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Fungal Elicitor-Induced Bean Proline-Rich Protein mRNA
Down-Regulation Is Due to Destabilization That Is
Transcription and Translation Dependent
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Iin bean cells treated with fungal elicitor, the transcripts of PvPRP1, a gene encoding a proline-rich protein, decreased
to ~6% of the original level within 4 hr. The apparent mRNA half-life during the period of rapid degradation was ~45
min. The rate of PvPRP1 gene transcription remained constant over this period, as determined by nuclear run-off assays,
indicating a decrease in mRNA stability. By using actinomycin D to block transcription, the half-life of PvPRP1 mRNA
in unelicited cells was estimated to be ~60 hr. In cells treated with actinomycin D followed by the addition of elicitor,
the PvPRP1 mRNA half-life was ~18 hr, whereas cells treated with these reagents in reciprocal order exhibited a half-life
of ~6 hr. The protein synthesis inhibitors emetine and anisomycin also inhibited the rate of PvPRPT mRNA degradation
in elicited cells. Based on these data, we concluded that the rapid decrease in the PvPRPT mRNA level in elicited cells
is due to destabilization, which is dependent on new RNA and protein synthesis.

INTRODUCTION

One major determinant in the control of gene expression is
the rate of mRNA degradatibn, which can vary widely among
different mRNAs. Mammalian c-fos proto-oncogene mRNA has
a half-life of only 8 to 30 min and is rapidly cleared from cells
upon the cessation of gene transcription (Kruijer et al., 1984;
Mller et al., 1984). In oat plants, the mRNA encoding the pho-
toreceptor phytochrome has a short half-life of about 1 hr, which
may be an important factor in light regulation of development
(Seeley et al., 1992). In contrast, B-globin mRNA in erythroid
cells has a half-life of greater than 24 hr, which contributes
to sustained and high-level synthesis of the encoded protein
(Ross and Pizarro, 1983).

The half-lives of many mRNAs vary in response to environ-
mental or endogenous factors. In the presence of excess
iron, the transferrin receptor mRNA in mammalian cells is
destabilized (Casey et al., 1988; Miiliner and Kithn, 1988). In
gibberellin-treated barley aleurone tissues, heat shock destabi-
lizes a-amylase mRNA (Belanger et al., 1986; Brodl and Ho,
1991). In soybean seedlings, the transcripts of the ribulose-
1,5-bisphosphate carboxylase small subunit (rbcS) genes are
less stable in light-grown plants than in their etiolated coun-
terparts (Shirley and Meagher, 1990). However, in mature
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soybean plants, rbcS mRNA is more stable in light than in dark-
ness (Thompson and Meagher, 1990).

The occurrence of MRNAs with widely divergent decay rates
indicates the interaction of specific cis-acting elements on the
mRNAs and trans-acting factors. For unstable mRNAs, such
as c-myc and c-fos mRNAs, portions of the coding regions and
AU-rich sequences in the 3’ untranslated regions have been
identified as two mRNA components conferring instability (Shyu
et al., 1989; Wisdom and Lee, 1991; Laird-Offringa, 1992). The
trans-acting factors affecting mRNA stability appear to be ei-
ther labile or newly synthesized proteins in several cases,
including a factor(s) affecting c-fos mRNA stability (Koeller et
al., 1991; You et al., 1992). In plants, little is known concerning
the mechanisms responsible for the alteration of mRNA sta-
bility in response to internal or external signals. The rapid
degradation of specific rtbcS mRNAs in potato plants placed
in the dark appears to require a newly synthesized factor(s)
(Fritz et al., 1991). The process of rbcS mRNA degradation
involves loss of the poly(A)* tail and discrete RNA cleavage
intermediates in soybean and petunia (Thompson et al., 1992).

Plant cells exposed to fungal elicitors exhibit the rapid in-
duction of mRNAs encoding a variety of proteins, such as
chitinases, glucanases, cell wall proteins, and enzymes in-
volved in phytoalexin synthesis (Dixon and Harrison, 1990).
In contrast, the levels of another group of mMRNAs decrease
within several hours of elicitor treatment. This phenomenon
has been observed by in vitro translation of mRNAs and
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two-dimensional gel analysis of polypeptides in elicitor-treated
bean and alfalfa cell suspensions (Cramer et al., 1985; Dalkin
et al., 1990) as well as by cDNA cloning of two down-regulated
bean mRNAs (Sauer et al., 1990; Sheng et al., 1991).

In this study, we have investigated the mechanism for the
loss of one elicitor down-regulated bean transcript, PvPRP1
(Sheng et al., 1991). The PvPRPT transcript encodes a proline-
rich protein that is likely to be localized in the cell wall. We
have hypothesized that the synthesis of the PvPRP1 protein
is reduced during the defense response because of its low
potential for wall strengthening by isodityrosine cross-linking
(Sheng et al., 1991). In contrast, mMRNAs encoding specific
proline-rich proteins and hydroxyproline-rich glycoproteins with
greater cross-linking potentials accumulate during the defense
response (Lawton and Lamb, 1987; Tierney et al., 1988). The
importance of cell wall structural protein regulation in plant
defense is supported by recent work showing that elicitor-
treated soybean cells undergo a very rapid oxidative cross-
linking of cell wall proteins (Bradley et al., 1992).

