the medium, auxin alone, cytokinin alone, or in no hormones. How-

the protoplasts did not divide. ever, incorporation was highest for protoplasts cultured
The timing of DNA synthesis was assessed at 12-h in auxin plus cytokinin even thougffHijthymidine up-
intervals by pulse labeling with’H]thymidine. Both up- take was significantly lower in these protoplasts than it

take and incorporation offH]thymidine were measured. Was in those cultured in cytokinin alone or in no hor-
Uptake was high for the first 24 h of culture and then mones. These data suggest that the incorporation of
declined dramatically by 36 and 48 h (FigA)3 This [*H]thymidine is limited by uptake. Therefore, we nor-
trend was observed in all hormone combinations. How- Malized the incorporation data for the amountif]thy-
ever, uptake ofJH]thymidine during the first 24 h was  Midine uptake in each sample compared with the sample
about 60% higher in protoplasts cultured in media lack- having the highest uptake (i.e. the 12-h sample cultured
ing hormones or containing only cytokinin compared in the absence of hormones). The results are shown in
with media containing auxin alone or both auxin and Fig. 3C. When plotted in this manner the data indicate
cytokinin. By hours 36 and 48, the uptake SfJthymi- only low levels of DNA synthesis in protoplasts cultured
dine was much less hormone dependent. Incorporation ofin the absence of auxin or cytokinin or both.
[®H]thymidine into TCA-precipitable material was low at

12 h and peaked at 24 h in all samples (Fi§).3The

greatest incorporation was observed for protoplast Effects of Delayed Auxin or Cytokinin Addition

samples cultured in media containing both auxin and gn Mitosis

cytokinin. These data suggest that DNA synthesis begins

by 24 h in protoplasts cultured in complete medium. Earlier work (Meyer and Cooke 1979) showed that cy-
Protoplasts cultured in media containing only auxin had tokinin is required later during protoplast culture than
low levels of PH]thymidine incorporation (Fig. B). auxin, but the precise timing of the hormone require-
However, protoplasts cultured in the absence of hor- ments is not known. To determine when each hormone
mones or in cytokinin alone showed 55-65% as much acts, we cultured protoplasts in media lacking either
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00 Table 1. Timing of the auxin and cytokinin requirements during to-
. A B bacco mesophyll protoplast culture as calculated from the hormone-
S 801 delay experiments. Protoplasts were cultured y&Knedium contain-
E ing auxin only (cytokinin delay) or cytokinin only (auxin delay) for 13,
'ﬁ 607 18, or 24 h. Then the protoplasts were washed, resuspended in complete
g 401 medium containing both auxin and cytokinin, and the fraction of pro-
§ toplasts that had divided was measured every 12 h. The number of
A 201 hours that division was delayed was calculated by subtracting the num-
- ber of hours it took the controls (protoplasts cultured continuously in
0- T T o T complete medium) to reach 20% division from the number of hours it
0 20 :Iooufg 80 0 20 I‘-‘I(:)ug: 80 100 took the hormone-delayed samples to reach 20% division. The timing
of the hormone requirement was calculated by subtracting the number
100 C D of hours nuclear division was delayed from the number of hours auxin

or cytokinin was withheld from the protoplasts. The data are presented
as the averages * the standard deviation for three to six replicates for
each treatment.

®
[—]

=
2
£ 60
B
< 40 Hormone and No. of hours division Timing of hormone
] hours delayed was delayed requirement (h)
g 20 ,
A Auxin
0 & DN 13 9.4+49 3.6
0 20 40 60 8 O 20 40 60 80 100 18 17.8+10.0 0.3
Hours Hours 24 36.8+10.1 0.0
Cytokinin
Fig. 4. Effect of a delay in auxin or cytokinin addition on the timing of 13 43+6.7 9.0
nuclear division. Protoplasts were cultured igG<medium containing 18 53+3.0 12.7
cytokinin (panels AandB, triangle9 or auxin panels CandD, circles), 24 16.3+4.6 7.7

