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We have described the modulation of four auxin-regulated genes 
during the growth cycle of suspension-cultured tobacco (Nicotiana 
tabacum [LI var White Burley) cells. l h e  genes were transiently 
expressed 2 to 8 h after transfer of stationary phase cells to fresh 
medium, during the transition from the quiescent phase of cells 
leaving the mitotic cycle to the synthesis phase of the cell cycle. 
After this transient induction, the cells showed a decreased sensi- 
tivity to auxin. Although the expression pattern suggests that in- 
duction of these genes might be important for cell division, over- 
production of antisense mRNA for one of these genes (pCNT103) 
did not influence cell division in transgenic tobacco cells. Further- 
more, stimuli such as salicylic acid were capable of inducing gene 
expression but were unable to restore cell division. Although these 
data do not conclusively exclude a role for these genes in cell 
division, their significance in this process is  discussed in view of 
their homology with other auxin-induced genes and in view of the 
specificity of hormone-induced early responses. 

Plant hormones are known to have pleiotropic effects on 
growth and development. For example, the naturally occur- 
ring auxin, IAA, influences cell division, cell elongation, and 
differentiation. A variety of early events (time scale: seconds 
to hours) preceding the biological response to auxin has been 
described (Brummell and Hall, 1987). However, the specific- 
ity of these early responses and their significance for the 
occurrence of the biological response are in general far from 
clear. For instance, the stimulation of proton extrusion and 
the hyperpolarization of the plasma membrane potential are 
well-described rapid auxin effects. Recently, however, it was 
shown that both growth-promoting auxins and growth-in- 
active structural analogs were capable of inducing these 
processes (Felle et al., 1991; Peters and Felle, 1991), demon- 
strating that stimulation of the proton pump is a rather 
unspecific effect of auxin, although the activation of the H+- 
ATPase is indispensable for the occurrence of cell elongation. 

During the past few years, a number of research groups, 
including our own, have studied early effects of auxins on 
the induction of specific proteins and mRNAs (for recent 
reviews, see Guilfoyle, 1986; Theologis, 1986; Key, 1989). 
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Auxin-responsive genes that respond within minutes after 
hormone treatment have been cloned and characterized 
(Hagen et al., 1984; Theologis et al., 1985; McClure and 
Guilfoyle, 1987; Van Der Zaal et al., 1987a; Ainley et al., 
1988; Takahashi et al., 1989). 

In our laboratory, we found that when adding auxins to 
auxin-starved cells in cell cultures from tobacco (Nicotiana 
tabacum), a number of mRNAs are rapidly induced before 
renewed cell division activity. For one of these genes, 
pCNT103, a high correlation wa5 observed between the dose- 
dependent auxin-specific mRNA accumulation and cell divi- 
sion (Van Der Zaal et al., 1987a). 

In this paper, we report a detailed study of the modulation 
of some of these genes (i.e. pCNT103, -107, -114, and -115) 
during the growth cycle of an initially synchronized cell 
culture (Van Der Zaal et al., 1987b). We show that the genes 
are transiently induced in an auxin-dependent manner during 
the transition of cells from Go to S. Although this suggests a 
role for these genes in the auxin-signal transduction pathway 
leading to cell division, we found that using antisense tech- 
nology to suppress pCNTlO3 mRNA apparently has no effect 
on auxin-induced cell division. In addition, we found that 
nonmitogenic stimuli such as SA are able to induce pCNT103 
and related mRNAs. These results are discussed in relation 
to the specificity and significance of early auxin-induced 
genes, with particular emphasis on cell division. 

MATERIALS AND METHODS 

Cell-Suspension Cultures 

Nicotiana tabacum [L.] (var White Burley) cell-suspension 
cultures were grown on Linsmaier-Skoog (Linsmaier and 
Skoog, 1965) medium containing 0.22 ~ L M  2,4-D. To maintain 
the cultures, early-stationary phase cells were transferred 
after 7 d to fresh medium with the same 2,4-D concentration 
(LT 0.05 cell lines, maintenance culture). The cells were auxin 
starded by growing them on hormone-free medium (0.0 cells) 
for 5 d, as described by Van Der Zaal et al. (1987b). 

