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ABSTRACT By examining the front of virus invasion in
immature pea embryos infected with pea seed-borne mosaic
virus (PSbMV), the selective control of different host genes
has been observed. From our observations, the early responses
to PSbMV replication can be grouped into three classes,
inhibited host gene expression, induced host gene expression,
and no effect on a normal host function. The expression of two
heat-inducible genes encoding HSP70 and polyubiquitin was
induced coordinately with the onset of virus replication and
the down-regulation of two other genes encoding lipoxygenase
and heat shock cognate protein. The down-regulation was part
of a general suppression of host gene expression that may be
achieved through the degradation of host transcripts. We
discuss the possibilities of whether the induction of HSP70
and polyubiquitin genes represents a requirement for the
respective protein products by the virus or is merely a
consequence of the depletion of other host transcripts. The
former is feasible, as the induction of both genes does result
in increased HSP70 and ubiquitin accumulation. This also
indicates that, in contrast to some animal virus infections,
there is not a general inhibition of translation of host mRNAs
following PSbMV infection. This selective control of host gene
expression was observed in all cell types of the embryo and
identifies mechanisms of cellular disruption that could act as
triggers for symptom expression.

For maximum efficiency, a virus must balance the exploitation
of host cellular processes against consequential cellular dam-
age. How this is achieved is not well understood. However,
examples from a wide range of animal viruses (reviewed in ref.
1) and our earlier work with the plant virus pea seed-borne
mosaic virus (PSbMV; ref. 2) suggest that a major component
in the control exerted by the virus is the shutoff of transcription
andyor translation of host mRNAs. Because the virus must use
the host machinery for polynucleotide and protein synthesis,
either the control must be highly selective or virus replication
must depend on long-lived host mRNAs andyor proteins. A
similar argument may also apply to the use of host processes
for the correct folding and turnover of viral proteins.
The host shutoff phenomenon has been studied in most

detail for poliovirus in which viral proteins interfere with DNA
polymerase I, II, and III transcription (3–5) and translation (6,
7) and for herpes simplex virus 1 in which host translation is
inhibited and there is a rapid degradation of capped mRNAs
by a viral protein with riboexonuclease activity (8). For
PSbMV replicating in pea embryonic tissues, there is a tran-
sient host shutoff associated with a loss of host gene transcripts
associated with diverse areas of metabolism (2).
In common with all viruses, PSbMV replication is associated

with the translation of viral RNA and the multifarious activ-
ities of virus-encoded proteins. Hence, the basic translational
machinery and processes required to assist in the correct
folding and turnover of proteins should be in place. We know

that viral RNAs are translated and there are animal virus
precedents for the presence of protein chaperones (e.g., refs.
9–11) and the ubiquitin protein turnover pathway (12) in
infected cells. For plant viruses, there is less information.
Closteroviruses encode a 65-kDa protein with strong homol-
ogy to the HSP70 class of molecular chaperones (13), and
ubiquitin has been shown to be associated with the tobacco
mosaic virus replicase protein in vivo (14), whereas there is
evidence for the activation of the ubiquitin gene in tobacco
mosaic virus-infected Nicotiana sylvestris protoplasts (15).
PSbMV (family Potyviridae) has a positive sense RNA

genome of 9.8 kb (16). The RNA is polyadenylylated but not
capped, having a virus-linked protein (Vpg) at the 59 end.
Potyviral genomes are expressed by translation of a large ORF
into a polyprotein that is processed by viral proteases into
functional proteins (17). PSbMV is transmitted through seeds,
infecting the embryo early in development (18). As the infec-
tion proceeds, the virus invades the compact tissues of the
cotyledon on an advancing front. Using this system, we cor-
related the host shutoff phenomenon with active virus repli-
cation (2). Here we report an extension to these studies to show
that there is a coordinated induction of particular represen-
tatives of the chaperone and ubiquitin classes of genes with the
down-regulation of other genes. However, there is no detect-
able effect on rRNA or the translation of host mRNAs. In
addition, we show that these effects are not cell-type specific
as they occur within the area of PSbMV replication throughout
the developing embryo.

