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Inhibition of Host Gene Expression Associated 
with Plant Virus Replication 
Daowen Wang and Andrew J. Maule* 

Pea seed-borne mosaic virus (PSbMV) RNA replication in pea cotyledonary tissues was 
restricted largely to a zone of cells close to the infection front. In situ hybridization probes 
representing nine genes from two pathways of metabolism failed to detect RNA transcripts 
within this zone, although transcripts were found in similar amounts in tissues on either side 
of the zone. Thus, in common with some animal viruses, PSbMV transiently suppresses 
the expression of host genes. Host protein accumulation was also affected. These ob- 
servations provide insights into virus-plant interactions and symptom expression. 

Viruses exert their negative effects by in- 
fluencing the metabolism of the host ( I ,  2), 
but the mechanism is poorly understood for 
plant viruses. Although alterations in plant 
gene expression have been linked to viral 
infection, they have not been related to 
specific events in virus multiplication (3). 
We used here a histochemical approach to 
identify cells in which virus is actively rep- 
licating and to study the associated activity 
of host genes. 

Pea seed-borne mosaic virus (PSbMV) 
is a member of the potyviridae (4) and has 
a positive-sense RNA genome of approxi- 
mately 10 kilobases (kb). It is transmitted in 
seeds after infection of the embryo eaily in 
development (5). As the infection pro- 
ceeds, the virus invades the cotyledon on an 
advancing front ( 6 ) .  

To identify cells supporting active virus 
replication, we probed sections of immature 
infected pea embrvos for virus coat protein 
with a P S ~ M V  aitibody, and for t<e posi- 
tive and negative senses of the RNA ge- 
nome with the use of in situ hybridization 
(7). Detection of both coat protein and 
positive PSbMV RNA showed that the vi- 
rus had accumulated in tissues proximal to 
the contact point with the embryonic axis, 
leaving a distal portion of cotyledon unin- 
fected (Fig. 1, B and C). In the infected 
area, there was a uniform accumulation of 
virus with a sharp differentiation between 
infected and uninfected areas, which sug- 
gests that PSbMV replication is rapid. Esti- 
mates for the rate of advancement of infec- 
tions by a related potyvirus, tobacco etch 
virus, suggest that the virus infects approx- 
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imately one new cell every 2 hours (8). 
Negative sense RNA is part of the rep- 

licative form of the virus (9). Negative 
sense RNA is mostly single-stranded in tis- 
sues involved in active viral RNA replica- 
tion but is predominantly part of a duplex 
when RNA replication is completed (10). 
In situ hybridization to detect PSbMV neg- 
ative sense RNA identified a zone of tissue 
along the periphery of the infected area 
where this RNA was most abundant, with 
much smaller amounts detected within the 
infected area (Fig. ID). Hence, cells in this 
peripheral zone were those most recently 
involved in active viral RNA replication. 
We could not distinguish whether the weak 
signal seen farthest from the infection front 
was due to degradation of the replicative 
form of viral RNA or to our inability to 
denature fully double-stranded RNA. 

seed storage proteins legumin (three mem- 
bers of one gene family) (I  I ), vicilin (1 2), 
and convicilin (13). Four genes encoded 
isoforms of granule-bound starch synthase 
(GBSSI and GBSSII) (14) and the large 
and small subunits of adenosine diphos- 
phate glucose pyrophosphorylase (ADPGP) 
(15), all of which are enzymes involved in 
starch biosynthesis. These genes represent- 
ed two pathways of metabolism, different 
steady-state amounts of transcripts, and dif- 
ferent timing of expression in relation to 
embryo development (1 4). Sections derived 
from uninfected and PSbMV-infected em- 
bryos were treated with strand-specific 
probes for PSbMV RNA or for transcripts of 
the nine host genes (16). In sections of 
healthv tissue. host transcripts showed uni- 
form distribution in the cortical tissue of 
the cotyledon, with greater expression of 
the seed storage protein genes in the pe- 
ripheral and surface layers of the cotyledon 
(Fig. 2). In contrast, in sections cut from 
infected embryos, a band of cotyledonary 
cells with barely detectable host gene 
transcripts was consistently seen. This 
band was seen regardless of whether the w 

transcripts were normally found in large 
(for example, convicilin) (6) or small (for 
example, ADPGP) (6) amounts. In the 
cells that had been infected earlier and in 
which the amount of PSbMV neeative- " 
sense RNA was declining, transcripts of 
the nine host eenes accumulated to an " 
extent comparable to that found in unin- 
fected cells of the same cotyledon section 
(Fig. 2, D through L). From the relative 
positions of this transcript-deficient band, 
the PSbMV-infected area, and the periph- 