Abbreviations: FC, fusicoccin; Go, quiescent phase of cells leaving 
the mitotic cycle; GST, glutathione S-transferase; GUS, p-D-glucuron- 
idase; PR, pathogenesis related; S, synthesis phase of cell cycle; SA, 
salicvlic acid. 
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For short-term experiments (24 h or less), cells were grown 
in 250-mL Erlenmeyer flasks containing 50 mL of medium at 
25OC in the dark on a gyratory shaker (120 rpm, 5 cm 
displacement). For long-term experiments (7-8 d), cells were 
grown in a 3-L turbine-stirred round-bottom fermenter (Ap- 
plicon) containing 2.5 L of medium. The temperature was 
maintained at '25OC, and the cells were grown in the dark. 
The rotation speed of the two six-blade turbine impellers was 
set at 75 rpm. The culture was aerated at a rate of 0.35 
volume (air) volume (suspension)-' m-'. Occasionally, 0.25 
mL of silicone anti-foam agent (BDH, Poole, UK) was added. 
For the in vitro transcription run-on experiments, tobacco var 
Bright Yellow 2 cell suspension was used. This cell line was 
transformed by the co-cultivation method with a construct 
pMPHH IOMK, which contained the GUS gene under control 
of the TRI' promoter and the TR0'-TRl ' terminator sequence 
(Van Der Zaal et al., 1991). This construct was used as an 
intemal control. The cells were grown on Linsmaier-Skoog 
medium supplemented with 180 mg L-' of KH2P04, 0.6 mg 
L-' of aneurine-HCl, 0.05 mg L-' of 2,4-D, and 50 pg mL-' 
of hygromycin at 25OC in the dark. The expression pattems 
of the mRNAs in this cell suspension were the same as in the 
White Burley maintenance culture cell lines (data not shown). 

The sense and antisense cell lines were derived from White 
Burley tobacco plants transformed with constructs containing 
the cauliflower mosaic virus 355 promoter, the nos termina- 
tor, and the pCNT103 coding region in two orientations (Van 
Der Zaal, 1989). A number of calli were obtained from leaves 
of severa1 independent transgenic plants, and cell-suspension 
cultures were derived from these calli and cultured on Lins- 
maier-Skoog medium containing 2.2 WM 2,4-D. 

RNA lsolation and Northern Blot Analysis 

After the cells were harvested and washed, they were 
ground under liquid nitrogen and the RNA was isolated by 
phenol extraction and LiCl precipitation (Van Slogteren et 
al., 1983). The RNA was electrophoresed in 2% agarose/6% 
formaldehyde gels (Maniatis et al., 1982) and blotted over- 
night on GeneScreen membranes (NEN/DuPont, 's Herto- 
genbosch, The Netherlands). A11 hybridization and washing 
conditions were as described by Van Der Zaal et al. (1987a). 
All probes were labeled by nick translation of cDNA clones 
with [32P]dCTP (Amersham, 's Hertogenbosch, The Nether- 
lands) (Van Der Zaal et al., 1987a). 

Southern Blot Analysis 

EcoRI digests of the cDNAs pCNT103, -107, -114, -115, 
and pMPHH lOMK were electrophoresed on 2% agarose gels 
and transferred to GeneScreen by capillary blotting according 
to the procedure of Maniatis et al. (1982). 

lsolation of Nuclei and in Vitro Transcription 

Nuclei were isolated as described previously (Mennes et 
al., 1978) with the modifications described by Van Der Zaal 
et al. (1987a). For the run-on experiments, 2 X 106 nuclei 
were incubated for 2 h at 26OC as described by Van Der Zaal 
et al. (1987a). Labeled transcripts were isolated according to 

the method of Hagen and Guilfoyle (1985), and similar 
amounts of labeled transcripts were hybridized to Southem 
blots as described by Van Der Zaal et al. (1987a). 