The following mechanisms for the rapid decrease in PvPRP1
mRNA abundance may be considered. First, elicitor might
switch off PvPRPT transcription, and the mRNA steady state
level would decline rapidly due to a constant, rapid mRNA turn-
over rate. A second possibility is that the PvPRP1 transcription
rate is unaffected by elicitor treatment and, instead, the PvPRP1
mRNA is selectively destabilized. Third, both the transcription
rate and mRNA stability decrease. Our results showed that
transcription of the PvPRP1 gene is unaffected by elicitor, as
determined by run-off transcription assays. The application of
actinomycin D, a transcription inhibitor, allowed us to directly
demonstrate that the PvPRP7 mRNA is destabilized by elici-
tor treatment. Furthermore, the rate of PvPRP1 mRNA
degradation in elicited cells is slowed in the presence of tran-
scription or translation inhibitors. These results suggest that
the rapid degradation process involves the production of a new
protein(s) encoded by an elicitor-activated gene(s) or the par-
ticipation of a labile protein(s).

RESULTS

Identification of a Gene-Specific Probe
for the PvPRP1 Gene

Based on sequence analysis of the PvPRP1 cDNA, the en-
coded protein can be divided into two major domains: the
N-terminal half, which is proline-rich and resembles other
proline-rich proteins in plants, and the C-terminal half, which
is low in proline and unrelated to other characterized proteins
(Sheng et al., 1991). To identify a gene-specific probe, an ap-
proximately 600-bp Hincll-Hincll cDNA fragment spanning the
5'untranslated region and N-terminal domain sequences and
a 527-bp Hincll-EcoRI cDNA fragment spanning C-terminal do-
main sequences and the 3’ untranslated region were hybridized
to gel blots of bean genomic DNA digested with several

restriction enzymes. Figure 1A shows that the Hincll-Hincll
probe hybridized predominantly to single fragments of 7.0, 4.2,
4.0, and 13 kb in EcoRl-, Hindlll-, Hincll-, and Xbal-digested
DNA samples, respectively. In addition, 10 to 15 minor hybridiz-
ing bands were observed, indicating that this probe detects
related genes within the genome. In contrast, the Hincll-EcoRI
probe hybridized to only 7.0-, 3.0-, and 13-kb fragments in the
EcoRi, Hincll, and Xbal digests, respectively, while 1.2- and
0.75-kb fragments were hybridized in the Hindlll digest (Fig-
ure 1B). Longer exposure of the blot revealed no additional
hybridizing bands (data not shown).

The 4.0- and 4.2-kb fragments hybridized by the Hincll-Hincll
probe in the Hindlll and Hincll digests of genomic DNA, respec-
tively, correspond exactly to the fragments hybridized in
similarly digested DNA of a PvPRPT genomic clone (S. Zhang,
Y. Liu, and M. C. Mehdy, unpublished results). The sizes and
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Figure 1. Identification of a PvPRPT1 Gene-Specific Probe by Genomic
DNA Gel Blot Analysis.

(A) Genomic DNA was digested with the indicated restriction enzymes,
size fractionated on a 0.8% agarose gel (10 pg per lane), and blotted
onto a Zeta-probe membrane; the membrane was hybridized with the
labeled Hincll-Hincll fragment of the PvPRP1 cDNA. EcoRlI-digested
and Hindlll-digested A DNA was used as a length marker, and lengths
are given in kilobases at the right of each gel.

(B) DNA samples from the same digestion reactions were run on a
separate gel, and the blot was hybridized with the labeled Hincll-EcoRI
fragment of the PvPRP1 cDNA. The lane containing Hindlll-digested
DNA was from a longer film exposure to show the weakly hybridized
0.75-kb band.
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Figure 2. mRNA Steady State Levels and Transcription Rates of Differ-
ent Genes in Bean Cells Treated with Fungal Elicitor.

(A) RNA gel blot analysis of PvPRP1, CHI, and H1 mRNAs in control
cells (0 hr) and cells treated with elicitor for 2 and 4 hr was performed.
The same blot used for PvPRP1 hybridization was washed and rehy-
bridized with CH/ and H7 probes.

(B) Nuclei were isolated from the same batches of cells as shown in
(A), and transcriptional activity was determined by run-off assays. The
membrane was dotted with 5, 1, and 0.2 ug of linearized recombinant
plasmids, the Hincll-EcoRI fragment subclone of the PvPRPT cDNA,
CHI1, CHS5, PALS, and H1. Vector pIBI24 DNA was also included as
a measure of nonspecific hybridization. PvPRP7 and piBI24 signals
were from an autoradiogram exposed for 14 hr, whereas other signals
were from an autoradiogram exposed for 4 hr. The nonlinear increase
in the amount of 3P-labeled nuclear RNA that hybridized to the in-
creasing amount of plasmid DNA was due to the excess amount of
immobilized DNA relative to its corresponding transcripts in the hy-
bridization solution.

numbers of fragments hybridized by the Hincll-EcoRI probe
in genomic DNA and the genomic clone DNA digested with
Hindlll or Hincll are also identical. These results provide strong
evidence that the Hincll-EcoRI probe uniquely hybridizes to
the homologous PvPRP1 gene. The Hincll-EcoRI fragment was
employed as a gene-specific probe in all subsequent experi-
ments. The genomic organization of the PvPRP1 gene and
related genes presented here is in agreement with our previ-
ous conclusions (Sheng et al., 1991). However, the Hincll-EcoRl
probe previously employed was later found to be contaminated
with Hincll-Hincll sequences and, therefore, erroneously ap-
peared not to be gene specific (Sheng et al., 1991).