Fig. I. Localization of PSbMV RNAand capsid protein in infected peacotyledons. A PSbMV-infected pea 
embryo was sectioned close to the union between the embryonic axis and the cotyledon as shown in (A), 
and serial sections were probed for the location of virus-specific protein and RNA. Virus capsid protein (B) 
was detected by immunohistochemistry with a monoclonal antibody, whereas virus positive- (C) and 
negative- (D) sense RNA were detected by in situ hybridization (7). There was a correlation between the 
distribution of viral capsid protein and the genomic positive-sense RNA and a sharp boundary between 
the areas of infected and uninfected tissue. The faint spots of signal seen in the uninfected area result from 
loosened cells becoming displaced to distant areas during sectioning and processing. Viral negative- 
sense RNA accumulation was greatest close to the infection boundary, indicating a narrow zone of active 
viral RNA replication (arrow). Size bar: 5 mm. 
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Fig. 2. Effect of PSbMV A B c D E F G H 
repl~catlon on the accu- 
mulatlon of host tran- 
scr~pts. Un~nfected and $ 
Infected pea embryos .g 
were sectioned as - 
shown In (A). All the sec- 
t~ons of Infected matenal 
were derlved from a sln- 
gle embryo, although 5 

I 
they are not necessar~ly * 
consecut~ve. Sect~ons of $ 

un~nfected matenal In (B) 
through (H) and (I) 
through (L) were derlved from two separate embryos. These embryos were I K L 
sl~ghtly younger than the Infected embryo and showed a sl~ghtly d~fferent T -- . 

I 
accumulat~on of transcrlpts for these developmentally regulated host 
genes. The sect~ons were subjected to In sltu hybndlzat~on wlth probes for zcqa " 
(B) PSbMV posltwe-sense RNA, (C) PSbMV negative-sense RNA, and $ 
transcripts of (D) v~cll~n, (E) legumln (pCD43), (F) legumln (pCDSO), (G) 

- 
legumln (pCD40), (H) conv~c~lrn, (I) GBSSI, (J) GBSSII, (K) ADPGP (pRS21), -- - I 
or (L) ADPGP (pRS23) The zone of ~nh~btt~on of transcript accumulat~on 
seen In the ~nfected cotyledon [(D) through (L)] colnclded wlth the front of 

L 

vlrus lnvaslon and the zone wlth greater accumulat~on of PSbMV negative- 
sense RNA. S~ze bars. 5 mm. 

era1 zone involved in active PSbMV rep- 
lication, it appeared that the cells defi- 
cient in host transcripts were those most 
active in viral RNA replication. The tran- 
script-deficient band encompassed be- 
tween four and eight cell layers (17). 

To confirm the link between reduced 
transcript accumulation and the presence 
of the replicative form of the viral RNA, 
we mixed the hybridization probes for host 
and viral RNAs (Fig. 3). When consecu- 
tive sections of infected cotyledonary tis- 
sue were analyzed with mixtures of probes 
for positive-sense PSbMV RNA and legu- 
min (Fig. 3E) or negative-sense PSbMV 
RNA and legumin (Fig. 3F), the tran- 
script-deficient band, apparent with the 
legumin probe alone (Fig. 3D), disap- 
peared. Identical results were obtained in 
mixed probings for PSbMV RNA and GB- 
SSI RNA (17). 

We investigated the extent of host pro- 
tein accumulation by subjecting consecu- 
tive sections to immunohistochemical 
analysis with antibodies specific for vici- 
lin, legumin, GBSSI and GBSSII, and 
ADPGP (18). In uninfected embryos, the 
host proteins were uniformly distributed 
through the cortical tissue of the cotyle- 
don and for all except ADPGP were more 
abundant in the surface layers (Fig. 4, D 
through H). In contrast, PSbMV-infected 
embryos showed a different pattern of pro- 
tein accumulation. For all the proteins 
[except ADPGP (Fig. 4H)], there was a 
variable decrease in accumulated protein 
at the front of, but within, the zone of 
viral RNA replication (Fig. 4, D through 
G). Inside the infected area, closer to the 
embryonic axis, this was followed by a 

