
Synthesis of Phytoalexins in Sorghum as a 
Site-Specific Response to Fungal Ingress 

P IANTS ILBSIm INPBCTION BY PATHO- 
gens in various ways. Onc is the 
production of amimicrobi corn- 

pounds, called phytoaladas, that ldll the 
pathogen or d a  its intraccllular develop- 
ment. Sorghum ( S q h  bicolor L.) is cmc of 
three ~ 1 c d o n o u s  plants demonmat- 
cd to s y n t b k  ph+& (1-3). Two 
phytoalexins, apigcninidin a d  hmmhdtq . . .  
ofthe rare deoxyanhcyanidin dass of&- 
vonoids, are synthesized in juvenile sor- 
ghum& a responsc to mcmpcd inficaiofl 
by the limps C o l l ~ m  gram*& 
(Ces.) wils. (2,3). This pathoga q s e s  the 
disease an- which is a problem 
worldwide, es- in develop'i nations 
of the saniarid tropics whar sorghum is a 
staple h o d  (4). Juvenile plams of both 
genaicay. resistant and su&ptibk cukivvs 
synthesize the phymkins (2,3) and resist 
thc fimgus. BG is susccptibie &ivars ma- 
ture, they lose the ability to rrspoad rapidly 
tofungalinfbction. 

We have been invdgating the rrsistanrr 
msponse of sorghum to idcntiQ early events 
that may serve as a basis folr contmhg 
anthncnosc. One targctcd went is phyto- 
alcxin synthesis, and an imporcvlt question 
is whac that synthesis occurs. We ~racnt 
evidence that ;h+- in c4oqgh;n !are 

synthesized in indusions within the ccll 
under attack. The inclusions move in the ccll 
t o t h e s i t e o f a t h m p n d ~ o n a n d  
rrlcasc their contents illto the cytoplasm, 
and addit id phymkb synthesis ocaus 
in surrounding cds. 

In dicotyledonow plants the antimkrobi- 
alph+exinsucsyndxsizedincdsa&ct- 
4 by the ingrrss of fungal patmogcos (5). 
Thcyarethoughttobehtedintissuts 
sunounding the original infi#don site but 
not n d y  in cds initially penetrated (5, 
6). It is &cult to dcmmhe the actual 
~ l . l u l a r ~ o n o f p h y t o c r k x i n s b c  
caw most are not visible. The time and 

T o  whom comspodzmc s h o d  k ddrrrocd. 

placc of phydexin synthesis in any plant 
arc critical to assigning temporal Slgndi- 
cancctothebicqmthaic~ntsthatfbllow 
recognition and axmitutc the expression of 
rcsisancc.Attunptstodcmmhetheb- 
tion ofsvnthesis indude isohtion ofthe 
cornpo& fiOm tissws tx,m&bg thc 
infieam site and their i<kntification within 
an i&uh site (6). Such ia 
amjunction with assays of cnymcs involved 
in phytoalexin synthesis and adysis of 
expression of defense-related genes by in 
situ RNA . .  . 

-that* 
darinsshouldbcsyndrcsizedincellsthat!are 
n o t y e t ~ ( 7 ) b u t d o n o t i t a d i c l t t  
whcthcrsynthcsisorxursincdsthatuc 
penmated initially. Beuusc the sorghum 
ckoxyandqmidb are visible pigmaits 
t h a t ~ i n c o l o r ~ o t h c r o d l c o m p o -  
m t s  of the plant (2), they present an 
0 p ~ t o a d d r e S s t h e ~ u h r k K a l -  
bation ofphytoakxlns. 

To daermine whae the dcoxymthocyul- 
idin phytoakxb uc locakd in mum, 
we inoculated the first leaf d 6day-old 
seedlings (cv BR64) v in growth 
ch;rmbcrs (28"C, 15-hour -) 
with spores (106 spores pa milliliar) of C. 
p i n i c o l a .  Light miamcopy of d k d  
ieafpicccSsbowedthatrmturrapp~ 
thefungalstnrcturtsfipmwhichpslara- 
tionoccurs,hadfonncdby20houftatkr 
inomhion. By 22 hours, c o h k s s  indu- 
g i o n s a p p e a K d i n t h C ~ h o f t h ~ t a r -  
gcad cpidend 4 uada attack (Fig. 1A). 
whc31dlCfungl lsatmnpadtovat  
the juaction of adjacent e p W  
inclusionsacmm~inbothctlls.Whm 
f i r s t ~ c d , ~ i o n s w e r c k s s t b s n 1  
r ~ n i n ~ , w i t h $ ' m c t h c y ~ ( 2 Q  
~ 0 r l a r g a ) a n d ~ ~  
m o v c d t o w d t h e p o i n t a f ~ o f  
t h e f u n g a l a ~ u m a n d b y 2 4 b o u r s  
became orange-red (Fig. lB), a ador that 
corresponds to die visibk spccaum ofthe 
isolated phyKdah (2, 3). Wlth timc the 
inclusions became cvcn more intensely pig- 
mented (Fig. 1% and c01dcss indusions 
couldnolongcrbefbmd.Thcpigmcnted 
klusions lost their spherical shape and dc- 