Transcription Rate of the PvPRP1 Gene Is Unaffected
by Elicitor as Measured by Run-Off Transcription in
Isolated Nuclei

Figure 2A shows that steady state PvPRP7 mRNA levels de-
creased rapidly and substantially after the addition of elicitor.
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Quantitation of the RNA gel blot signals shows that ~6% of
the original level remained 4 hr after the addition of elicitor.
The same blot was washed and rehybridized with a chalcone
isomerase (CH/) probe to show appropriate, positive regula-
tion of a known elicitor-inducible mRNA (Figure 2A). (CHI is
an enzyme in the phenylpropanoid pathway that is necessary
for biosynthesis of antimicrobial phytoalexins [Dixon and
Harrison, 1990].) The blot was washed again and rehybrid-
ized with the H7 probe to verify equal RNA loading and transfer
in each lane (Figure 2A). H1 is a constitutive, abundant RNA
(Lawton and Lamb, 1987).

To determine whether reduced transcription contributes to
the decrease in the PvPRP1 steady state level, nuclei were
isolated from the same batch of cells used for the steady state
mRNA determinations, and run-off transcription assays were
performed. Specific 32P-labeled transcripts were detected by
hybridization to different amounts of immobilized DNA se-
quences. Figure 2B shows that there is little change in the
level of nascent PvPRP1 transcripts over a 4-hr period after
the addition of elicitor. After subtraction of the background hy-
bridization to the plBI24 vector, the PvPRP1 transcription rates
in cells treated with elicitor for 2 and 4 hr were 1- and 1.1-fold,
respectively, the rate in control cells at 0 hr, as shown in Table 1.

As controls for the run-off assay, the transcription rates of
genes known to be transcriptionally activated by elicitor treat-
ment were monitored. These genes encode enzymes that
catalyze steps in phytoalexin biosynthesis: CHI, chalcone syn-
thase (CHS), and phenylalanine ammonia-lyase (PAL). The
increased transcription of CHI, CHS, and PAL genes measured
after elicitation (Table 1) are comparable to the increased tran-
scription rates of these genes reported previously using the
same assay (Lawton and Lamb, 1987; Hedrick et al., 1988).
Elicitor had no effect on H7 gene transcription (Figure 2B and
Table 1; Lawton and Lamb, 1987). These results indicate that
the elicitor-induced decrease in the steady state level of PvPRP1
mRNA is not due to reduced gene transcription but rather to
destabilization of the mRNA.

Table 1. Relative Transcription Rates of PvPRP1, CHI, CHS,
PAL, and H1 Genes in Control and Elicitor-Treated Cells

Time of Elicitor Treatment

RNA Species 0 hr 2 hr 4 hr
PvPRP1 1.0 1.0 14
CHI 1.0 14.7 18.1
CHS 1.0 13.6 15.8
PAL 1.0 18.4 19.2
H1 1.0 1.0 1.0

The ¥2P-labeled nuclear RNAs from run-off transcription hybridized
to membranes with 5 ug of immobolized plasmid DNAs were quanti-
fied by scanning densitometry. The values representing hybridiza-
tion to the vector plBI24 were subtracted as background. The
transcription rates at 0 hr were standardized to 1.0.
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Destabilization of PvPRP1 Occurs in Elicitor-Treated
Cells and Is Dependent on Transcription

Figures 3A and 4A show that unelicited cells maintained the
PvPRP1 mRNA at a stable level throughout the sampling
period. In elicited cells, the PvPRP1 mRNA level remained sta-
ble for about 1 hr and then decreased dramatically. Within
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Figure 3. Effects of Actinomycin D Pretreatment on PvPRP1, CHI, and
H1 Transcript Levels in Control and Elicitor-Treated Cells.

(A) Total RNA from control cells (H>0) and cells treated with elicitor
(Eli), actinomycin D (Act D), and actinomycin D plus elicitor (Act D +
Eli) was isolated at the indicated times and analyzed by RNA gel blot
hybridization with the PvPRP1 probe. Actinomycin D or water was added
at —05 hr, and elicitor or water was added at 0 hr.

(B) The same blots were washed and rehybridized with the CHI probe.
Only results from cells treated with elicitor and actinomycin D plus
elicitor are shown.

(C) The same blots were washed again and rehybridized with the H7
probe to show the equal RNA loading. Only the result from cells treated
with actinomycin D plus elicitor is shown.
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Figure 4. Quantitative Analysis of PvPRPT mRNA Levels.

(A) Time courses of PvPRP1T mRNA levels, which are shown in Figure
3, in cells treated with water (A), elicitor (O), actinomycin D (A), or
actinomycin D plus elicitor (@). RNA levels are expressed as the per-
centage of 0 hr basal levels. Data shown represent one of two
independent experiments that gave similar results.

(B) The semi-log plot of the data in (A) for cells treated with actinomy-
cin D (A; Act. D) or actinomycin D plus elicitor (@) from which half-lives
(t,.) were calculated as described in Methods. mRNA levels at the time
of actinomycin D addition were standardized to 100%, and O hr on
the x-axis represents the time of actinomycin D addition.

3 hr, the mRNA level decreased to ~6% of the original level,
indicating an apparent half-life of ~45 min during the rapid
loss. Because transcription is ongoing in these elicited cells,
the mRNA degradation kinetics provide an apparent haif-life
that represents the upper limit of the actual half-life (Belanger
et al., 1986; Byrne et al., 1993).