Fig. 3. Confirmation of the coincidence between 
the host transcript-deficient zone and the location 
of PSbMV replication. A PSbMV-infected pea em- 
blyo was sectioned as shown in (A), and serial 
sections were probed with virus-specific probes 
for positive-sense RNA (B) or negative-sense RNA 
(C), a legurnin (pCD43) RNA probe (D), or a com- 
bination of virus and host gene probes (E and F), 
with the use of in situ hybridization. In (E), the 
combination of probes for legumin RNA and for 
PSbMV positive-sense RNA obliterates the clear 
zone seen in (D) (arrow). The signal from PSbMV 
positive-sense RNA is much stronger than that for 
legurnin RNA; to see the relative signals most 
clearly, we developed the color reaction in (E) for a 
shorter time than in (B) or (D). In (F), the combina- 
tion of the probe for legumin RNA with the probe 
for PSbMV negative-sense RNA precisely filled 
the clear zone seen in (D) (arrow). Sue bars: 5 mm. 

more intense staining, particularly for vi- 
cilin and legumin. This pattern of accu- 
mulation indicated that there was a more 
than compensatory increase in protein in 
cells just behind the infection front. 

What mechanisms are responsible for 
the observed effects of PSbMV replication 
on host gene expression? Picomavirus in- 
fection of animal cells results in a drastic 
reduction in the rates of host RNA and 
protein synthesis (1 9). In poliovirus-in- 
fected cells, the decrease in host RNA 
synthesis is correlated with degradation of 
transcription factors by the viral serine 
protease 3C (20), and the decrease in 
translation is effected by cleavage of a 
cellular translational component, p220, by 
the viral serine protease 2A (21, 22). The 
family pot~viridae belongs to the picoma- 
virus superfamily (23), and like poliovi- 
ruses, potyviruses encode two serine-like 

proteases, P1 and NIa (24). Structurally 
and functionally, ,the NIa proteinase may 
resemble the picomaviral 3C proteinase 
(24). Although this implies that PSbMV- 
encoded products reduce host transcrip- 
tion, we cannot yet rule out that the effect 
is rather to increase degradation of host 
mRNAs or to block nuclear export of ma- 
ture transcripts. That the diverse range of 
host transcripts, which probably vary in 
their stability in uninfected tissues, all 
show an abrupt disappearance with the 
onset of viral RNA replication suggests 
that active messenger RNA degradation 
may be important. If there is a direct effect 
from a viral gene product or products, then 
we must explain the almost equally rapid 
restoration of transcript levels after viral 
RNA replication has declined, although 
many of the ~ o t ~ v i r a l  gene products per- 
sist for long periods in vivo (4). 
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Fig. 4. Effect of PSbMV A B c 
replication on host protein 
accumulation. Uninfected rr 
and infected pea emblyos $ 
were sectioned as shown 2 
in (A). All sections of in- 
fected or uninfected ma- 
terial were derived from g 
single embryos. Sections 
were probed for PSbMV 2 
positive-sense RNA (B) or 
PSbMV negative-sense D E F G H 
RNA (C) with the use of in 
situ hybridizat~on or with $ 
antibodies to pea gene 2 
products (D through H) 2 
with the use of immuno- 
histochemistry. The anti- 
bodies were for @) vicilin, 
(E) legumin (this antibody , , 1; did not distinguish be- 
tween the products of the 
three legumin genes), (F) 

w 
GBSSI, (G) GBSSII, or (H) ADPGP (this antibody detects both subunits of the enzyme) 0. For all the 
gene products, except ADPGP, there was aslight decrease in accumulated protein (amws) in the region 
of the zone of active virus replication, which was followed temporally by a greater accumulation in the 
remender of the infected area. Size bars: 5 mm. 

The effect of PSbMV replication on 
the accumulation of host proteins is more 
complex. It is likely that these proteins 
continue to accumulate in uninfected cells 
while translation in cells at the invasion 
front has ceased because of an absence of 
transcript. The temporal delay in reestab- 
lishing host gene expression results in a 
relatively smaller accumulation of host 
proteins in these cells. The absence of an 
effect on ADPGP protein indicates that 
this phenomenon is not seen for all host 
proteins and may reflect their relative 
rates of synthesis as the wave of infection 
passes. The elevated accumulation of vici- 
lin, legumin, and GBSSI and GBSSII pep- 
tides (but not of their transcripts) in cells 
later in the infection process suggests an 
imperfect mechanism of translational con- 
trol in the recovery of infected cells from 
the inhibitory effects of virus replication. 