lnduction Experiments 

A11 induction experiments were performed on 5-d-old hor- 
mone-starved cells (0.0 cells) for 2 h. Addition of the various 
inducers was by injection of concentrated stock solutions into 
the Erlenmeyer flasks. Chemicals used were from Merck 
(Darmstadt, Germany) except ACC and SA, which were a 
kind gift from the Bulb Research Centre (Lisse, The Nether- 
lands). FC was provided by Dr. A.H. de Boer (University of 
Groningen). Furthermore, we are grateful to Dr. J. Memelink 
(University of Leiden) for supplying us with the chitinase, 
the /?-1-3-glucanase, the acidic PR-1, and the pCNT6 cDNAs. 
The soybean histone H4 cDNA clone was a kind gift from 
Dr. H. Franssen (Agricultura1 University, Wageningen). 

RESULTS 

Accumulation of pCNT mRNAs during the Growth 
Cycle of a Tobacco Cell-Suspension Culture 

The tobacco cell-suspension culture used in the present 
experiments (LT O .05) has been extensively characterized (De 
Gunst et al., 1990). Severa1 population growth features of 
the culture are relevant: upon transfer of early-stationary- 
phase cells to fresh medium containing 0.22 KM 2,4-D, cells 
are quickly reactivated to pass through the first cell cycle. 
The observed lag phase of about 26 h represents the non- 
mitotic part of the first cell cycle. The cell population is almost 
doubled 30 h after transfer. The initial synchronous wave of 
cell divisions rapidly decays because of variation in cycle 
times. The growth of the cell population stops at about 95 h 
after transfer, when cells are progressively leaving the cell 
cycle (De Gunst et al., 1990). To delimit the S-phase of the 
first cell cycle, we have used a cDNA clone corresponding to 
a soybean histone H4 mRNA that is regarded as an S-phase 
marker (Heintz, 1991). Figure 1 shows that the histone mRNA 
level increased rapidly between 6 and 11 h after transfer. 
The signal was detectable until approximately 95 h, which is 
about the time cells were progressively leaving the cell cycle. 
No clear modulations of H4 mRNA could be detected during 
the exponential phase of cell growth. In a11 probability, this 
is the result of the rapid decay of the initial synchrony. 

The pattems of accumulation of pCNTlO3, -107, -114, and 
-115 mRNA during the growth cycle were similar but differ- 
ent from that of the histone H4 mRNA (Fig. 2). Starting about 
30 min after transfer, the mRNA levels rapidly increased, 
reaching maximum levels at 4 h for pCNT114 and at 4 to 6 
h for pCNTlO3 and -107. The mRNA corresponding to 
pCNTl15 reached its maximum level 1.5 h after transfer. 
Subsequently, the mRNA levels decreased and reached their 
low initial levels at about 11 h after transfer. During the 
subsequent phases of the growth cycle, the level of the 
mRNAs corresponding to the four cDNA clones remained 
low (shown only for pCNT103 in Fig. 1). 

To investigate transcriptional activity of the genes encoding 
the four classes of mRNAs, nuclear run-on experiments were 
performed. Nuclei were isolated from cells at O, 1, 2, 4, 8, 
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and 24 h after transfer. Figure 3 shows that transcriptional
activity of the genes encoding pCNT103, -107, and -114
mRNA corresponded with the accumulation of the mRNAs.
We could not detect any significant transcriptional activity of
the gene encoding pCNTHS mRNA. If this reflects the
transcriptional activity of the pCNTHS gene in vivo, the
accumulation of its mRNA might be due to posttranscrip-
tional regulation.

The transcriptional rate of the control clone (GUS) also
showed a distinct variation, reaching maximum levels ap-
proximately 4 h after transfer. This is in good agreement with
recently published data that indicate that the TR1' promoter
is also under positive auxin regulation (Langridge et al., 1989;
Saito et al., 1991).