To directly evaluate whether the half-life of PvPRPT mRNA
decreases in elicited cells, cells were pretreated with actinomy-
cin D to block transcription and then treated with water or
elicitor; the decay kinetics of the PvPRP1 mRNA were moni-
tored by RNA gel blot analysis (Figures 3A and 4A). In cells
treated with actinomycin D and water, the PvPRPT transcript
had a half-life of about 60 hr, as calculated from the slope of



the line in the semi-log plot of the data (Figure 4B). In cells
treated with actinomycin D and elicitor, PvPRP1 mRNA had
a half-life of about 18 hr (Figure 4B). These data indicate that
PvPRP1 mRNA stability decreases in the presence of elicitor.
However, the reduced degradation of the mRNA in cells
pretreated with actinomycin D and then with elicitor compared
to cells treated with elicitor alone suggests that the transcrip-
tion of another gene(s) is required for maximal elicitor-induced
destabilization of PvPRP1 mRNA.

It is well documented that CH/, CHS, and PAL mRNAs in-
crease in elicited cells due to activation of transcription (Lawton
and Lamb, 1987; Hedrick et al., 1988). To assess the efficacy
of transcription inhibition by actinomycin D, the same biots were
rehybridized with 32P-labeled probes to these genes. Figure
3B shows that the induction of CH/ mRNA by elicitor was al-
most completely blocked by actinomycin D. Quantitative
analysis showed that only about 5% of the elicitor-induced in-
crease occurred in cells treated with actinomycin D and elicitor.
Similar results were obtained for CHS and PAL mRNA (data
not shown). These results indicate that the actinomycin D treat-
ment effectively inhibited transcription in the bean cultures.

To investigate whether the observed reduction in PvPRP1
mRNA decay in cells treated with actinomycin D and elicitor
reflected a general phenomenon, we examined B-tubulin
mRNA levels in the same samples. Figures 5A and 5B show
that B-tubulin mRNA levels were stable in unelicited cells in
the absence of actinomycin D, whereas the mRNA rapidly de-
creased with no apparent lag in cells treated with elicitor only.
Because transcription was ongoing in these cells, only the ap-
parent mRNA half-life of ~1 hr in elicited cells could be
estimated. By using actinomycin D to block transcription,
B-tubulin mRNA half-lives were calculated to be ~3 hr in un-
elicited celis and ~1 hr in elicited celis (Figure 5B). The close
agreement between the half-life of p-tubulin in elicited cells
measured by blocking transcription and the apparent half-life
estimated from degradation kinetics in the absence of the in-
hibitor indicates that, in contrast to the PvPRPT mRNA,
actinomycin D did not slow the elicitor-induced degradation
of the p-tubulin mRNA.

The inhibition of PvPRPT mRNA degradation in cells treated
with actinomycin D prior to the addition of elicitor suggests
that synthesis of an RNA(s) or protein(s) is necessary for max-
imal mRNA degradation. Therefore, cells treated first with
elicitor followed by delayed additions of actinomycin D may
exhibit half-lives that correspond more closely to the actual
half-life in elicited cells. Figure 6A shows PvPRP1 mRNA levels
in cells treated with elicitor at 0 hr and then actinomycin D at
1 or 2 hr. Figure 6B shows the semi-log plots of the PvPRP1
mRNA levels as a function of time after the addition of actino-
mycin D. The mRNA decay data are best fit by two components.
The first components are characterized by more rapid mRNA
decay and occur during the first 2 hr after the additions of ac-
tinomycin D. Analysis of CH/ mRNA accumulation in the same
experimental samples showed little inhibition of mMRNA ac-
cumulation during the first 2 hr after the addition of actinomycin
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D and was followed by complete inhibition of mRNA
accumulation by about 2.5 hr (data not shown). Thus, there
was little inhibition of transcription during the first 2 hr, and
the rates of PvPRPT mRNA decay of the first components were
similar to the rate of mMRNA degradation in cells treated only
with elicitor. Therefore, the data represented by the first com-
ponents’ half-lives could not be used to determine the actual
PvPRP1 mRNA half-lives. The delayed effects of the additions
of inhibitor were likely to be due to the time involved in uptake
of actinomycin D to inhibitory levels; others have observed simi-
lar delays in the action of transcription inhibitors, including
actinomycin D, with plant cells (Guerrero and Mullet, 1986).
The second components have half-lives of ~5.5 and ~6.5 hr
for PvPRP1 in cells treated with actinomycin D at 1 and 2 hr
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Figure 5. Effects of Actinomycin D Pretreatment on 3-Tubulin mRNA
Levels in Control and Elicitor-Treated Cells.

(A) Time courses of B-tubulin mRNA levels in the same cell cultures
as described in Figure 3. RNA was analyzed in cells treated with wa-
ter (), elicitor (O), actinomycin D (A), or actinomycin D plus elicitor
(@®). RNA levels are expressed as the percentage of O hr basal levels.
(B) The semi-log plot of the data in (A) for cells treated with actinomy-
cin D (A; Act. D) or actinomycin D plus elicitor (@) from which half-lives
(t,,) were calculated as described in Methods. mRNA levels at the time
of actinomycin D addition were standardized to 100%, and O hr on
the x-axis represents the time of actinomycin D addition.
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Figure 6. Effects of Eficitor Treatment Followed by Actinomycin D Treat-
ments on PvPRPT mRNA Levels in Bean Cultures.

