
ifieil by phosphorylation, as previously 
sllo\vn for HD1-A (17)  and  for H D 2  in  
this report. A major ad!-ance in  o~ur lull- 
derstanil~ng the  function of histone acet- 
ylation was the  identification of a mam- 
inalian deacetylase as a conserved ho- 
lnolog of the  yeast transcriptional regula- 
tor RPD3 ( 5 ) .  Since then ,  RPD3- 
homologous HDs have been identifieil in  a 
variety of organisms ( 6 ,  18-20), T h e  iden- 
tification of a maize RPD3 homolog (21)  
and  a n  H D  that  is no t  homologous to  
RPD3 collfirms the  biochemical heteroge- 
neity of maize HDs. Because HD2 is tight- 
ly chranlatun-hound, located in  the  nucle- 
olus, a i d  shares homology to  other  nucle- 
olar proteins, it may be involved in  regu- 
lation of riboso~nal chromatin structure 
and  function by deacetylating nucleolar 
core histones. It is possible that  en;ymes 
for h ~ s t o n e  acetylation that  are specific for 
ribosomal genes exist because these genes 
function differently in  co~npar ison to  poly- 
merase I1 (Pol 11) genes. Rtbosomal R N A  
( rRNA)  genes are characterized by a dis- 
t inct localization, a specific subset of tran- 
scriptional regulators, anil a specific R N A  
polymerase (22).  hloreover, rRNA is the 
most abundant transcript of the cell. K7itl1 
respect to acidic regions, HD2 shares homol- 
ogies to N O R  (nucleolus organi;er region-  
associateil proteins. Proteins of this group, 
like R N A  Pol I,  nucleolin, UBF-trailscrip- 
tion factors, and other Ag-NOR-proteins, 
func t~on  in rDNA transcription and are 
bound to r~bosomal cllrornatin, regardless of 
the actual transcriptional activity. In  addi- 
tion, some of these proteins, like HD2, are 
modulated by phosphorylation (23). 

We have previously denlollstrated that 
HC toxin of the  maize pat l~ogen Cochi~obo- 
~ Z L S  cmbonurn and related cyclic tetrapep- 
tides ~nh ib i t  HDs and cause hyperacetyla- 
tlon of histones in susceptible, but not in 
resistant, maize strains (24) .  Our  interpre- 
tation was that the inhibition of histone 
deacetylation interfered with the iniluction 
of plant defense genes. Hence, illhibitioll of 
deacetylation by H C  toxin may lead to a 
rather general inhibition of host rDNA 
transcription, oning to inhibition of nucle- 
olar HD2.  Recently, the  cyclic tetrapeptide 
apicidin \vas sllo\\,n to inhibit protozoal H D  
(25) .  T h e  a~l t ipa~asi t ic  effect was explained 
by the effect of H D  in transcriptiollal con- 
trol but may also he clue to  inhibition of 
rDNA replication or trallscription by tar- 
geting the  nucleolar HD.  

O L I ~  results sho\v that  apart from RPD3- 
type H D ,  another nucleolar deacetylase 
exists. This  finding confirms the  multi- 
plicity of HDs in  maize and other organ- 
i s~ns  a t  a molecular level. T h e  divergent 
f ~ ~ i l c t i o n s  of acetylation in  nuclear pro- 
cesses may be reflected in multiple en-  

;ymes that differ in  specificity, molecular 
targets, and expression in certaln develop- 
mental stages. 
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Cellular Differentiation Regulated by Gibberellin 
in the Arabidopsis thaliana pickle Mu tan t 

Joe Ogas," Jin-Chen Cheng, Z. Renee Sung, Chris Somerville 

The plant growth regulator gibberellin (GA) has a profound effect on shoot development 
and promotes developmental transitions such as flowering. Little is known about any 
analogous effect GA might have on root development. In a screen for mutants, Arabi- 
dopsis plants carrying a mutation designated pickle b k l )  were isolated in which the 
primary root meristem retained characteristics of embryonic tissue. Expression of this 
aberrant differentiation state was suppressed by GA. Root tissue from plants carrying 
the pkl mutation spontaneously regenerated new embryos and plants. 