The transient accumulation of the four mRNAs was prob-
ably not an effect of transfer of cells to fresh medium. If cells
were transferred to fresh medium lacking 2,4-D, the mRNA
levels were substantially lower than in cells transferred to
medium containing 2,4-D (Fig. 4). Previously we found that
early stationary-phase cells that were transferred to fresh
medium lacking 2,4-D are still capable of a limited number
of cell divisions (Van Der Zaal et al., 1987b). We have
demonstrated that early-stationary-phase cells have stored
2,4-D, which is released into the medium upon transfer (K.
Koens, unpublished results). We believe that it is this 2,4-D
that triggered the moderate mRNA accumulation and the
limited number of cell divisions when cells were transferred
to fresh medium lacking 2,4-D.

Possible Modulation of Sensitivity of Cells toward
2,4-D upon Transfer to Fresh Medium

We have demonstrated in the preceding section that the
mRNAs corresponding to the cDNA clones pCNTlOS, -107,
-114, and -115 show a transient accumulation before the
onset of DNA synthesis in cells passing through the first cell
cycle. The next set of experiments was performed to deter-
mine whether the down-regulation of the mRNAs might be
connected to desensitization of the cells to auxin. Eighteen
hours after cells transferred to 0.05 medium, the pCNT103
mRNA was down-regulated to its initial level. We then
injected a final concentration of 0.22 fim of 2,4-D into the
medium. This treatment did not result in a significant increase

pCNT103

0 5' 30' 1 1.5 2 3 4 6 8 12 16 20 24

0 30' 2 4 611 24 0 30' 2 4 6 11 24

PCNT115

0 5' 1 1.5 2 34 6 8 12 16 20 24

Figure 2. Modulation during the first 24 h of the expression of four
2,4-D-induced genes after the transfer of stationary cells to fresh
medium with 0.22 /IM 2,4-D. Northern blots of RNA samples (20
/ig) taken at the indicated times (in h) were hybridized with plasmids
containing the cDNAs of pCNT103, -107, -114, and -115.

in the mRNA level (Fig. 5). However, if we injected a con-
centration of 2,4-D 5 or 10 times higher, giving a final
concentration of 1.1 or 2.2 fiM, the mRNA increased substan-
tially. This could mean that the cells were desensitized to
auxin. Additional experiments are, however, necessary to
confirm these preliminary results. Whether this desensitiza-
tion is restricted to a particular stage of the cell cycle remains
to be investigated. It is interesting that Dominov et al. (1992)
observed the same desensitization reaction with another
auxin-induced gene, pLS216, in Nicotiana plumbaginifolia
suspension cultures.

Analysis of 103 mRNA Sense- and Antisense-
Overexpressing Cell Lines

Two cell lines were derived from tobacco plants trans-
formed with constructs containing the cauliflower mosaic
virus 35S promoter and the pCNT103 coding region in either
sense or antisense orientation. The cells were grown under
the same conditions as LT 0.05, except for the concentration
of 2,4-D, which was 2.2 MM. This concentration was used
because young cell cultures metabolize 2,4-D more rapidly
than well-established cultures such as LT 0.05 (our unpub-
lished results). The transgenic cultures had about the same

Soybean
Histone H4

0 30'2 4 6 11 24 30 40 45 50 61 72 95119143167191 2 4 7 19 42

pCNT 103

42 65

Figure 1. Modulation of the expression of a 2,4-D-induced mRNA(pCNT103)and of a soybean histone H4 mRNA during
the growth cycle of a tobacco cell-suspension culture. From a tobacco cell-suspension culture grown in a fermenter on
medium containing 0.22 HM 2,4-D, samples were taken at the indicated times (h). RNA blots (20 ng per lane) were
hybridized with 32P-labeled plasmids as indicated. After 191 h, additional 2,4-D was added to the culture to a final
concentration of 2.2 /JM (indicated by arrows).
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Figure 3. In vitro transcription studies. Nuclei
were isolated from cells at 0, 1, 2, 4, 8, and 24
h after transfer of stationary cells to new me-
dium containing 0.22 JIM 2,4-D. After in vitro
RNA synthesis, the labeled transcripts (3 X 107

cpm) were hybridized to Southern blots of
EcoRI-digested plasmid DMA of pMPHHIOMK
(CUS), pCNTlOS (103), pCNT107 (107),
pCNT114 (114), and pCNT115 (115).