(A) Time courses of PvPRPT mRNA levels in cells treated with elicitor
at 0 hr followed by the addition of water at 1 hr (O), actinomycin D
at 1 hr (@), or actinomycin D at 2 hr (A). RNA levels are expressed
as the percentage of the basal levels at the time of elicitor addition.
Arrows indicate the times when actinomycin D was added.

(B) Semi-log plots of the data in (A) for cells treated with actinomycin
D (Act. D) at 1 hr (@) and 2 hr (A) after the addition of elicitor mRNA
levels at the time of actinomycin D addition were standardized to 100%,
and 0 hr on the x-axis represents the time of actinomycin D addition.
ty,, half-life.

after elicitation, respectively. These half-lives are considera-
bly longer than the apparent half-life of 45 min in cells treated
with elicitor alone and suggest that ongoing transcription is
required for maximal degradation of the PvPRPT mRNA even
after elicitation.

Protein Synthesis Inhibitors Also Inhibit the
Destabilization of PvPRPT mRNA
Induced by Elicitor

To further investigate the PvPRP1 mRNA destabilization pro-
cess, we determined the effects of translational inhibitors on
the PvPRP1 mRNA degradation in elicited cells. If a newly syn-
thesized protein factor(s) or labile protein factor(s) is involved
in the destabilization of PvPRPT mRNA, then the inhibition of
translation should also stabilize the PvPRP? mRNA in cells
treated with elicitor. Table 2 shows that the uptake of 35S-
methionine was unaffected by the inhibitors under all ex-
perimental conditions. Higher concentrations of inhibitors gave
no or little additional inhibition. Supplementing the inhibitors
with 100 ng/mL of chloramphenicol, an organelle translation
inhibitor, resulted in little additional inhibition, probably because
the dark-grown bean cultures are nonphotosynthetic (data not
shown). Cycloheximide, an inhibitor of translocase (Galling,
1982), had little effect on protein synthesis (Table 2). In inde-
pendent experiments, cycloheximide inhibited protein synthesis
by no more than 10%. Figures 7 and 8 show that cyclohexi-
mide had littie effect on the destabilization of PvPRPT mRNA
in elicitor-treated cells.

Emetine, also an inhibitor of translocase (Galling, 1982),
blocked protein synthesis by ~58%. Cells treated with eme-
tine exhibited a reduced rate of PvPRPT mRNA decay after
elicitor treatment (Figures 7 and 8). While elicitor treatment
alone resulted in ~98% decrease of PvPRPT mRNA over 8
hr, cells treated with emetine and elicitor exhibited only ~50%
reduction over the same time period; i.e., the degradation was
inhibited by ~50% (Figure 8).

Anisomycin, an inhibitor of transpeptidase (Galling, 1982),
resulted in the most effective inhibition of protein synthesis

Table 2. Efficacies of Protein Synthesis Inhibitors as Measured by 33S-Methionine Incorporation

35S-Methionine Uptake

358-Methionine Incorporation

x 10% cpm/ug x 10% cpm/ng
Inhibitor Protein % of Control Protein % of Control
Contro! 1.86 3.05 100
Cycloheximide (15 ng/mL}) 2.09 3.13 102
Emetine (150 pg/mL) 1.93 1.29 42
Anisomycin (80 pg/mL) 1.85 0.61 20
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Figure 7. Effects of Protein Synthesis Inhibitors on PvPRPT mRNA
Degradation Induced by Fungal Elicitor.

Total RNA from cells treated with water (H,0), elicitor (Eli), cyclohexi-
mide plus elicitor (Chx + Eli), emetine plus elicitor (Eme + Eli), or
anisomycin plus elicitor (Ani + Eli) for various times was analyzed
by RNA gel blotting using the PvPRP1 probe. Protein synthesis inhibi-
tors or water was added at —1 hr, and elicitor or water was added at
0 hr. The same membrane was also washed and rehybridized with
the H17 probe to demonstrate equal RNA loading (data not shown).

(~80%) compared to the other two inhibitors (Table 2). The
use of this inhibitor also resulted in the greatest inhibition
(~75%) of elicitor-induced PvPRP1 mRNA degradation
(Figures 7 and 8). Neither emetine nor anisomycin detectably
affected the PvPRP1T mRNA abundance in unelicited cells (data
not shown). These data further suggest that a de novo-syn-
thesized or labile protein factor(s) is needed for the rapid
degradation of PvPRPT mRNA in elicitor-treated cells.

DISCUSSION

In this study, we have investigated the mechanism of PvPRP1
mRNA loss during the plant defense response to fungal elici-
tor treatment. We showed that the destabilization of PvPRP1
mRNA is the principal factor affecting PvPRP1 gene expres-
sion in cells treated with fungal elicitor. In unelicited cells, the
PvPRP1 mRNA half-life is ~~60 hr. The rapid degradation of
PvPRP1 mRNA in elicitor-treated cells was slowed under con-
ditions of blocked transcription and translation. Therefore, the
PvPRP1 mRNA half-life in elicited cells is best estimated from
cells with ongoing transcription, which establishes an upper
limit of 45 min for the half-life. Transcriptional regulation of the
PvPRP1 gene is not a factor in the rapid loss of the mRNA
because the PvPRPT transcription rate remained constant for
at least 4 hr after the addition of elicitor. This conclusion is
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based on the assumption that the nuclear run-off transcrip-
tion assay accurately reflects in vivo transcriptional activity,
an assumption that has been supported by results obtained
for numerous plant and animal genes (Hofer et al., 1982;
Walling et al., 1986).