or both auxin and cytokininsplid squaresin all paneld. At 18 h
(panels AandC) or 24 h panels BandD) of culture, the protoplasts
were spun down, washed, and resuspended 48 Kontaining both
auxin and cytokinin. The fraction of protoplasts that had divided was
determined every 12 h. division was delayed, showed that delay time had a sig-
nificant effect £ = 15.845,p < 0.0002). Post hoc com-
parisons of 13- vs 24-h and 18- vs 24-h delays are sta-
auxin or cytokinin for 13, 18, or 24 h; then the proto- tistically different for both auxin and cytokininp(<
plasts were centrifuged, resuspended in complete me-0.0007 anc < 0.01 for auxin, respectivelyg < 0.02 and
dium, and the timing of mitosis was determined. The p < 0.03 for cytokinin, respectively). Post hoc compari-
results of typical 18- and 24-h delay experiments are sons of 13- vs 18-h delays were not significantly differ-
shown in Fig. 4. Statistical analysis of these results was ent for either hormone. The two-way ANOVA also
complicated by the fact that the onset of mitosis could showed that auxin and cytokinin affect the protoplasts
vary by as much as 12 h in different batches of proto- differently (F = 18.883,p < 0.0005).
plasts. To solve this problem, the time required for the = These hormone delay studies indicate that auxin is
initiation of mitosis in each sample of treated protoplasts required at least by the 4th hour of culture and may be
was normalized by subtraction of the time required for required from time zero. Cytokinin is not needed until
the initiation of mitosis for a parallel sample of control later, sometime between 7.7 and 12.7 h of culture. Cy-
protoplasts cultured in complete medium. Then, to cal- tokinin withdrawal experiments were used to examine
culate the timing of the hormone requirement, we sub- more carefully the timing of cytokinin action. Protoplasts
tracted the number of hours mitosis was delayed from the were cultured in complete medium and then switched to
number of hours auxin or cytokinin addition was de- medium containing auxin as the only hormone after 10,
layed. The results of these calculations are shown in 19, or 24 h. Fig. B shows that the protoplasts did not
Table 1. divide if they were switched into auxin-only medium at
We found that a delay in auxin addition had a greater hour 10. This result refines the conclusions of the hor-
effect on division than a delay in cytokinin addition. mone delay experiments; it appears that cytokinin is not
When protoplasts were cultured in cytokinin alone and required until after 10-12 h of culture. As Figd Shows,
auxin was added after 13 h, nuclear division was delayed when cytokinin was removed from the medium at hour
by 9.4 h. Delaying auxin addition for 18 or 24 h delayed 19 of culture, there was a 50% decrease in the number of
nuclear division for 17.8 and 36.8 h, respectively. By protoplasts that divided compared with the controls. Re-
contrast, delaying cytokinin addition for 13, 18, or 24 h moval of cytokinin at 24 h resulted in a smaller reduction
delayed mitosis for 4.3, 5.3, and 16.3 h, respectively. A in the number of cells that divided. When these cultures
two-way ANOVA, performed on the number of hours were observed for 120 h, only 3-6% of the protoplasts



226 S. A. Carle et al.

100 A B ¢ complete 80
- 80 mno ch
£ S g0/ A-ch@16h
£ 601 ~-ck@24h ‘n och
= ~complete =
£ 40 ~.ck@19h 5
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& v~ ck @10h g
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Hours Hours
Fig. 5. Effect of removing cytokinin from the medium on the timing of 0.
nuclear division. At 10, 19, or 24 h of culture, protoplasts cultured in 40 60 80 100 120
complete medium were spun down, washed twice, and resuspended in Hours
medium lacking cytokinin. The fraction of protoplasts that had divided
was determined every 12 Ranel A,cytokinin (ck) withdrawal at 10 h Fig. 6. Effect of cycloheximide on the timing of nuclear division.
of culture olid triangleg. Control, protoplasts cultured continuously  Protoplasts were cultured,& medium containing auxin and cytokinin
in complete mediumsplid squareys Panel B,cytokinin withdrawal at plus cycloheximide¢h) from time zeroOpen squaressycloheximide
19 h (solid triangleg and 24 h ¢pen triangle} of culture. Control left in the medium continuoushySolid triangles,cycloheximide was
protoplasts cultured as ipanel A(solid squarep washed out of the medium after 163vlid squaresgontrol protoplasts

cultured without cycloheximide. The data plotted for the cycloheximide
removal are the average of two replicate samples. The fraction of

L . . protoplasts that had divided was determined every 24 h.
divided a second time whereas protoplasts cultured in

complete media had formed colonies by 120 h of culture.