t«0
gus 103 107114 115

1=1 t=2

t=24

doubling time (about 30 h) as LT 0.05 and could be kept at a
7-d growth cycle. Figure 6 shows the level of pCNTlOS
mRNA during the first 24 h after transfer of the sense (27
series) and antisense cell (13 series) lines to fresh medium
containing 2.2 /XM 2,4-D. In the sense line, we observed a
slight modulation of pCNT103 mRNA at a relatively high
level, whereas in the antisense lines, pCNTlOS mRNA stayed
at an extremely low level.

To demonstrate that the altered levels of pCNTlOS mRNA
in the rransgenic cell lines were specific, the expression of
the homologous gene encoding pCNT107 mRNA (54% ho-
mology at the nucleotide level with the coding region of
pCNTlOS) was examined using the same northern blots.
Figure 6 shows that pCNT107 mRNA was not suppressed in
the antisense line. Figure 6 also shows the levels of pCNTlOS
mRNA and pCNT107 mRNA in LT 0.05. The pattern of
pCNT107 mRNA expression in the sense and antisense lines
and in LT 0.05 was almost the same. The higher levels of
pCNT107 mRNA in the sense and antisense lines at 11 h
and to a lesser extent at 24 h, as compared to the levels in
the LT 0.05 line, might be due to the higher 2,4-D concentra-
tion in the medium of these cell lines.

In a next set of experiments, the antisense and LT 0.05 cell
lines were depleted of 2,4-D by growing them for 5 d in 2,4-
D-free medium. Subsequently, 2,4-D was injected into the
culture medium, giving a final concentration of 2.2 ^M. This
treatment brought about renewed cell division activity in
both cell lines. In the antisense cell line, this treatment did
not induce pCNT103 mRNA accumulation, whereas it did in
the LT 0.05 cell line (Fig. 6).

Induction of pCNT103, -107, and -114 mRNA by
Nonmitogenic Stimuli

When we analyzed the sequence data of cDNAs and
genomic clones of the pCNTlOS, -107, and -114 gene fami-
lies, we found significant homologies with a few other genes
(Van Der Zaal et al., 1991). For example, pCNT103 has a
high homology with Gmhsp26-A, a cDNA isolated from
soybean seedlings. The gene corresponding to Gmhsp26-A
encodes a heat-shock protein. This gene can also be induced
by auxins, ABA, and some heavy metals (Czarnecka et al.,
1984, 1988). Gmhsp26-A is identical with pGH2-4, a cDNA
clone corresponding to mRNA species in soybean hypocotyls
that are induced by auxin (2,4-D) but not by heat shock
(Hagen et al., 1988). This prompted us to study in detail the
specificity of induction of the pCNTlOS, -107, and -114
mRNAs. We first subjected 5-d-old auxin-starved LT 0.05
cells to heat shock, cold shock, and to some heavy metals.
All treatments were for 2 h.

Figure 7 shows that neither cold nor heat shock signifi-
cantly induced accumulation of the pCNTlOS and -114
mRNAs, but the level of pCNT107 was affected by these
treatments. Addition of Ag+, Zn2+, Cu2+, or Co2+ (all at 0.1
min) did not substantially induce accumulation of pCNTlOS
and -107 mRNA, but Ag+ and Cu2+ did induce accumulation
of pCNT114 mRNA to nearly the same extent as 2.2 MM
2,4-D.