Gibberel l in  is required for seed germina- 
t ~ o n  and plays a variety of roles ilurillg 
groivth and ilevelopment after germination. 
GA-deficient plants exhihit defects in ger- 
mination, time lag to flon-ering, s t e n  elon- 
gation, apical ilominance, maintenance of 
floral meristeln iilentity, and trichome dis- 
tribution ( I ) .  All of these phenotypes pri- 
marilv affect the shoot. Gibberellin also 
affects root ilevelopment by promoting cell 
elongation (2 ) ,  but there is essentially no  
infor~nation o n  the effect of GA o n  fate 
iletermillation in roots. K7e reuort here a 
mutant of ..irnbitlopsis that is defective in a 
GA signaling path\vay that promotes the  

transition of the  primary root from an  em- 
bryonic to a n  adult differentiation state. 

During a screen for iirabidopsis mutants 
exhibiting abnor~nal  root development, \ve 
iilentifieil a class of mutants in n.hich the  
primary root, after a period of apparently 
normal gro\vth, n.ould thicken and become 
opaque and green (Fig. 1, A and B).  Lateral 
and adventitious roots did not express this 
phenotype. Because of the visual appear- 
ance of the  altered primary roots, we refer to 
this root phenotype as "pickle." Genetic 
analysis revealed that the mutant pheno- 
type \\,as due to a mutation at a siilgle 
recessive locus located near position 45.4 
o n  chromosome 2, which 'ive named PICK- 

J. Ogas and C.  Somep~!~Ile Depariment of Plsnt Bloogy LE (PKL) (3) .  Eight indepellilent mutant 
Csrneqe nst tu ton of \"!sshnqton 290 Panaiia Street alleles of the PKL locus have been identi- 
Stanford. CA 94305. USA. fied by screellillg -20,990 h'f2 plants from 
J.-C. Cheng and Z. R Sung Del'altl~ent of Plant B~olo- 
gy. Unjversty of Csifol-nis. Bel.keley. CA 94720-3102 populations' 
USA. Unusual cell proliferation was observed 

.To vlholn correspondence scldressed, E.msl: \vhen roots \\.ere removed from mutant 
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dium without ~ l a n t  hormones (4). The ex- . . 
cised pickle roots, at a frequency of 10 to 
30%, produced callus-like growths and gen- 
erated globular- and torpedo-stage embryo- 
like structures (Fig. 1C). Under identical 
conditions, excised wild-type roots exhibited 
neither callus growth nor any event resem- 
bling somatic embryogenesis (5). In the ab- 
sence of any experimental manipulation, 
pickle root callus produced phenotypically 
normal pkl plants at a frequency of about 1%. 

Because of the ability of excised pickle 
roots to generate structures resembling so- 
matic embryos, we investigated the possibil- 
ity that pickle roots express embryonic 
characteristics before removal from the 
plant. Arabidopsis embryos accumulate large 
amounts of niacylglycerols as storage re- 
serves to support early seedling growth (6). 
When infiltrated with a dye that specifical- 
ly stains neutral lipids (7), the portion of 
the pickle roots that had differentiated ab- 
normally were intensely stained red (Fig. 
ID), indicating the presence 6f large quan- 
tities of triacylglycerols (8). Analysis of the 
fatty acid composition of extracted pickle 
root triacylglycerols by gas chromatography 
revealed that the fatty acid composition 
differed from that found normally in roots 
but was indistinguishable from that of seeds 
(9). Transmission electron microscopy of 

sections of ~ickle  root t i ~ s  revealed the 
presence of densely packed oil bodies rem- 
iniscent of seed oil bodies (Fig. 1, E and F) 
as well as large starch granules normally not 
present in either roots or seeds. In addition, 
transcripts for the oleosin (10) and 2S1 
storage protein (I I )  genes, which are nor- 
mally expressed only in seeds or pollen, 
accumulated in pickle roots (Fig. 2). On the 
basis of the uniaue differentiation charac- 
teristics of pickle roots, we infer that the 
primary roots of pkl plants either retain or 
resume some degree of their embryonic dif- 
ferentiation status after germination. - 