moter. However, after 72 h in culture GUS is expressed
by protoplasts cultured in media containing auxin plus
cytokinin. Setiady et al. (1996) found thatlc2 is ex-
Previous studies have shown major changes in the pat-pressed constitutively in synchronized tobacco BY-2
tern of gene expression during protoplast development cells; however, expression ofic2 declines when these
(Fleck et al. 1980, Meyer et al. 1984a, 1984b, Vernet et cells stop dividing. These data suggest tt@dt2expres-
al. 1982). Although changes in gene expression occur sion may be critical for cell cycle reactivation.
during protoplast development, it is not clear if proto- Probes prepared frorArabidopsis cdcZlones were
plast development requires new gene expression. Asunable to detectdc?2 transcripts on Northern blots of
shown in Fig. 6, we found that protoplasts cultured in the RNA from young leaves or shoot tips of tobacco. We
presence of cycloheximide did not divide, and when cul- therefore used PCR to clone a tobacda2homolog for
tured in cycloheximide for just the first 16 h their divi- use in Northern blotting. Primers were designed to match
sion was delayed by 15-20 h. These data suggest thathe conserved ends of the ATP binding site and the
protein synthesis is required for protoplast development PSTAIR region of theArabidopsis cdc2@yene (Ferreira
and that activation of new gene expression is required et al. 1991). These regions correspond to the conserved
early in protoplast development. At this time, it is not amino acids GEGTYG and REISLLKE, respectively
known what genes may be activated or what roles they (Miao et al. 1993). The primers were used to amplify a
may play. portion of thecdc2 gene from tobacco genomic DNA.
The resulting 130-bp fragment was subcloned and se-
quenced (data not shown). The deduced amino acid se-
Timing of Cyclin-dependent Kinase 3% Expression quences of our tobacco fragment and a previc_)usly iso-
lated tobaccacdc2 gene (Setiady et al. 1996) differ by
It has been difficult to determine the primary targets of one amino acid. The amplified tobaccdc2 gene frag-
auxin and cytokinin in protoplasts because of batch to ment contains the conserved PSTAIR motif found in all
batch variations, which can shift the timing of division cdc2genes.
by several hours. A molecular marker whose expression  Northern blots of RNA isolated from tobacco leaves
is activated coincident with the timing of the hormone and protoplasts were probed with the tobacdo2frag-
requirement would facilitate the determination of the tar- ment. Thecdc2 probe hybridized to two bands on the
gets of auxin and cytokinin. Hemerly et al. (1993) blot. The strongest hybridization was to a message about
showed that GUS is not expressed in freshly isolated 1.6 kb in length. Thecdc2 messages from tobacco and
mesophyll protoplasts of transgenic tobacco plants car- other plants are approximately the same length (alfalfa,
rying the GUS gene driven by thrabidopsis cdcro- 1.4 kb, Hirt et al. 1991Arabidopsis,1.4 kb, Ferreira et

Requirement for Protein Synthesis
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Fig. 7. Time course ofcdc2 and histone H3 expression in tobacco  Fig. 8. Panel A,Quantified data for expression ofic2(solid barg and

mesophyll cells cultured in G medium containing both auxin and  histone H3 §triped bar3 in tobacco mesophyll protoplasts cultured in

cytokinin. Tenpg of total RNA was applied to each lane. A PCR-  auxin (@u) and cytokinin ¢k). The data represent quantified expression

amplified cdc2tobacco fragment and a clone of thethalianahistone of the Northern blots shown in Fig. Panel B,effect of hormones on

H3 gene were used as probes. cdc2 expression. Protoplasts were cultured for 24 h yGKmedium
containing both auxin and cytokinirthjck striped bary auxin only
(white ba), cytokinin only plack bap, or no hormonestlin striped

. . . bar). Panel C,effect of hormones on histone H3 expression. Symbols
al. 1991; rice, 1.5 kb, Hashimoto et al. 1992; petunia, 1.4 are the same as ipanel B. Samples were normalized to the 24-h

kb, Bergounioux et al. 1992; tobacco, 1.4 kb, Setiady et sample in complete medium.

al. 1996). Expression afdc2in 10-cm leaves was two-

fold lower than in 3-cm leaves (data not shown). In

freshly isolated protoplastgdc2 expression was four-  uptake was high so was incorporation. These data sug-
fold lower than in 10-cm leaves. As shown in Figs. 7 and gest that {H]thymidine incorporation is driven by uptake
8A, cdc2was activated in protoplasts by 12 h, and an in these samples. By contrast, the incorporation of
increase in histone expression was not detected until 18[*H]thymidine into DNA was higher at all time points in

h. No increase ircdc2 expression was detected in pro- protoplasts cultured in complete medium than in those
toplasts cultured without hormones. However, proto- cultured in hormone-deficient media even though
plasts cultured in either auxin alone or cytokinin alone [*H]thymidine uptake was lower in complete medium.
showed a partial activation eflc2expression (Fig. B). We conclude that the increase ifH]thymidine incor-
This result contrasts with histone expression, which re- poration between 12 and 24 h in complete medium re-
quires the presence of both auxin and cytokinin (Fig. flects the onset of the S phase. When the incorporation
8C). data were normalized to take into account differences in
uptake, the timing of DNA synthesis was not changed,
but its hormone dependence was. The normalized data
indicate that DNA synthesis was low and did not change
over time for protoplasts cultured in the absence of auxin
When protoplasts were cultured in auxin and cytokinin, or cytokinin or both.