MATERIALS AND METHODS

Methods for obtaining PSbMV-infected pea seeds and for
their fixation, embedding, and processing for in situ hybrid-
ization and immunocytochemistry were as described (2, 18).
The localization data were observed consistently over 5–10
experiments using pea embryos harvested at different times of
the year.
In Situ Hybridization Probes. PSbMV 1ve and 2ve sense

RNA in sections of pea tissue were detected using the com-
plementary RNA probes as described (2, 18). Hybridization
probes for host RNAs were prepared as follows. (i) A lipoxy-
genase (lox1:Ps:2) cDNA clone, p320 (19, 20), was the com-
plete cDNA cloned into the SmaI site of pBluescript KS1
(Stratagene). The clone was linearized withKpnI orBamHI for
transcription of 1ve or 2ve sense RNAs with T7 or T3 RNA
polymerase, respectively. (ii) HSP70 (PsHSP71.2) cDNA (21)
was subcloned as an EcoRI fragment (cDNA nt 1–788) into
pBluescript SK1 (Stratagene). The clone was linearized with
KpnI or XbaI for transcription of1ve or2ve sense RNAs with
T3 or T7 RNA polymerase, respectively. (iii) HSC70
(PsHSC71.0) cDNA (21) was subcloned as an EcoRI fragment
(cDNA nt 1–1075) into pBluescript SK1. The clone was
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linearized with KpnI or BamHI for transcription of1ve or2ve
sense RNAs with T3 or T7 RNA polymerase, respectively. (iv)
Polyubiquitin (pCU1) cDNA (22) was subcloned as an EcoRI
fragment (1.5 kb) into pBluescript SK1. The clone was linear-
ized withHindIII orXbaI for transcription of1ve or2ve sense
RNAs with T7 or T3 RNA polymerase, respectively. (v) The
18S rRNA clone (pF4) was a subcloned EcoRI–BamHI frag-
ment (1 kb) from an rDNA clone (pHA2; ref. 23) into
pBluescript SK1. The clone was linearized with HindIII or
XbaI for transcription of 1ve or 2ve sense RNAs with T7 or
T3 RNA polymerase, respectively.
Digoxygenin-11-UTP-labeled RNA (Boehringer Mann-

heim) was prepared, hybridized to tissue sections, and detected
using an alkaline phosphatase-conjugated anti-digoxygenin
antibody as described previously; 5-bromo-4-chloro-3-
indoylphosphate and nitro-blue tetrazolium were used as
chromogenic substrates (2, 18). Host RNA positive sense
probes gave no detectable signal (data not shown).
Processed sections were mounted in Entellan (Merck) with-

out (Figs. 1–3) or with (Fig. 4) prior to counterstaining in 0.1%
Calcofluor (Sigma), and photographed using transmitted light
microscopy (Figs. 1–3) or combined epifluorescence (UV;
Calcofluor staining of cell walls) and transmitted light micros-
copy (Fig. 4).
Antisera. Polyclonal rabbit antisera for HSP70 homologs

(21) and ubiquitin (Sigma) were used at dilutions of 1y100 and
1y250, respectively. The immunohistochemical procedures
with anti-HSP70, anti-ubiquitin, and anti-PSbMV coat protein
(18) were as described previously except that antibody incu-
bations were carried out at 48C overnight.

RESULTS

Detection of HSP70 and Polyubiquitin RNA in Healthy and
PSbMV-Infected Cotyledons. HSP70 represents one of the
families of heat-inducible chaperones. Three cytoplasmic
HSP70 homologs have been identified in pea (21). PsHSP71.2
is heat-inducible, nonconstitutive in leaves, but constitutively
expressed late in seed development. PsHSC71.0 is constitutive
and nonheat inducible in leaves, and is expressed continuously
during seed development. PsHSP70.b represents an interme-
diate situation, being constitutive and heat inducible in leaves
(21). Ubiquitin is a highly conserved small (8.5 kDa) polypep-
tide that is intimately involved in targeting protein for degra-
dation, but has other cellular roles, including responses to a