An important clue in determining how 
the pkl mutation might result in aberrant 
primary root differentiation was provided by 
the observation that expression of the pickle 
phenotype is suppressed by GA. When seeds 
were germinated and grown in continuous 
light on synthetic media plates (4), expres- 
sion of the pickle phenotype by homozygous 
pkl plants exhibited low penetrance, typical- 
ly 1 to 10% depending on the batch of seed. 
Addition of 10 nM uniconazole-P (1 2). a 
GA biosynthetic inhibitor, increaseh pen- 
etrance of the pickle phenotype to greater 
than 80% (Table 1). Addition of 10 FM 
GA, completely suppressed the ability of 
100 nM uniconazole to increase penetrance 
of the pickle phenotype, indicating that uni- 

Fig. 1. Phenotypes of Columbia wild-type and pk/ plants. All comparisons of wild-type and pickle plants 
are presented at the same magnification unless otherwise noted. Wild-type (A) and pickle (6) primary 
roots from 10-day-old seedlings. (C) Structures resembling somatic embryos initiated from pickle callus 
on basal MS media (4). (D) A 1 0-day-old pH seedling stained with Fat Red 78 (7). Transmission electron 
micrograph (1 7) of wild-type (E) and pickle (F) primary root cells illustrating the presence of oil bodies and 
starch granules in pickle root cortical cells. Scale bars, 0.5 pm in (E), and 2 pm in (F). Mi mitochondrion; 
S, starch granule; V, vacuole; and 0, oil body. (0) Forty-six-day-old wild-type (right) and pk/ (left) plants 
grown for 16 hours under illumination (1 30 pE m-2 s - I  , where E is the energy of 1 mol of photons). 

conazole is acting by inhibiting GA biosyn- 
thesis. Gibberellin also suppressed the pickle 
root phenotype in pkll-1 gal -3 plants (Table 
2), in which the amount of GA in the plants 
was determined by the amount of GA exog- 
enously supplied because of the inability of 
plants carrying the gal -3 mutation to syn- 
thesize GA (13, 14). 

To determine the developmental stage 
at which the differentiation state of the root 
was most responsive to uniconazole neat- 
ment, pkl seedlings were transferred to or 
from uniconazole-containing media at dif- 
ferent times during the first 96 hours after 
imbibition (Fig. 3). Thirty-six hours of ei- 
ther regimen was largely sufficient to deter- 
mine the fate of the primary root meristem; 
germinating pkl seeds on uniconazole plates 
for only 24 hours and then transferring 
them to plates without uniconazole was suf- 
ficient to substantially induce the pickle 
phenotype. Conversely, shifting pkl seeds to 
uniconazole plates after 36 hours on plates 
without uniconazole was largely ineffective 
in inducing expression of the pickle pheno- 

Fig. 2. RNA blot analy- I 2 3 4 
sis. About 15 pg of total 
RNA (18) was isolated 
from wild-type leaves 
(lane I), wild-type sil- 
iques (lane 2), wild-type 
roots (lane 3), and pickle 

. 2s1 

roots (lane 4). The top 
panel shows transcripts 
detected by an oleosin 
(Ole.) Complementary DNA probe, the middle 
panel shows transcripts detected by a 2S1 seed 
storage protein cDNA probe, and the bottom pan- 
el shows transcripts detected by an Eif-4A (19) 
cDNA probe as a loading control. 

Table 1. Effect of uniconazole-P (Un-P) and GA 
on penetrance of the pickle phenotype. For each 
treatment, 144 seeds were incubated at 22°C in 
continuous light (60 pE m-2 S-l) on synthetic 
media (4) containing uniconazole-P or GA4 at the 
indicated concentrations. Germination and the 
pickle phenotype were scored at 10 days. Expres- 
sion of the pickle phenotype was calculated as a 
percentage of total seeds and as a percentage of 
seeds that germinated. 

Pickle Germi- Pickle (% of 
Un-P GA4 nated (%of 
(nM) (PM) (%) 

nated) 
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type. A t  24 hours after imbibition, the pic1 
seed coat has split, but the radicle has yet to 
emerge. Thus, at 24 hours germination is 
not complete, hut the GA-dependent fate 
of the pit1 root ~neris te~n may already ha1.e 
heen determined. Germination is complete 
by 36 hours, by which time the fate of the 
root has been determined. Consequently, 
G A  acts concurrently to promote establish- 
ment of adult root fate and germination of 
pkl seedlings. 