posited their contents into the cytoplasm 
(Fig. ID). Eventually the ccll died. nKsc 
events varicd by no more than 2 or 3 hours 
between i n k i o n  sites. Figure 1 is a chro- 
dogical composite of the events observed 
to0c~uratscveralhundrrddiffercnt~- 
tionsites.A€&rthepigmntswercrcltascd, 
t h c y w e r c o b s a v e d t o ~ u l a t e i n t h e  
fhgus .  P i  was progressively qmhe- 
J i z e d i n c c l l s i m m e d i a ~ ~ u n d i n g t h e  
original infktion site. In leaves, the area of 
hartnspwscwasshowntobedto 
? p p r o o r i m a t t h / 2 3 o o ~ , ~ t t o t w o  
to threc cells per infiaion site (3). 

Tmnmkion electron miawcopy (TEM) 

@)Inclusio;lsmov;to~ydthcpoimofunm- 
rrmtofthc (arrow) red baxwe 

inoculption. (D) hdusiom rdcasc their contena 
i n t o t h e d 4 5 h o r o r ~ ~  
S u r r o u n d i n g c d l s ~ ~ l l a i n p i g m n a c d ~ .  



of infected tissues revealed that after appres- 
sorium formation the cytoplasm of the un- 
derlying host cell became thickened. Host 
cytoplasm contained extensive endoplasmic 
reticulum (ER), ribosomes, and dictyo- 
somes. These organelles were interspersed 
with spherical bodies containing an amor- 
phous matrix (Fig. 2A). The time of appear- 
ance of the spherical bodies coincided with 
the time of appearance of the colorless inclu- 
sions observed by light microscopy. With 
time the spherical bodies enlarged, and this 
was followed by complae cell disruption 
and collapse. When cells collapsed, a densely 
staining amorphous material was observed 
on the inner surface of the host epidermal 
cell walls (Fig. 2B). Material with similar 
staining properties was frequently observed 
within appcessoria after the collapse of the 
host cell (Fig. 2B). After epidermal cells 
collapsed, some mesophyll cells underlying 
the affected epidermal cell (or cells) showed 
abnormalities, including disruption of the 
chloroplast thylakoids and tonoplast (Fig. 
2B). These mesophyll cells eventually col- 

m. 2. Electron micrographs of leaves of S. birolor 
inoculated with C.  graminicola. (A) Indusiofls 
(arrows) along epidennal cell w& underlying the 
site of attachment of a fungal appmsorium 24 
hours afkr inoculation. (B) Collapsed epidermal 
cells beneath a fungal appressorium (AP) 72 
hours after inoculation. Densely staining, amor- 
phous material is associated with the epidermal 
cell walls and within a fungal appressorium (ar- 
rows). Organelles in mesophyll c& show degra- 
dative changes. Tii was fixed in 3% glutaralde- 
hyde, 2.5% paraformaldehyde in 0.1 M sodium 
cacodylate M a .  Postfixation was in 2.0% osmi- 
um tewxide. Tissue was dehydrated in ethanol 
and embedded in Spuds resin. 

Time after inoarlation (hours) 

Fig. 3. A~cumulation in sorghum 60 
laves of apigcninidin, a phytoalex- 
in produced in response to fungal 
infection [(O) apigcninidin; (@) 2 
minodated control]. Inset shows i , 
the H P X  separation of apigcnini- - 
din (Ap) and luteolinidin (Lu) 
from tissue extracted 30 hours a k r  .5 
inoculation with C. graminicola. 
Data represent the average of three .$ 20 
replications of 50 infection sites per 
sample expressed as the mean 2 
2 SEM. 

lapsed. None of these events occurred in 
uninoculated tissues. 