Endogenous or exogenous signals change the half-lives of
a number of mMRNAs. The long half-life of the PvPRP1 mRNA
in unelicited cells is similar to the half-lives of many mRNAs
in plant and animal cells during physiological states of the cells
in which the encoded proteins are being actively synthesized.
The average half-lives of one group of poly(A)* RNAs pres-
ent in soybean cultured cells were estimated to be 30 hr (Silflow
and Key, 1979). In the aleurone layers of gibberellin Az-treated
barley seeds, a-amylase mRNA has a half-life of greater than
100 hr. After heat shock treatment, the a-amylase mRNA half-
life is reduced to less than 2 hr (Belanger et al., 1986; Brodl
and Ho, 1991). Under conditions of iron starvation, the trans-
ferrin receptor mRNA in human cells is also very stable, with
a half-life of ~30 hr. After the addition of iron, the transferrin
receptor mMRNA decays with a half-life of 1.5 hr, while transcrip-
tion of the transferrin receptor gene remains constant (Mliner
and Kiihn, 1988). Because the PvPRPT mRNA is very likely
to encode a structural protein in the cell wall, the long mRNA
half-life would augment the transcription rate in supporting the
synthesis of this protein for growing cells.

Recognition of a pathogen or pathogen-derived elicitors
mobilizes massive biochemical changes in plant cells, includ-
ing the selective transcriptional activation of many genes (Dixon
and Harrison, 1990). Another valuable component of the de-
fense response to pathogens appears to be the degradation
of preexisting mRNAs whose products may interfere with the
protective mechanisms against the pathogen. The reinforce-
ment of the cell wall after infection or wounding involves the
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Figure 8. Quantitative Analysis of PvPRPT mRNA Leveis.

Time courses of PvPRP1 mRNA levels, which are shown in Figure 7,
in cells treated with water (O), elicitor (@), cycloheximide plus elicitor
(00), emetine plus elicitor (A), or anisomycin plus elicitor (A) are given.
RNA levels are expressed as the percentage of the 0 hr basal levels.
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increased transcription of hydroxyproline-rich glycoprotein and
proline-rich protein genes (Lawton and Lamb, 1987; Tierney
et al., 1988). The encoded proteins are rich in tyrosine and
are capable of insolubilization in the wall, presumably by
isodityrosine cross-links. Insolubilization of these proteins has
been correlated with a greater resistance to wall-degrading
enzymes from phytopathogenic fungi (Bradley et al., 1992).
A complementary mechanism to strengthen the cell wall may
be to reduce the synthesis of low-tyrosine content structural
proteins such as PvPRP1, which may form less cross-links.
The destabilization of the PvPRP7 mRNA is an efficient mech-
anism for clearing this mRNA from the cytoplasm, whereas
cessation of gene transcription would have little effect for many
hours. It is not known whether the other elicitor down-regulated
mRNAs identified by cDNA cloning (Sauer et al., 1990) or in
vitro translation (Cramer et al., 1985; Dalkin et al., 1990) are
also regulated by differential mRNA stability. The response
of plants to heat shock has aiso been shown to involve tran-
scriptional activation of the heat shock protein genes and
selective destabilization of existing mRNAs (Belanger et al.,
1986; Nover, 1989; Brodl and Ho, 1991).

Although actinomycin D pretreatment reduced the degra-
dation of the PvPRPT mRNA in elicitor-treated cells, there was
no detectable effect of actinomycin D on g-tubulin mRNA degra-
dation in these cells. These data show that the actinomycin
D-treated cells were not generally inhibited for degradation
of cellutar mRNAs and indicate the existence of multiple mRNA
degrading pathways. We showed that elicitor treatment de-
creased the B-tubulin mRNA half-life from ~3 to ~1 hr. The
B-tubulin mRNA half-life in etiolated oat leaves was shown to
be about 1.5 hr (Byrne et al., 1993). In a number of mammalian
cell cultures, a-tubulin and B-tubulin mRNA half-lives are 1 to
2 hr, and these mRNAs are destabilized by high levels of tubulin
heterodimers (Cleveland et al., 1981; Pachter et al., 1987; Gay
et al., 1989). It is unknown whether fungal elicitor treatment
of plant cells triggers B-tubulin mRNA decay by a similar
mechanism,

A strong positive correlation was obtained between efficacy
of inhibition of protein synthesis and inhibition of PvPRP?
mRNA destabilization, indicating that the destabilization of
PvPRP1 mRNA is also dependent on translation. The differ-
ent protein synthesis inhibitors varied considerably in their
efficacies in blocking translation. This is presumably due to
their variable uptake by the bean cells because all of these
compounds are potent inhibitors of in vitro translation (Galling,
1982). The efficacies of protein synthesis inhibitors may differ
among plant species. Emetine and anisomycin treatment of
wheat seedlings provided 0 and 40% inhibition, respectively
(Lam et al., 1989). In contrast, both inhibitors blocked protein
synthesis in pea seedlings by 85% (Theologis et al., 1985).