variety of biological and physical stress conditions (reviewed in
ref. 24). Ubiquitin is encoded by a gene family of natural gene
fusions, termed polyubiquitin, for which two distinct cDNA
clones (pCU1 and pCU2) have been isolated from pea (22).
There are no data for the patterns of expression of these genes
in pea embryos.
Using in situ hybridization of embryo sections, we have

studied the expression of PsHSP71.2, PsHSC71.0, and a polyu-
biquitin gene (pCU1) in healthy and PSbMV-infected pea
cotyledons. Near-consecutive sections were also treated with
strand-specific probes for PSbMV RNA. In sections of healthy
cotyledons, host PsHSP71.2 transcripts are detected weakly
and with a uniform distribution (Fig. 1D). When sections were
probed for polyubiquitin or PsHSC71.0 RNAs, a stronger
hybridization signal was observed, particularly in the provas-
cular tissues and surface layers of the cotyledon (Fig. 1 E and
G). In virus-infected cotyledons, a different pattern of expres-
sion was seen. For PsHSP71.2 and polyubiquitin, there was a
marked zone of increased transcript accumulation (Fig. 1 J and
K ). This zone, which was two to four cells wide, lay close to the
front of virus invasion, as revealed by probing for PSbMV1ve
RNA (Fig. 1I), and appeared to overlie the zone of viral RNA
replication (Fig. 1H). In contrast, the weak expression of
PsHSC71.0 was marginally reduced within the zone of viral
RNA replication (Fig. 1M) in a pattern similar to that seen
previously for suppressed host gene expression (2). This re-
duction was less dramatic than that seen for other genes but
was consistently observed in all the experiments with the
PsHSC71.0 probe. The expression of PsHSP71.2 and polyu-
biquitin showed further differences from the other genes and
from each other. Whereas previously suppression of host gene
expression was followed by a complete recovery to levels seen
in healthy tissue as viral RNA replication declined (ref. 2; Fig.
1M), expression of PsHSP71.2 was abolished after the induc-
tion phase behind the infection front (Fig. 1, compare D and
J ) and was only sometimes seen to recover a long time after the
wave of infection had passed (i.e., close to the embryonic axis;
not shown). In contrast, polyubiquitin showed no significant
reduction in expression over that in healthy tissue after the
induction phase except perhaps in the provascular tissue (Fig.
1, compare E and K ).
Comparison of the Spatial Patterns of PsHSP71.2,

lox1:Ps:2, and PSbMV RNA Accumulation. The expression of
genes associated with seed storage protein synthesis and starch
metabolism (2) and PsHSC71.0 (Fig. 1M) was suppressed in

FIG. 1. Selective regulation of host gene expression following PSbMV infection of pea cotyledonary tissues. The orientation of the pea cotyledon
sections is shown in (A). B–E, F and G, H–K, and L and M were from four separate embryos. Sections B–G and H–M are from healthy and
PSbMV-infected cotyledons, respectively. The sections were subjected to in situ hybridization with probes for PSbMV2ve RNA (B andH ), PSbMV
1ve RNA (C, F, I, and L), PsHSP71.2 RNA (D and J ), polyubiquitin RNA (E and K ), and PsHSC71.0 RNA (G and M ). The zone of HSP70 and
polyubiquitin induction correspond with the front of virus invasion and the onset of virus replication (H–K, arrows). In contrast, HSC70 expression
is reduced at the front of virus invasion (L and M, white arrows).
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cells replicating PSbMV RNA. The pea lipoxygenase gene,
lox1:Ps:2 (19, 20), was further selected as a gene expressed to
intermediate levels in the middle to late stages of pea embryo
development, and as a gene representative of a different area
of host metabolism. When sections of virus-infected pea
cotyledons were probed for lox1:Ps:2 expression, a transcript-
depleted zone (Fig. 2B) that correlated with the area of viral
RNA replication (not shown) was seen. As observed previously
(2), the front of virus invasion, indicated by transcript deple-
tion, was seen as a sharp demarcation between uninfected and
infected areas at which point host mRNAs disappeared
throughout the cell. In the case of lox1:Ps:2, this included a loss
of RNA from nuclei and from the cytoplasm (Fig. 2B, Inset).
The induction of genes in infected tissues could occur as a