The pkl plants exhibit several shoot plle- 
notypes that are reminiscent of other Ara- 
brdopsis mutants deficient in G A  biosynthe- 
sis (gal, through g a j )  or GA signaling (gai) 
( 1 ,  17). picl plants have dark green leaves 
with short petioles, exhibit delayed bolting 
and reduced apical dominance, and are re- 
duced in stature (Fig, l G ) .  All eight defec- 
tive alleles of the PKL locus result in ex- 
pression of these phenotypes with 100% 
penetrance. 

Analysis of a picl-l gal-3 double mutant 
indicated that it is unlikely that PKL codes 
for a G A  hiospthet ic  enzyme. Because it 
inactivates the first step of the G A  hiosyn- 
thetic pathway ( 1 3 ,  l 4 ) ,  the gal -3 inutation 
is expected ti, be epistatic to any other G A  
biosynthetic mutant. However, pitl-l gal -3 
plants exhibitecl more exacerbated GA-cle- 
ficient shoot phenotypes than either pitl or 
gal plants. In particular, the picl-l gal-3 
plants had rosettes that Lvere 3L1% smaller 
than pal-3 plants and were at least 3 %  
smaller in stature. 

T o  address the possibility that PKL af- 
fects G A  responsiveness, we examined the 
effect of the pkl mutation in a pai line. A 
picl-l gai plant exhibited severe GA-defi- 
cient phenotypes that were much inore 
extreme than those exhibitecl by pkl or gai 
plants. A particularly dramatic effect n-as 
seen on  flowering tiine: in continuous 
light, pic1 plants and gai plants flowered 1 

Table 2. Effect of GA on penetrance of the plcke 
phenotype in ,okl-1 gal-3 seedlings. For each 
treatment, 72 seeds were incubated at 22°C in 
contnuous light (60 W E  m-i s-') on synthetic 
media (4) containing GA, at the indlcated con- 
centratlons. Germination and the pickle pheno- 
type were scored at 10 days. Expression of the 
plckle phenotype was calculated as a percent- 
age of total seeds and as a percentage of seeds 
that germinated. 

Germ- Pickle Pickle 
GA, nated (% of 
(MI (' Of germ[. 

(93) total) nated! 

dav and 3 dam, res~ectivelv, later than 
wild-type plalits, &ereas pic1 g a ~  plants 
flowered 33 days later than wild-tvpe 

, A  

plants on  average. The  synergistic effect of 
combining the picl anL{ gai nlutations sug- 
gests that PKL, like GXI, may play a role 
in G A  signal transduction. 

A t  present, the simplest hypothesis to 
explain our findings is that pkl plants are 
defective in a G A  signaling pathway. This 
PKL-~lependent G A  signaling pathway is 
ubiiluitously usecl by the plant, resulting in  
pkl plants that express shoot phenotypes 
that are reminiscent of other GA-defi- 
cient plants. In addition, this PKL-&pen- 
dent G A  signaling pathway pronlotes the 
transition of root cells from an embryonic 
to  an adult state during germination. T h e  " u 

observation that the pickle phenotype is 
of 1011- penetrance and is suppressed by G A  
indicates that there is yet another G A  
signaling pathway in addition to the PKL- 
dependent pathway go\-erning root differ- 
entiation during germination. This addi- 
tional pathway is unlikely to be GAI- 
dependent, because pkl-1 gai plants do not 
exhibit increasecl penetrance of the pickle 
phenotype compared with pkl-l GAI 
plants. 