Next, we tried some other treatments, including addition
of AGC, the precursor of ethylene, SA, which is thought to
be one of the naturally occurring inducers of PR proteins

pCNT103

3 4 6 8 11 24

Figure 4. Comparison of the expression of pCNT103 mRNA after transferring cells to medium with 2,4-D or to hormone-
free medium. Samples were taken at the times indicated from stationary-phase tobacco cells transferred to either 0.22
>tM 2,4-D-containing medium (left) or to 2,4-D-free medium (right). The RNA blot was hybridized with 32P-labeled
pCNT103 plasmid DNA.
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pCNT103

1 2 3 4

Figure 5. Comparison of the expression of pCNTIOS mRNA 18 h
after the transfer of cells (to medium with 0.22 /JM 2,4-D) and
treatment for an additional 3 h with H2O (lane 1), 0.22 HM 2,4-D
(lane 2), 1.1 ^M 2,4-D (lane 3), or 2.2 MM 2,4-D (lane 4).

(Malamy et al., 1990), and FC, which is a fungal toxin capable
of mimicking some of the effects of auxin (Marre, 1977).
Figure 8 shows that SA (0.1 mw) induced a substantial
accumulation of all three mRNA species. ACC had some
effect but only at high concentrations (10 HIM), whereas FC
(1 JIM) had no effect.

Unlike 2,4-D, SA did not induce renewed cell-division
activity in our cell lines (data not shown).

Modulation of Expression of Some PR Genes in LT 0.05

Because we found that SA is a relatively strong inducer of
pCNT103, -107, and -114 mRNA, and because these genes
showed considerable homology with the PR protein prpl
from potato (Taylor et al., 1990), we compared the expression
pattern of some PR genes and pCNT103, -107, and -114 in
the LT 0.05 suspension culture. We selected a few well-
known PR genes for which cDNA clones were available, i.e.
cDNAs coding for a basic form of a chitinase, a basic 0-1,3-

pCNT103

PCNT107

pCNT103

1 2 3 4

Figure 6. Effect of overexpression of sense or antisense 103 mRNA
on the accumulation of pCNT103 mRNA. Cell-suspension cultures
derived from transgenic sense (273) or antisense (13n) 103 mRNA-
producing tobacco plants grown on 2.2 /UM 2,4-D medium were
transferred to fresh medium with the same 2,4-D concentration.
Northern blots were hybridized with plasmids containing pCNT103
(upper panel) and 107 (middle panel) cDNAs. As a control, RNA
from untransformed tobacco cell-suspension cultures (LT 0.05)
grown on 0.22 JJM 2,4-D was used. In the lower panel, a northern
blot of total RNA samples from 5-d-old hormone-starved transgenic
antisense (13,i) 103 mRNA-producing cells (lanes 1 and 2) or from
hormone-starved untransformed control cells (lanes 3 and 4) was
hybridized with pCNT103 plasmid DNA. Cells were treated for 2 h
with water (lanes 1 and 3) or 2.2 HM 2,4-D (lanes 2 and 4).

pCNT103

H2O | 4°C
2,4-D

V
42°C Ag+Zn2+Cu2+Co2+

pCNT107

2,4-D Ag+Zn2+Cu2+Co2+

pCNT114

2,4-D Ag+Zn2+Cu2+Co2+

Figure 7. Effect of various stress treatments on induction of
pCNT103, -107, and -114 mRNAs. Northern blots of total RNA
samples from 5-d-old hormone-starved cells treated for 2 h with
H2O, 2.2 MM 2,4-D, or 10 HIM AgNO3, ZnCI2, CuSO4, or CoCI2,
respectively (final concentrations). The heat shock was performed
by placing the tobacco cells at 42 °C for 15 min or 2 h, respectively;
the cold shock was done by placing the cells for 2 h at 4°C.