response to a signal in advance of the infection front, to the
onset of viral replication, or to the accumulation of viral
products in the cells. To determine more precisely the spatial
relationship between the suppression and induction phenom-
ena, consecutive sections (15 mm thick; cotyledonary cells have
an approximate size of 50 mm) were analyzed. In Fig. 1, the
sections shown in panels H–K are strictly consecutive. Mea-
surement of the position of the induction and the virus-
infected zone (Fig. 1, arrows) showed that the induction zone
was at the extreme outer edge but overlying the infected area
indicative of a response to the onset of virus replication. To
assess the relationship between the induction and suppression
of gene expression, consecutive sections (Fig. 2 B and C) were
analyzed for lox1:Ps:2 and PsHSP71.2, respectively. This
showed that these different response zones also coincided at
the outer edge of virus invasion. These data were supported
when a near-consecutive section was analyzed jointly for both
mRNAs. In this case, the area with reduced hybridization
signal was narrower than with lox1:Ps:2 mRNA alone (Fig.
2D). These data are summarized graphically in Fig. 2E.
Detection of HSP70 and Ubiquitin in PSbMV-Infected

Cotyledons. The translation of viral RNAs would require that
the host translational machinery should remain intact even
against a background of host mRNA degradation. Accord-
ingly, when sections of infected cotyledons were probed for the
presence of 18S rRNA, no difference in the accumulation of
rRNA was observed between infected and uninfected areas
(Fig. 3 B and C). It is possible however that in the area of viral
RNA replication, translation could be restricted to viral RNAs,
possibly through an interference from viral proteins in the

translation of host capped mRNAs. A consequence of this
would be that the induced PsHSP71.2 and polyubiquitin
mRNAs might not result in an increased accumulation of
protein. To test this, sections of infected cotyledons were
analyzed for protein accumulation using immunocytochemis-
try and the respective antibodies. Since these genes are mem-
bers of large gene families and the antibodies recognize many
of the protein products, the level of antibody binding is high in
the uninfected and infected regions in both cases (Fig. 3 E and
F). Nevertheless, the increased accumulation of the respective
proteins at the front of virus invasion (Fig. 3D) is clear
(arrows).

FIG. 2. Spatial correlation between the zones of transcript depletion and HSP70 induction. B–D were cut from the same PSbMV-infected
cotyledon in the area shown in A; B and C are adjacent sections. Sections were subjected to in situ hybridization with probes for lox1:Ps:2 RNA
(B), PsHSP71.2 RNA (C) and both probes together (D). The transcript depletion seen for lox1:Ps:2 appears to involve a rapid loss of transcript
from the cytoplasm and the nucleus (B, Inset: compare the signal in the cytoplasm, c, and the nucleus, n, on the right and left of the panel, i.e.,
outside and inside the infection front, respectively). The zone of PsHSP71.2 induction corresponds with the first few cells of the zone of lox1:Ps:2
RNA depletion (B and C, arrows). When both probes are combined (D) the transcript-depleted zone gets correspondingly narrower. These data
are summarized graphically (E).