T h e  properties of the picl mutant sug- 
gest that G A  may play a greater role in 
determination of root fate in A~abidopsis  
than previously appreciated. In addition, 
the properties of the pkl mutant indicate 
that ger~nination ancl differentiation dur- 
ing gerillination are genetically separable, 
GA-regulated events. This separation im- 

Duration of treatment (hours) 

Fig. 3. Effect of time of applcaton of unicon- 
azole-P on penetrance of the pickle phenotype. 
pklseeds were itnblbed in water and itnmedate- 
ly plated on medla (4) containlng 10-% unlcon- 
azoe and then shfted at different titnes to media 
w~thout un~conazole-P (open c~rcles), or the 
seeds were plated on media not containing unl-  
conazole-P and then shlfted at the indlcated 
tlmes to media containlng 10-% unlcon- 
azoe-P (closed crcles). Thex axis indicates the 
ttnes at which seeds were shfted. Eleven days 
after mbibltion the seedlings were scored for 
the pickle phenotype. The y axis Indicates the 
percentage of seedl~ngs expressing the pickle 
phenotype for each data pont. Forty-eight seed- 
lings were scored at each point on the graph. 
The experiment was carried out at 22°C In con- 
t~nuous Ilght (60 WE m-i s- ' ) .  

plies that there is more than one GA 
response pathway governing the transfor- 
~na t ion  of a dorillant seed into an activelv 
growing seedling. 

The  pic1 mutation in Arabiilopsis indi- 
cates a distinctio~l of the primary root 
from the secondary roots. W e  speculate 
that regulation of PKL expression ma\- be 
necessary for generation of the specialized 
primary roots present in other members of 
the Brassicaceae, such as turnips and rad- 
ish. In addition, it is notable that the plant 
permits expression of embryonic charac- 
teristics, specifically oil, in  a portion of its 
root system. Very felj- plant species are 
knorvn that accuinulate significant " 
amounts of oil in roots ( 1 6 ) .  Characteriza- 
tion of PKL and related gene products may 
eventually lead to the ability to produce 
com~nercially useful amounts of oil in root 
crops. 
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Evolution of a Strain of CJD That Induces 
BSE-Like Plaques 

Laura Manuelidis," William Fritch, You-Gen Xi 

Bovine spongiform encephalopathy (BSE) has become a public health issue because a 
recently evolved BSE agent has infected people, yielding an unusual form of Creutzfeld- 
Jakob disease (CJD). A new CJD agent that provokes similar amyloid plaques and 
cerebellar pathology was serially propagated. First-passage rats showed obvious clinical 
signs and activated microglia but had negligible PrP-res (the more protease-resistant 
form of host PrP) or cerebellar lesions. Microglia and astrocytes may participate in strain 
selection because the agent evolved, stabilized, and reproducibly provoked BSE-like 
disease in subsequent passages. Early vacuolar change involving activated microglia 
and astrocytes preceded significant PrP-res accumulation by more than 50 days. These 
studies reveal several inflammatory host reactions to an exogenous agent. 

T h e  recent e p ~ d e ~ n ~ c  of b o v ~ n e  spong~form 
encephalopathv (BSE) has brought In- 
creased attention to its human counterpart, 
Creut:fel~lt-Jakob disease (CJD) ,  as well as 
to scrapie, an endemic infection of sheep. 
Since the first recognized case of BSE in 
1985, it is likely that more than one rnillion 
COWS have become infected by dietary ex- 
posure to scrapie-contaminated food (1 ). 
Do~nestic cats and various roo ani~nals have 
been similarly i~lfecteil. Additional experi- 
mental propagation of the co\v-deri~wl 
agent in many species, including pigs, ro- 
dents, and primates (2 ,  3 ) ,  suggests that the 
new BSE agent has acquired an enhanceil 
ability to evade host defenses. In 1996, the 
BSE agent was linkecl to a variant disease in 
younger people (4)  that was reproduced in 
primates by BSE inoculation (3) .  Because 
11u1nan CJD infections can he uncletectahle 
for lnore than 2L1 years, it is likely that a7e 
will see lnore BSE-linked cases (5, 6 ) .  Thus, 

there is an emerging public health issue that 
requires a greater ~~nderstanding of agent 
strains and their specific interactions \\-it11 
the host. 