The consequences of these profound 
disturbances on the balance of normal cel- 
lular processes are unknown, but it is con- 
ceivable that they could trigger events 
that result in the expression of virus-in- 
duced symptoms. Physiological changes 
that occur after plant virus infection may 
follow a series of programmed changes ini- 
tiated soon after virus invasion of an un- 
infected cell (25). Such changes could be 
consistent with the increase in protein 
accumulation observed here for PSbMV in 
peas. 

REFERENCES AND NOTES 

1. M. Zaitlin and R. Hull. Annu. Rev. Plant Ph~ebl. 38, 
291 (1987). 

2. S. J. Harnbidge and P. Samow, Semin. Virol. 3,501 
(1992); E. E. Wyckoff, ibid. 4, 209 (1993); Y. Zhang 

and R. J. Schneider, ibid., p. 229. 
3. R. S. S. Fraser, Biochemistry of Virvs-Infected Plants 

(Research Studies Press, Letchworth, Heftfordshire, 
UK. 1987); R. Stratford and S. N. Covey, Mol. Plant 
Microbe Interact. 1, 243 (1988); K. Saunders, A. P. 
Lucy, S. N. Covey, Physiol. Mol. Plant Pathol. 35. 
339 (1 989). 

4. J. A. Lindbo and W. G. Dougherty, in Encydopedk of 
Viroogy, R. G. Webster and A. Granoff, Eds. (Aca- 
demic Press, New York, 1994). vol. 3, pp. 1148- 
1 153. 

5. D. Wang and A. J. Maule, Plant W 6, 777 (1 994). 
6. . unpuMished results. 
7. Pea plants (Pisum satiwm cv. Vedette) were infect- 

ed with PSbMV (isolate 28) (5). and embryos be- 
tween 150 and 210 mg were harvested for analysis; 
fresh mature embryos of this variety weigh approx- 
imately 250 mg. lmmunohistochemistry with a 
monoclonal antibody specific for PSbMV coat pro- 
tein and in situ hybridization with a negative-sense 
RNA probe specific for PSbMV positive-sense RNA 
were carried out as described (5) on sections (1 5 
pm) of cotyledonary tissue. For detecting negative- 
sense PSbMV RNA, the in situ hybridization proto- 
col in (5) was modified by heat denaturation imme- 
diately after application of the hybridization mix to 
the sections. The denaturation (1 00'C for 15 min) 
was carried out in a sealed metal box that con- 
tained filter papers soaked in 2 x  SSC (0.03 M 
sodium citrate and 0.3 M sodium chloride) and 
75% formamide. The box was then transferred to 
37°C for 30 min, then to 50%. For maximum sen- 
sitivity, RNA transcript probes from two plasmids, 
R3 and R7, were combined and used at a concen- 
tration of 500 ng/ml of hybridization mix per kilo- 
base of target sequence. These plasmids con- 
tained PSbMV sequences [E. Johansen, 0. F. Ra- 
mussen, M. Heide, B. Borkhardt. J. Gen. Virol. 72, 
2625 (1 99111 from nucleotides 1 to 3567 and 3440 
to 9928, respectively, behind the phage T7 RNA 
polymerase promoter. 

8. V. V. Dolja, H. J. McBride, J. C. Carrington, Pruc. 
Natl. Acad. Sci. U.S.A. 89. 10208 (1992). 

9. R. E. F. Matthews, Phnt V i d q y  (Academic Press. 
New York, ed. 3,1991), pp. 144-269. 

10. M. Gamier, R. Mamoun, J. M. Bov6. Virology 104, 
357 (1980). 

11. R. Casey. C. Domoney, T. H. N. Ellis, Oxf. Suw. 
Plant Mol. Cell Biol. 3, 1 (1986); three genes were 
represented by the complementary DNA (cDNA) 
clones pCD43 (0.68 kb), pCD32 (1.3 kb), and 
pCD40 (0.3 kb). Insert pCD43 was subcloned into 

pGEM-42 [A. J. Hauxwell, thesis, University of East 
Anglia (1990)l; pCD32 and pCD40 were subcloned 
in the Pst I site of the transcription vector pBlue- 
script(-) (Stratagene) as described [J. Sambrook, 
E. F. Fritsch, T. Maniatis, MolecularC1oning:A Lab- 
oratory Manual (Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY, ed. 2, 1989)j. For pCD40, 
which produced three fragments upon Pst I diges- 
tion [C. Domoney, D. Barker, R. Casey, Plant Mol. 
Biol. 7, 467 (1986)j. only the 5' fragment was 
cloned. 