The kinetics of the PvPRP1 mRNA decay in elicited cells
and its transcription and translation dependence are consis-
tent with several models, but we will briefly consider only two.
The simplest model is that elicitor induces the expression of
a gene encoding a protein that is involved in the degradation
of the PvPRPT mRNA. The observed 1-hr lag period before

mRNA decay could be due to the time needed for transcrip-
tion and the intervening steps prior to sufficient accumulation
of the protein to participate in the decay process. A second
model is that elicitor causes an alteration in the activity of an
existing protein that is necessary for the rapid degradation of
PvPRPT mRNA. In this model, either the activated protein or
another protein involved in the degradation process must be
labile and be encoded by a short-lived mRNA to account for
the inhibitor results. In either model, the predicted protein(s)
may be a sequence-specific ribonuclease or an RNA binding
protein which targets the mRNA for degradation by a general
ribonuclease.

Additional features of the PvPRP1 mRNA degradation pro-
cess in elicitor-treated cells are suggested by the experiments
involving prior or delayed addition of actinomycin D. In cells
pretreated with the inhibitor, the PvPRPT mRNA half-life is ~18
hr, which is approximately threefold less than the half-life in
unelicited cells. Possible explanations are as follows: (1) the
low residual transcription activity in actinomycin D-treated cells
can still supply some de novo-synthesized trans-acting fac-
tor(s) required for the rapid degradation; (2) elicitor activates
PvPRP1 mRNA degradation to an intermediate rate by a
transcription-independent process, but the maximal rate of
degradation requires transcription. In elicitor-treated cells, the
PvPRP1 mRNA half-life was shorter in cells that received
delayed additions of actinomycin D (~6 hr) compared to cells
pretreated with the inhibitor (~18 hr) but longer than the ap-
parent half-life in cells treated with elicitor alone. These
observations suggest that cells given later additions of ac-
tinomycin D accumulated more of a critical protein(s) involved
in the mRNA degradation and therefore sustained a higher
rate of PvPRPT mRNA degradation relative to the pretreated
cells. Furthermore, these results indicate that ongoing tran-
scription is necessary even several hours after elicitor treatment
for maximal PvPRPT mRNA degradation.

The transcription and translation dependence of PvPRP1
mRNA rapid degradation is similar to the features of degrada-
tion pathways for a number of mRNAs. In plants, potato rbcS
mRNA was degraded more slowly in the dark in the presence
of cordycepin, a transcription inhibitor (Fritz et al., 1991). The
rapid turnover of phytochrome mRNA in etiolated oat seed-
lings was inhibited by both cordycepin and cycloheximide
(Colbert et al., 1991; Seeley et al., 1992). The activities of differ-
ent proteins binding to ¢-fos and lymphaokine mRNAs were
reduced in extracts from cells treated with transcription and
translation inhibitors (Bohjanen et al., 1991; You et al., 1992).
The transferrin receptor and c-myc mRNAs are stabilized in
the presence of protein synthesis inhibitors (Koeller et al., 1991;
Wisdom and Lee, 1991). Our findings together with these previ-
ous studies suggest that the rapid degradation of many mRNAs
in both plant and animal cells involves new RNA and protein
synthesis.

In mammalian proto-oncogene mRNAs, the occurrence of
AUUUA motifs in the 3’ untranslated regions has been impli-
cated as one determinant resulting in the instability of these
mRNAs (Jones and Cole, 1987; Wilson and Treisman, 1988).



There are two AUUUA motifs in the 3’ untranslated region of
PvPRP1 mRNA located 27 and 121 nucleotides downstream
from the termination of the coding region. We are currently
exploring the molecular mechanisms governing PvPRP1
mRNA decay by examining the interactions of cis-determinants,
such as the AUUUA motif, and RNA binding proteins.

METHODS

Plant Cell Culture and Treatment with Elicitor and Inhibitors

Suspension cultures of bean (Phaseolus vulgaris cv Immuna) cells were
maintained in darkness at 23°C and subcultured every 2 weeks as
described previously (Dixon and Bendall, 1978). Experiments were con-
ducted with flasks of cells 8 to 10 days after subculturing from cells
at equivalent stages in the growth cycle. The growth media of the sub-
cultures exhibited conductivities between 2500 and 2800 Q~'/cm.
Elicitor was prepared from the heat-released cell wall fraction of fun-
gal pathogen Colletotrichum lindemuthianum as described previously
(Anderson-Prouty and Albersheim, 1975) and was used at the final
concentration of 60 ug of glucose equivalents per mL. Actinomycin
D (Sigma) was applied at the final concentration of 100 png/mL. Cyclo-
heximide, emetine, and anisomycin (Sigma) were used at final con-
centrations of 15, 150, and 80 ng/mL, respectively, and were added
1 hr before elicitor or water treatment. Plant cells were harvested by
filtration through Miracloth (Calbiochem), frozen in liquid nitrogen, and
stored at —70°C. '

Genomic DNA Isolation and DNA Gel Blot Analysis

Total genomic DNA was isolated from bean leaves (cv Tendergreen),
digested, blotted onto Zeta-probe membranes (Bio-Rad Laboratories),
and hybridized essentially as described previously (Sheng et al., 1991).
The blots were hybridized with the indicated 32P-labeled probes in
0.5 M NaH,PO,, pH 7.2, 7% SDS, and 1 mM EDTA at 65°C for 24 hr.
The Hincll-Hinc [l probe (~600 bp) contains the 5’ end of the PvPRPT
cDNA and terminates at the Hincll site at position 588 in the PvPRP1
cDNA (Sheng et al., 1991). The Hincll-EcoR! probe is bound by the
Hincll site at position 588 and the downstream EcoRil site in the linker
used during cDNA cloning. The blots were washed twice in 40 mM
NaH,PO,, pH 7.2, 5% SDS, and 1 mM EDTA at 65°C and twice in
40 mM NaH,PO,, pH 7.2, 1% SDS, and 1 mM EDTA at 65°C for
30 min each and exposed to x-ray film at -70°C.