To determine when the phytoalexins be- 
gan to accumulate relative to the time of the 
appearance of the pigmented inclusions, we 
removed individual infection sites, extracted 
the tissue, and separated the extracts by 
high-performance liquid chromatography 
(HPLC) (8). Apigeninidin and luteolinidin, 
the principal phytoalexins in sorghum, be- 
gan to accumulate at 24 hours, the same 
time at which pigmented inclusions were 
first detected by light microscopy and spher- 
ical inclusions by TEM (Fig. 3). 

The subcellular origin of flavonoid plant 
phenols is a subject of controversy with 
respect to both stress-induced synthesis of 
phytoalexins and synthesis of flavonoids in 
the apparent absence of strcss. One line of 
evidence suggests that phenylpropanoids 
and flavonoids are synthesized in the ER, 
and substrates are channeled through mul- 
tienzyme complexes (9). Other evidence 
suggests that anthocyanin hvonoids are 
synthesized in vesicles (anthocyanoplasts) 
ultimately located within the cell vacuole 
(10). The hypothesis that the vacuole is the 
general site of anthocyanin synthesis was 
challenged by the demonstration that antho- 
cyanin methyltransf- the final enzyme 
in the methylation of the anthocyanh of 
peomia, is cytosolic and not vacuolar (11). 
The accumulation and apparent synthesis of 
the sorghum phytoalexins in discme cyto- 
plasmic inclusions do not support the con- 
cept that synthesis occurs within a central 
vacuole. We presume that the inclusions are 
ER-lgi apparatus derivatives but have 
not successfldly resolved a characteristic unit 
membrane surrounding these structures by 
TEM. 

Synthesis of phytoalexins in indusions is 
supported by our observations that cytoplas- 
mic inclusions first accumulate as clear 
spherical bodies and then become highly 
pigmented as they near the site of fungal 
ingress. The pigmented indusions in sor- 
ghum resemble anthocyanoplasts, because 
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inclusions fuse, but differ fiom anthocyano- 
plasts, because they are cytoplasmic rather 
than vacuolar. Thus, the results of the pre- 
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.sent investigation are consistent with-the 
hypothesis that phenols of the phenylpro- 
panoid and flavonoid dasses are synthesized 
within the cytoplasm (9, 11). 

We have demonstrated that sorghum re- 
sponds to infection by producing intensely 
pigmented, spherical bodies within the epi- 
dermal cells immediately under fungal at- 
tack. Only lap in the inkction process do 
cells surrounding the first infected cells re- 
spond by the production of similar struc- 
tures. Because the accumulation of the red 
phytoalexin pigments corresponds to the 
appearance of the spherical, red bodies with- 
in inkcted cells, this research suggests that 
these bodies are the site of synthesis or 
accumulation of the sorghum phytoalexins. 
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Human CD4 Binds Immunoglobulins 

T cell glycoprotein CD4 binds to class I1 major histocompatibility molecules and to the 
human immunodeficiency virus (HIV) envelope protein gp120. Recombinant CD4 
(rCD4) bound to polyclonal immunoglobulin (Ig) and 39 of 50 (78%) human 
myeloma proteins. This binding depended on the Pab and not the PC portion of Ig and 
was inde+ndent of the light chain. Soluble rCD4, HlS7 gp120, and sulfated dextrans 
inhibited the CD4-Ig interaction. With the use of a panel of synthetic peptides, the 
region critical for binding to Ig was localized to amino acids 21 to 38 of the &st 
extracellular domain of CD4. CD4-bound antibody (Ab) complexed with antigen 
approximately 100 times better than Ab alone. This activity may contribute to the Ab- 
mediated enhancement of cellular HIV interaction that appears to depend on a 
trirnolecular complex of HIV, antibodies to gp120, and CD4. 

T HE GLYCOPROTEIN CD4 PARTICI- 

pates in adhesion of T lymphocytes 
to target cells ( I ) ,  thymic develop- 

ment (Z),  and transmission of intracellular 
signals during T cell activation (3). CD4 is 
also the high-ahity receptor for HIV 
gp120 ( 4 ) ,  an activity of amino acids 42 to 
55 of the NHz-terminal domain (5). This 
domain has an Ig-like fold, and residues 40 
to 55 correspond to the second complemen- 
tarity-determining region of human Ig K 