12. The vicilin cDNA clone pCD4 (1.2 kb) was inserted 
into the pGEM-42 transcription vector [A. J. 
Hauxwell, F. M. K. Corke, C. L. Hedley, T. L. Wang, 
Development 11 0,283 (1 990)]. 

13. C. Domoney and R. Casey, Planta 159,446 (1983). 
The convicilin cDNA clone pCD75 (1.0 kb) was 
cloned into pBluescript(-) as done for pCD32 in 
(1 11. 

14. b~ismas  PEA and  PEA^ contained. respectlveiy. 
2.04 kb of GBSSl cDNA and 3.0 kb of GBSSll cDNA 
cloned into pBluescript(-) [I. Dry et a/.. Plant J. 2, 
1 93 (1 992)j. 

15. Plasmids pRS21 and pRS23 contained, respective- 
ly, 2.0 kb of ADPGP large subunit cDNAs and 1.4 kb 
of ADPGP small subunit cDNAs cloned in pBlue- 
script(-) (R. Burton and C. Martin, unpuMished ma- 
t W ) .  

16. Host RNAs were detected with RNA probes pre- 
pared from the nine cDNAs and with use of the 
protocol described in (5). We obtained infected em- 
bryos and control, uninfected embryos from the 
same infected plants. This was possible because 
PSbMV shows only approximately 60% seed 
transmission and embryo infection (5). Hybridiza- 
tion with positive-sense RNA probes did not pro- 
duce a detectable signal (1 7). 

17. D. Wang h d  A. J. Maule, data not shown. 
18. lmmunohistochemistry with rabbit poiyclonal anti- 

bodies specific for vicilin, legumin, GBSSl and GB- 
SSII, and ADPGP was carried out on sections of 
pea cotyledons with a protocol modified from the 
one described in (5). The immunoglobulin G frac- 
tion (1 mg/ml) of antibodies to vicilin, legumin, and 
ADPGP was used at a concentration of 2 pg/ml. 
Unfractionated antisera to GBSSl and GBSSll were 
used in a 1 :500 dilution. To detect the antigen- 
antibody complex, we used protein A-alkaline 
phosphatase conjugate (Sigma) at a concentration 
of 0.2 pg/ml. Control, uninfected embryos (16) 
were processed in parallel. Rabbi preimmune an- 
tiserum used under identical conditions produced 
no significant signals (1 7). 

19. M. Kozak. A&. Virus Res. 31,229 (1 986). 
20. M. E. Clark, T. Hammerle. E. Wimmer, A. Dasgupta, 

EMBO J. 10, 2941 (1991). 
21. D. Etchison, S. C. Milbum. I. Edery, N. Sonenberg. 

J. W. B. Hershey, J. Biol. Chem. 257, 14806 
(1 982). 

22. H. G. K&usslich, M. J. H. Nicldin, H. Toyoda, D. 
Etchison, E. Wimmer, J. W. 61,271 1 (1987). 

23. V. V. Ddja and J. C. Carrington. Semin. Virol. 3,315 
(1 992). 

24. W. G.' Dougherty and B. L. Sernler, Micrvbbl. Rev. 
57, 781 (1993). 

25. L. I. Ted, A. J. Maule. A. M. Smith, R. C. Leegood. 
Plant J. 5, 837 (1994). 

26. G. Martiny-Baron et al., Plant Physol. 99. 1635 
(1 992). 

27. We thank R. Burton, R. Casey, C. Domoney, C. 
Martin, A. Smith, and T. L. Wang for providing plant 
cDNA clones and antisera to the host gene prod- 
ucts; M. Henry for help in constructing plasmid R7; 
and M. Boulton, C. Martin. A. Smith, and J. Davies 
for reviewing the manuscript. Funded in part by 
Imperial Chemical Industries, Plant Breeding Inter- 
national Cambridge, Sharpes International Seeds. 
Nickersons SA, and the Processors and Growers 
Research Organisation (D.W.). Also funded by the 
Biotechnology and Biological Sciences Research 
Council's Plant Molecular Biology II programme 
(D.W.). The virus was held under U.K. Ministry of 
Agriculture Fisheries and Food license PHF 1 185N 
6a21). 

1 1 August 1994; accepted 3 November 1994 

SCIENCE VOL. 267 13JANUARY 1995 