Xlany different infectious strains of the 
scrapie and C J D  agents have been propa- 
gatecl in inbred mice encoding the same PrP 
amino acid sequence (7, 8).  The  ~ n a i n  rea- 
sons why human "BSE is considered to be 
causecl by a nea7 agent strain are based 011 

( i )  the youth of most victims (less than 3L1 
years old), (ii)  the prolonged clinical 
course. iiii) severe involvement of the cer- ,~ , 

ebell~un, and (iv) the presence of many 
large placlues. Sporadic CJD, which ac- 
counts for -9C% of CJD ~vorlda7ide and is 
infectious in a variety of species (9, lC), 
rarely shows cerebellar pathology or wide- 
spreacl plaques. Only two other human 
transmissible encephalopathies with a long 
clinical ulhase d i s~ lav  cerebellar lesions and 

L ,  

a plaque-rich phenotype. These are kuru, an 
infection transmitted bv ritual ca~lnibalis~n 

Sect~on o i  Neuropathology. Yale Med~ca  Scqoo 310 (9),  and Gerstmann-Straussler-Sheinker 
Cedar Srreer N e v ~  H a ~ ~ e i ,  CT C651 C LSA. disease (GSS),  a group of rare "familial" 

'To ?,mom correspondence st-ouid be addressed. E-mail. cJD 
la~ra.?lan~eI lds~;ale.ed~ One explanation for these different phe- 

notvDes focuses on mutations in host PrP. It , 
has been suggestecl that a combination of 
mutations causes PrP to fold into an infec- 
tious conformation that encrypts and prop- 
agates strain-specific information (12). 
However, people infected with "BSE" do 
not have any of the plaque-associated PrP 
mutations such as Phelc2 to Leu''' (13). 
Alternatively, a nen-ly mutated exogenous 
virus may provol<e unusual phenotypic re- 
sponses in the host, i n c l u d i ~ l ~  different 
forms of PrP-res 18). Additional host re- ~, 

sponses could signify recognition of the for- 
eign agent hidden within cells. Because 
strong lymphocyte responses are evaded, 
it is often statecl that these infections lack 
any inflammatory component (9 ,  14). We 
f o ~ u ~ ~ d  that inflarnrnatorv cells can uartici- 
pate in the evolution o'f a ne.ii7 iniectious 
strain. This strain causes a disease with 
notable similarity to both "familial" GSS 
and human " B S E  and evokes infla~nmatorv 
reactions at early stages of infection. 

T o  change an established C1D strain " 
into one that could produce plaques and 
cerebellar lesions, we inoculated alternate 
species without manipulating norlnal host 
PrP sequences. Unusual inflanlmatory re- 
sponses in microglia or astrocytes (or both) 
were used to evaluate host recognition. 
Such responses could subject the agent to 
more rigorous selective pressures favoring a 
mutated plaque-evoking strain. LVe there- 
fore challenged several types of inbred mice, 
Chinese hamsters, and rats with a strain of 
CJD (designatecl SY) that a7as highly select- 
ed by serial passage 5 times in guinea pigs 
and then 24 times in Syrian hamsters (15). 
SY was s~uccessf~ullv t rans~n~tted to all three 
species and had a relatively prolonged in- 
cubat~on period even after serial passage 
(>350 days). Only the rats showed remark- 
able pathology. 

In the first passage ( P I ) ,  only two o i  six 
rats (killed at 672 and 732 days) showed 
obvious spongifor~n changes (16) .  The 672- 
day rat exhibited clear clinical signs (startle - 
myoclonus in response to noise, hunched 
uosture, and terminal lack of feeding and " 

grooming). The progression to terminal dis- 
ease \\-as rapid, lasting only 8 days. The 
732-day rat shoxve~l no clinical signs, but 
both anirnals had a similar distribution of 
vacuoles and these were locatecl predorni- 
nantly in the cerebral cortex and to a lesser 
extent in C A I  and CA2 of the hippocam- 
pus. Only nonspecific aging changes were 
seen in the cerebellum. PrP-res was not 
detected in histological sections fro111 the 
clinically ill rat, although very rare PrP 
deuosits xvere found near the inoculation 
site in the nonclinical rat. The most LIIILISU- 
a1 finding in both rats was a marked in- " 
crease in reactive lnicroglia in the cere- 
brum, even in regions with nlini~nal vacu- 
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