glucanase, and an acidic PR-1. These cDNAs were all isolated
from tobacco (Memelink et al., 1990). To study the expression
of these PR genes, the same northern blots as shown in
Figure 1 were hybridized with the corresponding cDNAs.
Figure 9 shows that the mRNA of the basic chitinase gene
was relatively high in stationary-phase cells. A sharp decline
of the mRNA occurred between 11 and 24 h after transfer of
cells to fresh medium containing 0.22 fiM 2,4-D. During the
exponential growth phase, the mRNA level remained low.
However, from about 95 h, when cells were progressively
leaving the cell cycle, the mRNA increased and stayed at a
relatively high level during the stationary phase. The 0-1-3-
glucanase mRNA levels showed a pattern similar to that of
the basic chitinase, whereas PR-1 mRNA could not be de-
tected at any stage of the growth cycle (data not shown). The
mRNA level of a control clone, pCNT6, remained unchanged
during the entire growth cycle, except for a short period
between 11 and 45 h after transfer, during which the mRNA
level was somewhat decreased.

Figure 9 shows that readdition of 2,4-D (final concentration
of 2.2 MM) after 191 h did not affect the basic chitinase mRNA
and pCNT6 mRNA level as measured during a period of
about 65 h. The 2,4-D treatment of stationary-phase cells at
this time did, however, bring about an increase of pCNT103,
-107, -114, and histone H4 mRNA (shown only for pCNT103
and histone H4 in Fig. 1).

We conclude that unlike the genes encoding pCNT103,
-107, and -114 mRNA, which are probably more directly
regulated by 2,4-D, the PR genes encoding basic chitinase
and 0-1-3-glucanase are developmentally regulated. The PR
genes were expressed in cells that left the cell cycle and
started to differentiate into parenchymatous cells at about 95
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pCNT 103 pCNT107 pCNT 114

H2O 2,4-D FC AGC SA H2O 2/.-D FC AGC SA H2O 2,4-D FC AGC SA

Figure 8. Effect of some other factors on the mRNA induction of three 2,4-D-induced genes. Northern blots from RNA
samples from 5-d-old hormone-starved tobacco cell-suspension cultures treated for 2 h with H2O, 2.2 JIM 2,4-D, 1 ^M
FC, 10 rtiM ACC, or 0.1 mM SA (final concentrations).

h after transfer of LT 0.05 cells to fresh medium. The PR
genes used in this study are, therefore, excellent differentia-
tion markers in the LT 0.05 cultures.

DISCUSSION

We have shown that genes encoding the pCNT103, -107,
and -114 mRNAs are under positive transcriptional control
by auxin and are transiently expressed during transition from
Go to S phase of the cell cycle. Recently, Takahashi et al.
(1989) reported the characterization of an auxin-induced gene
named parA that was also expressed during transition from
Go to S phase in tobacco mesophyll protoplasts. This parA
gene is identical with our cDNA pCNT114 (our unpublished
results). Takahashi et al. (1989) conclude from the expression
pattern of the parA gene that its protein product might play
a role in the initiation of meristematic activity in differentiated
mesophyll cells. Induction of cell division activity in our
system and cell elongation in other systems are auxin specific.
The concomitant early induction of particular genes does not
necessarily mean that these genes are essential for triggering
these two processes. To date there is no evidence that the
auxin-induced genes characterized thus far are essential parts
of the signal transduction pathway leading to cell division or
cell elongation.

Recently, we found that proteins encoded by the genes
corresponding to pCNT103, -107, and -114 cDNAs show a
limited but significant homology to both plant and animal
GSTs. In addition, we have demonstrated in vitro GST activ-
ity of the 103 protein (F.N.J. Droog, unpublished data). Thus,
we are probably dealing with a multigene family encoding
GSTs. The reason for the existence of such a large gene
family in tobacco, and probably other species encoding pro-
teins with similar functions, is unknown. GSTs are involved
in a variety of processes, such as detoxification reactions,
protection against oxidative tissue damage, and intracellular

chitinase

pCNT6

transport but also in the production of secondary messengers
such as prostaglandins and leukotrienes (Soderstrom et al.,
1985; Ujihara et al., 1988). A role for these secondary mes-
sengers in higher plants remains to be determined. Recently,
however, it was reported that auxins could induce phospho-
lipase A activity in plant membranes (Andre and Scherer,
1991), which in animal systems leads to the production of
arachidonic acid, a well-known regulator of leukotrienes.
Although arachidonic acid does not occur in plant mem-
branes, a homologous lipid-like linolenic acid could perhaps
perform similar functions in plant cells to produce jasmonic
acid as a second messenger.