FIG. 3. Accumulation of viral and host proteins at the front of virus
invasion. B and C and D–F, respectively, were cut from two different
infected embryos. The orientation of the sections is illustrated in A.
Sections were subjected to in situ hybridization with probes for PSbMV
1ve RNA (B) or 18S rRNA (C), or immunohistochemistry with
antibodies for PSbMV coat protein (D), HSP70 (E), or ubiquitin (F).
rRNA was uniformly distributed throughout the infected cotyledon.
Cells at the front of virus invasion (arrows) accumulated viral and
induced host proteins.
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Expression of PsHSP71.2, Polyubiquitin, and lox1:Ps:2 in
the Embryonic Axis. In our earlier experiments, we used
sections of pea cotyledons to analyze host responses to virus
replication. The cotyledon is a specialized organ composed
predominantly of cortical cells dedicated to the accumulation
of storage products. To test whether the responses to virus
replication were cell-type specific, parts of the embryonic axis
were subjected to the same in situ analysis. The embryonic axis
is a highly complex structure with cell types representative of
all the vegetative components of the mature plant. Fig. 4 shows
the data obtained for sections through the embryonic radicle;
equivalent results were obtained for the hypocotyl and epicotyl
regions (not shown).
Sections of the radicle from uninfected seeds probed for

lox1:Ps:2, PsHSP71.2, or polyubiquitin expression showed that
lox1:Ps:2 was expressed in the root cortex and root cap but
barely at all in the stele (Fig. 4D), polyubiquitin was expressed
in the cortex and the stele (Fig. 4C), and PsHSP71.2 was not
expressed in the radicle at all (Fig. 4E). In contrast, sections of
the radicle from infected embryos showed very different
patterns of expression (Fig. 4 G–I). Because of the narrow
dimension of the tip of the radicle, it is not possible to correlate
precisely the spatial distribution of the expression. However,
the general features of the responses seen in cotyledons remain
the same in the radicle. Virus invasion into the embryo follows

a precise pathway, originating at the tip of the radicle from
where it is subsequently excluded, to become reinfected later
in embryo development (unpublished data). Following rein-
fection, the virus spreads through the cortical tissues of the
radicle and more slowly through the stele (Fig. 4F). Correlated
with the front of virus invasion, there is decreased expression
of lox1:Ps:2 (Fig. 4H) and increased expression of polyubiq-
uitin and PsHSP71.2 (Fig. 4G and I). The increased expression
was seen in both the cortex and the stele and was especially
notable for PsHSP71.2, for which there is no constitutive basal
expression (Fig. 4I).

DISCUSSION

We showed previously that virus replication was associated
with a depletion of host transcripts for nine genes associated
with two distinct areas of metabolism, seed storage protein
accumulation and starch metabolism. The observations have
been extended in this work to include lipoxygenase and a
constitutively expressed putative chaperone, HSC70. The
abrupt loss of in situ hybridization signal at the front of virus
invasion suggests that host RNAs are degraded in the cyto-
plasm and nucleus and that there is a block to further
accumulation until virus replication declines. This block could
result from continued efficient degradation or from an inhi-
bition of transcription. If from an inhibition of transcription,
then this could be under direct virus control, as observed for
poliovirus, or could result from a loss of translation products
essential for transcription. It is not clear at present which of
these possibilities applies.
Not all host genes are down-regulated during virus replica-

tion. We have identified two genes (encoding HSP70 and
polyubiquitin) that are induced, but it is likely that there will
be others. These three phenomena associated with PSbMV
replication (host mRNA depletion, induction of HSP70 and
induction of polyubiquitin) have been observed before for
some animal viruses but not for plant viruses, and never have
all three phenomena been studied in the same infection. This
system provides special opportunities not only to characterize
the influence of the virus on host gene expression but also to
study the coordinate expression of HSP70 and polyubiquitin in
a background of mRNA degradation.
Our data show that these changes in host gene expression

coincide with the onset of virus replication. The changes can
be interpreted in three ways: (i) as positive controls by the
virus to avoid competition for macromolecular synthesis; (ii)
as part of an unsuccessful defense response; or (iii) as a series
of separate events where one or more is consequential upon
the effect of another. In the first case, it could be argued that
the selective regulation of different genes could be beneficial
to viral protein function and hence to virus accumulation.
The second option will need to await more detailed obser-
vations on the success of virus invasion when these phenom-
ena are either enhanced or diminished. The third point is
interesting in the context of the control of gene expression
for HSP and polyubiquitin.
The complex control of HSP expression has been reviewed