we found that fH]thymidine incorporation began be- Our histone H3 expression data provide independent
tween 12 and 24 h. These data confirm earlier observa-evidence supporting this view. Histone expression has
tions (Cooke and Meyer 1981, Takahashi et al. 1993) and been shown to increase during S phase in vegetative
indicate that DNA synthesis begins before 24 h of cul- tissues, suspension cultures, and protoplasts (Kapros et
ture. Galbraith et al. (1981) criticized the use ]thy- al. 1992, Lepetit et al. 1992). We found that the first
midine incorporation for the measurement of DNA syn- detectable increase in histone expression was at 18 h
thesis in protoplasts because of possible changes in in-when protoplasts were cultured in the presence of auxin
ternal thymidine pools during protoplast culture. For the plus cytokinin, and no increase in histone expression was
following reasons we believe oufH]thymidine incor- observed when protoplasts were cultured in the absence
poration data are reliable, particularly when incorpora- of either hormone. Thus, the timing and hormone depen-
tion is corrected for uptake. Like Cooke and Meyer dence of histone expression parallel our normalized
(1981), we observed that the uptake 8HJthymidine [H]thymidine incorporation data. Taken together, these
changes during culture and that uptake was highest fordata indicate that the protoplasts first enter S phase at
protoplasts cultured in the absence of auxin. However, about 18-20 h of culture and that entry into S requires
the incorporation of H]thymidine paralleled uptake for  both auxin and cytokinin. These data support recent ob-
protoplasts cultured in hormone-deficient media but not servations thatPetunia protoplasts also require both
for protoplasts cultured in media containing both auxin auxin and cytokinin for reactivation of the cell cycle and
and cytokinin. For protoplast samples cultured in hor- entry into S phase (Trehin et al. 1998).

mone-deficient media, wherfH]thymidine uptake was The PH]thymidine incorporation data do indicate that
low incorporation was proportionately low, and when some DNA is synthesized by protoplasts cultured in the