RNA Isolation and RNA Gel Blot Analysis

Total RNA was isolated from 1.5 to 2 g of cells for each sample by the
phenol-SDS method with cetyltrimethyl-ammonium bromide treatment
(Mehdy and Lamb, 1987; Cox and Goldberg, 1988). For RNA gel biot
analysis, 7.5 ng of total RNA was denatured, size fractionated on 1.2%
formaldehyde agarose gels, and transferred onto Zeta-probe mem-
branes with 10 x SSC (1 x SSCis 0.15 M NaCl, 0.15 M sodium citrate);
the RNA was UV cross-linked to the membrane. 32P-labeled probes
were phenylalanine ammonia-lyase (PAL) cDNA PAL5 (Edwards et al.,
1985), chalcone synthase (CHS) cDNA CHS5 (Ryder et al., 1984), chal-
cone isomerase (CHI) cDNA CHI7 (Mehdy and Lamb, 1987), the
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Hincll-EcoRlI fragment of the PvPRPT cDNA (Sheng et al., 1991), the
H1 cDNA (Lawton and Lamb, 1987), and soybean tubulin $82X3 (Han
et al., 1991). Hybridization and washing condition were the same as
described for DNA gel blot analysis, except that SB2X3 was hybrid-
ized as previously described (Lambais and Mehdy, 1993). After
autoradiography, specific transcripts were quantitated b‘y scanning den-
sitometry in the linear range of the film response using an absorbance/
fluorescence detector (model UA-5; ISCO, Lincoln, NE). The linear
range of film response was established by scanning densitometry of
signals from a dilution series of radioactivity. When necessary, multi-
ple exposures were made to obtain signals in the linear range of film
sensitivity and normalized for the time of exposure to compare differ-
ent signals on the same blot.

Nuclear Run-Off Experiment

Nuclei were isolated according to the method of Cox and Goldberg
(1988) from 5 g of bean cells and stored at —70°C. Runoff transcrip-
tion reactions (100 uL) contained nuclei equivalent to 100 ug of DNA
and 125 uCi of a-32P UTP (800 Ci/mmol) as described by Cox and
Goldberg (1988). After RQ1 DNase and proteinase K digestions, 50 ug
of tRNA was added. The mixtures were extracted twice with phenol/chlo-
roform/iscamyl alcohol (25:24:1), back-extracted, and extracted once
with chloroform/isoamyl alcohol (24:1). RNA was precipitated by add-
ing one-tenth volume of 3 M sodium acetate, pH 6.0, and 2.5 volume
of ethanol. The pellet was dissolved in 200 uL of diethylpyrocarbonate-
treated H,0O and then passed through a 1-mL Sephadex G-50 spin
column (Pharmacia). 2P-labeled nuclear RNAs (4 x 107 cpm) from
each sample were hybridized to nitrocellulose membranes dotted with
5, 1, and 0.2 pg of linearized, denatured recombinant plasmid DNAs
as described by Cox and Goldberg (1988) as Method 1, except that
the hybridization time was extended to 48 hr. The filters were rinsed
with 2 x SSC and washed three times with 0.2 x SSC, 0.01% SDS
at 68°C for 1.5 hr. The amounts of linearized plasmid DNAs were de-
termined by spectrophotometric quantitation. Hybridized transcripts
were detected by autoradiography of the filters and quantified by scan-
ning densitometry of films as detailed above.

Determination of mRNA Half-Life

PvPRP1 mRNA and B-tubulin mRNA half-lives were determined by
monitoring mRNA decay after actinomycin D treatment. RNA levels
were analyzed by RNA gel blotting and quantitated as described above.
Because mRNA decay follows first-order kinetics, hait-life was calcu-
lated using the equation: t,, = 0.693/(2.303 x the slope of the line
in the semi-log plot of logyy, MRNA versus time). The slope is
logo(No/N)It, where N, is the initial amount of mRNA, N is the amount
of mMRNA attime t, and tis the elapsed time. Under conditions of ongoing
transcription, the apparent t, was estimated from mRNA degradation
kinetics that defines the upper limit of the turnover rate (Belanger et
al., 1986; Byrne et al., 1993).

Determination of Effectiveness of Protein
Synthesis Inhibitors

The effect of protein synthesis inhibitors on global protein synthesis
was assessed by measuring 3S-methionine incorporation into trichlo-
roacetic acid-insoluble material according to the method of Theologis
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et al. (1985) with the following modifications. Cells were preincubated
with an inhibitor or H,0 for 1 hr before adding 35S-methionine to 10
uCi/mL (1000 Ci/mmol, Amersham Corp.). Unlabeled L-methionine was
also added to a 50-uM final concentration to facilitate the uptake of
labeled methionine. After a 3-hr incubation, cells were washed exten-
sively with 20 mM Hepes, pH 7.5, and then disrupted in 1 mL of 50
mM Hepes, pH 7.9, 0.1 M methionine buffer by sonication. The ho-
mogenate was centrifuged at 13,000 rpm at 4°C for 10 min.
358-methionine uptake was determined by counting 10 pL of the su-
pernatant. The incorporation of 3¥S-methionine into trichloroacetic
acid-precipitable protein was determined by using 100-uL aliquots.
Protein concentrations were determined using the Bio-Rad Protein As-
say method.
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