recently (25). Briefly, the current model suggests that in the
absence of heat induction, the HSP gene has a paused tran-
scriptional complex. Transcriptional induction is mediated by
the binding of a transcriptional activator, heat shock factor, to
a short DNA regulatory sequence, the heat shock element. The
availability and activity of heat shock factors is controlled by
the formation of complexes with HSP, and by phosphorylation.
The diversion of HSP into chaperone activity to correct heat
shock damage to cellular proteins releases heat shock factor in
trimeric form for HSP transcriptional activation. Thus, HSP
can negatively control its own expression. The upstream region
of eukaryotic polyubiquitin genes also contain heat shock
elements (e.g., ref. 23), and, following heat treatment, polyu-

FIG. 4. Selective control of host gene expression in the infected
embryonic radicle. B–E and F–I were sectioned from single healthy
and infected embryos, respectively, as illustrated in A. Sections were
subjected to in situ hybridization with probes for PSbMV1ve RNA (B
and F), polyubiquitin RNA (C and G), lox1:Ps:2 RNA (D and H) or
PsHSP71.2 RNA (E and I). As observed in cotyledons, coordinate
induction of polyubiquitin and HSP70 and down-regulation of lipoxy-
genase expression were observed. Note, to visualize the tissue struc-
ture in the absence of hybridization signal, these sections were
photographed under joint-transmitted and epifluorescent light after
staining the tissue sections with calcofluor.
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biquitin and HSP expressions are both induced. Heat-induced
stress also results in the degradation of host mRNAs against
which HSP (and presumably polyubiquitin) RNAs are pro-
tected (26). Hence, many of the features of the response to
PSbMV replication mimic those resulting from heat stress.
These observations raise many questions. Particularly, in

avoiding competition in the cell through a host shutoff mech-
anism does the virus trigger incidentally the induction of heat
responsive genes, albeit to advantage? This could occur
through a block to host protein synthesis since induced HSP
expression has been observed when protein synthesis is inhib-
ited (27). The abrupt induction of HSP at the infection front
gives no indication of a time delay between it and mRNA
depletion. The equally abrupt stop to HSP expression within
the zone of mRNA depletion presumably results from negative
feedback regulation fromHSP itself. The coordinate induction
of HSP70 and polyubiquitin supports the idea that they may
both be regulated through heat shock elements. However,
there must be differences in the subtleties of their regulation
as there were differences in the pattern of recovery of basal
expression after virus replication had ceased. For HSP70,
expression declined and failed to recover to the constitutive
level seen in uninfected tissue whereas polyubiquitin expres-
sion rapidly returned to ‘‘normal’’ levels.
Although PSbMV behaves like many animal viruses in

promoting a host shutoff mechanism, it differs from poliovirus
in particular in not blocking the translation of host mRNAs, or
at least those representative of heat-responsive genes. It would
be interesting to test whether HSP and polyubiquitin were
induced following poliovirus infection. The absence of induc-
tion would suggest that the gene products were not always
essential during virus replication. Recently, evidence was
obtained to indicate that induction of members of the HSP70
family in cells infected with canine distemper virus could
enhance viral polymerase activity (28).
The observation that PSbMV host shutoff and heat shock

protein induction occurred throughout the developing embryo
supports the idea that this is a general mechanism rather than
one peculiar to the specialized cell type within the cotyledon.
Why then have these phenomena not been observed before?
The infection of plants by viruses is a completely asynchronous
process and observed phenomena are very transient, probably
only a few hours within a single cell. The only plant single cell
system available for synchronized infections are plant proto-
plasts. These are subjected to osmotic trauma and the toxic
effects of relatively crude cell-wall degrading enzymes and, at
best, only approximate a synchronous response. The mecha-
nisms underlying symptom expression in virus infected plants
are very poorly understood. The magnitude of the responses to
virus replication observed in this work could represent the
primary triggers for a sequence of events that lead to symptom
production. We hope that by manipulating the growth condi-
tions of the plant (e.g., by differential temperature treatment;
ref. 29) we can obtain sufficient synchrony for a more detailed
analysis of the molecular events governing these responses.
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