Discussion
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absence of either auxin or cytokinin. We found that the expected to divide a second time, and none did. Regard-
TCA-precipitable fH]thymidine recovered from proto-  less of the situation in & our results and those of Trehin
plasts cultured in cytokinin alone was solubilized by et al. (1998) point to a requirement for cytokinin before
treatment with DNase (data not shown). Thus, this the onset of S phase in mesophyll protoplasts, which is
[®*H]thymidine incorporation reflects real DNA synthe- not found in suspension culture cells. This difference in
sis. However, the relative magnitudes of DNA synthesis cytokinin requirement may reflect the fact that meso-
which occur in protoplasts cultured in hormone-deficient phyll protoplasts are nondividing when placed in culture
vs complete media cannot be known without measure- and have to reinitiate the cell cycle, whereas suspension
ment of the internal thymidine pools. If the thymidine culture cells are actively proliferating. The stress of pro-
pool expands during S phase then otif]fhymidine toplast preparation could also lead to an additional cyto-
incorporation data may underestimate the differences in kinin requiring step that is not seen in the other systems.
DNA synthesis. The DNA synthesized by protoplasts  Our data support and extend the suggestions of He-
cultured in the absence of auxin or cytokinin could re- merly et al. (1993) and Trehin et al. (1998) traic2
flect entry into S phase by a subpopulation of protoplasts, expression is activated before S phase; in fact, we de-
or it could be caused by DNA repair or replication of tected increasing levels afic2by 12 h of culture, which
organelle DNA. is 6 h before S phase. It is unclear whether tue2
The pattern of histone expression suggests that theexpression assayed here, or that studied by Hemerly et al.
majority of cells in tobacco leaves cease dividing by the or Trehin et al., represents a cyclin-dependent kinase
time the leaves are 10 cm long. This confirms earlier (CDK) involved in the G to S or the G to M transition.
cytological observations (Avery 1933, Dhillon and Mik- Tobacco contains at least twedc2like genes (Carle and
sche 1981). Galbraith (1984) found that 80% of the cells Bates unpublished results, Setiady et al. 1996), whereas
in mature tobacco leaves and freshly isolated protoplastsPetuniamay contain as many as foadc2like genes
contain a 2C level of DNA, thus the majority of cells are (Bergounioux et al. 1992). Because we used a region of
arrested in G Based on our3H]thymidine incorpora- high homology as a&dc2 probe, it is unlikely that the
tion and histone expression data, tobacco mesophyll pro-expression we observe is gene specific. However, the
toplasts take about 18-20 h to reinitiate the cell cycle, timing of cdc2expression and the lack of expression in
pass through G and enter S phase. Entry into S requires hormone-free media are consistent with this CDK having
both auxin and cytokinin, but our hormone delay and a role early in reinitiation of the cell cycle. Although the
withdrawal studies suggest that these hormones act attiming of cdc2 expression is coincident with the timing
different steps. Auxin is required very early; it is needed of the cytokinin requirement, the fact that it is partially
somewhere between 0@#d h of protoplast culture. Cy-  activated by either auxin or cytokinin alone suggests that
tokinin acts later; the initial cytokinin-requiring step oc- cdc2expression is not the primary target of either hor-
curs somewhere between 10 and 12 h of culture, which is mone. We found that auxin was slightly more effective
6-10 h before S phase. These data confirm and extendthan cytokinin in activatingdc2expression. Hemerly et
earlier observations in tobacco protoplasts (Cooke andal. (1993) observed the opposite relationship, whereas
Meyer 1981, Meyer and Cooke 1979) and more recent Trehin et al. (1998) found that auxin alone could not
observations irfPetuniaprotoplasts (Trehin et al. 1998). activatecdc2 expression inPetunia protoplasts. These
In contrast to these results, Zhang et al. (1996) and Lau- difference may reflect the fact that Hemerly et al. were
reys et al. (1998) report that cytokinin is required for the studying the expression of @rabidopsis cdcpromoter
completion of G in Nicotiana plumbaginifolisand to- in tobacco rather than a homologous tobacdo2 pro-
bacco BY-2 suspension culture cells, but it is not needed moter, or it may be because they assay@écRexpression
during G,. Our cytokinin delay experiments suggest that late during protoplast culture (72 h vs 24 h in our study).
mesophyll protoplasts do not require cytokinin for the Although Trehin et al. examined expressionaafc?2 at
first 13 h of culture. When cytokinin was withdrawn the same time we did, they used a nearly full-lengih2
from the cultures at 10 h none of the protoplasts divided, probe instead of a region of high homology to edic2
but if cytokinin was withdrawn at 19 h or 24 h 50% or genes. It is possible that differentic2 genes display
65% divided. Because 19 h is approximately at about the differential sensitivity to the hormones. Both our results
G,—S border in the fastest developing protoplasts, our and those of Trehin et al. (1998) show that both auxin
interpretation is that cytokinin is needed for completion and cytokinin were required for full expression aic?2
of G; and that protoplasts that had already entered Sin mesophyll protoplasts. These studies suggest that ei-
phase when cytokinin was withdrawn complete &d ther auxin or cytokinin alone may be sufficient to acti-
divide. It is also possible that by 19-24 h some of the vate the expression afic2;however, both hormones are
protoplasts had accumulated a sufficient store of cytoki- needed for full expression.
nin to get them through a cytokinin-requiring step in. G Most of the work on cell cycle reinitiation in meso-
However, if that were the case some of the protoplasts in phyll protoplasts has focused on the role of auxin be-
the 19- and 24-h cytokinin withdrawal samples would be cause auxin acts rapidly in this system and induces gene
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expression (Meyer et al. 1984a, Takahashi et al. 1993). Digby J, Fim R (1985) Growth substances and leaf growth. In: Baker
However, understanding the role of plant hormones dur- N, Davies W, Ong C (eds) Control of leaf growth. Cambridge
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. h h . | (1992) Cytokinins and auxins control the expression of a gene
experiments suggest that there are separate signal trans- in Nicotiana plumbaginifoliacells by feedback regulation. Plant

duction pathways leading from auxin and from cytokinin Cell 4:451-461

to reactivation of the cell cycle machinery and that these Enness R, Roitsch T (1997) Coordinated induction of mRNAs for
pathways converge in mid ®f the first cell cycle. The extracellular invertase and a glucose transporte€lenopo-
observation that both auxin and cytokinin partially in- dium ruburmby cytokinins. Plant J 11:539-548
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. s . Anal Biochem 132:6-13
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feedback inhibition of the auxin response pathway. This Fleck J, Durr A, Fritsch C, Lett MC, Hirth L (1980) Comparison of
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