A potential role for the GSTs in detoxifying 2,4-D is
another possibility. GSTs are enzymes that catalyze the ad-
dition of GSH to a wide range of electrophilic substrates.
Perhaps they can also transfer GSH to 2,4-D, thereby regu-
lating the amounts of free 2,4-D in the cells.

The diverse functions of the GSTs make it difficult to
exclude a role for pCNT103 in cell division. Specific suppres-
sion of the accumulation of pCNT103 mRNA did not affect
cell division in the tobacco cell culture. This, however, does
not necessarily prove that this protein is not required, because
of the presence of related gene families. By analogy with
animal systems, it seems likely that the different types of
GST will fulfill different functions in plant cells. The role of
GSTs in a normal cellular process like cell division remains
an open question.

The various auxin-induced genes that have been isolated
so far can be divided into two groups. First, the genes that
are induced by a variety of stimuli and that show a high
degree of homology, consisting of pCNT103, -107, -114;
Gmhsp26A; pGH2-4; parA; parB; prpl; and pLS216 prob-
ably all belong to the superfamily of GSTs and are likely to
be involved in adaptation responses. The genes belonging to
the second group, such as the SAURs, pGHl and pGH3,

11 24 30 40 45 50 61 72 95119143167191

0 30' 2 46 11 24 30 40 45 50 61 72 95 119 143 167 191 2 19 42 65

Figure 9. Modulation of the expression of a PR gene. The same northern blots used in Figure 1 were rehybridized with
a plasmid containing the basic form of a chitinase cDNA isolated from tobacco and with a control clone, pCNT6, coding
for a gene that is unaffected by auxins. After 191 h 2,4-D was added to a final concentration of 2.2 fiM (indicated by
arrows).
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AUX22 and AUX28, and pIAA4/5 and pIAA6 are apparently 
induced only by auxins (based on other stimuli that have 
been tested) and do not show any significant homology with 
the first group (based on the sequences that have been 
determined). Functions for the encoded proteins of the sec- 
ond group have not yet been established. 

A similar situation seems to occur with the ABA-induced 
genes. Most genes that are induced by this hormone are also 
induced by various other environmental and stress stimuli, 
such as wounding, salt stress, osmotic stress, and drought 
(Skriver and Mundy, 1990). In recent studies of mammalian 
growth factors, it was observed that, although the growth 
factors epidermal growth factor and nerve growth factor 
induce similar early responses, the eventual biological effect 
of these factors is entirely different, affecting cell division 
and neural differentiation, respectively. Although they have 
distinct receptors, epidermal growth factor and nerve growth 
factor trigger the same set of early responses, such as Tyr 
phosphorylation, activation of a Na+/K+ pump, protein phos- 
phorylation, ion channel activation, and the induction of the 
same early genes (Chao, 1992). Thus, even in this well- 
studied case, the specificity of the two signals is far from 
clear. 

An interesting question is whether the two types of auxin- 
induced genes are regulated by the same signal transduction 
pathway and whether different stimuli such as elicitors, SA, 
and heavy metals use the same or different pathways. Using 
the more precise knowledge of auxin-induced gene expres- 
sion pattems and cell kinetics in tobacco cell cultures as 
reported in the present paper, we are now working on 
methods to discriminate between receptors and other trans- 
ducing proteins involved in either auxin or SA and elicitor- 
induced promoter activity of the gene encoding pCNTlO3 
mRNA. The activity of a variety of auxin analogs and the 
differential suppression of auxin-induced promoter activity 
by antibodies directed against the putative auxin-binding site 
will be reported elsewhere. 
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