light (L) chain (5). 
In preliminary experiments, we observed 

that serum Ig from normal subjects bound 
soluble recombinant CD4 (rCD4) and CD4 
solubilized from the CD4' CEM cell line in 
enzyme-linked irnmunosorbent assay 
(ELISA) and radioimmunoassay (RIA). We 
therefore tested 50 human myeloma pro- 
teins of unknown antigen reactivity repre- 
senting each class and subclass (Table 1). 
Thirty-nine of 50 (78%) myeloma proteins 
devoid of rheumatoid factor activity bound 
CD4 regardless of their heavy (H) or L 
chain isotype. The binding values varied 
among myeloma proteins of the same class, 

subclass, and L chain type. Although all 
classes bound, none of the six myeloma 
proteins in the IgG4 subclass tested were 
positive, even at relatively high concentra- 
tion (200 pglrnl). Myeloma proteins repre- 
sentative of each Ig class were labeled with 
lZ51, and they displayed a single band of 46 
to 50 kD in a protein imrnunoblot of soluble 
rCD4 (Fig. 1A). This was the same size as 
the band identified by Leu3a, a murine 
monoclonal andbody (MAb) to CD4. 
Whereas 125~-labeled Ig binding was unaf- 
fected by electrophoresis of CD4 under 
reducing conditions, MAb Leu3a binding 
decreased after reduction. This suggests that 
the Ig binding site, unlike the Leu3a epitope 
(6), is less affected by the intactness of the 
three-dimensional conformation of the mol- 
ecule. However, because it is generally ac- 
cepted that partial renaturation takes place 
after blotting, the extent to which the tertia- 
ry structure of CD4 still influences Ig bind- 
ing cannot be assessed with precision. Hu- 
man Ig also bound CD4' T cells. In flow 
cytometry, CEM cells were stained by poly- 
clonal Ig with a unimodal peak, yielding a 
reproducible and consistent (-5 X )  shift in 
the mean fluorescence intensity above that 

P. Lenart and M. Zanetti, Division of Dermatology, of control cells (Fig. 1B). By comparison, 
Department of Medicine, University of California, San  MA^ ~~~3~ gave a mean fluorescence inten- Diego, San Diego, CA 92103. 
D. Kroon, The R. W. Tohnson Pharmaceutical Research sitv ten times as Ereat. 
Institute, karitan, NJ 08869-0602. 
H. Spiegelberg, Department of Immunology, Research   he relation eke Ig and gp120 binding 
Institute of Scripps Clinic, La Jolla, CA 92037. sites of CD4 was analyzed in three ways. 
E. S. Golub, Johnson &Johnson Laboratories, Research soluble recombinant gp120 inhibited (50% Institute of Scripps Clinic, La Jolla, CA 92037. 

inhibition at < 1 pg of gp120 per milliliter) 
*To whom correspondence should be addressed. the binding of a lZ51-labeled h&an myelo- 

ma protein to rCD4 in solid-phase RIA 
(Fig. 2A). Dextran sulfate, which blocks the 
binding of HIV to CD4' cells and prevents 
infection in vitro (7) ,  inhibited the CD4-Ig 
interaction (50% inhibition at <0.5 pg of 
dextran per milliliter), an effect apparently 
on CD4 because incubation with dextran 
sulfate followed by washing was equally 

Table 1. Human myeloma proteins of different 
isotype bind rCD4. Binding of human myeloma 
proteins to soluble rCD4 in ELISA. Fifty purified 
human myeloma proteins representing all Ig class- 
es and subclasses were tested. Polyvinyl chloride 
microtiter plates (Dynatech) were coated with 
soluble rCD4 (Receptin, Biogen) (3 pglml) in 
0.9% NaCl by incubating at 4°C overnight. Hu- 
man myeloma proteins diluted (40 pglml) in 
phosphate-buffered saline (PBS) containing 1% 
bovine serium albumin (BSA) and 0.5% Tween 
20 (PBSA), were incubated for 3 hours at room 
temperature. Bound antibodies were revealed 
with a goat antibody to human Ig (H chain 
specific) conjugated to horseradish peroxidase 
(HRP) (Sigma) in PBSA containing 15% new- 
born calf serum. Detection of IgE and IgD re- 
quired an intermediate incubation with goat anti- 
bodies to IgE or IgD, respectively, followed by 
HRP-conjugated swine antibody to goat Ig 
(Tago). Values represent the mean absorbance 
(A492), which shows binding of myeloma proteins 
grouped by H chain isotype. SEM, <15%. The 
40 pglml concentration was chosen on the basis 
of pilot experiments in which the saturation 
points were determined with myeloma proteins of 
different classes. Saturation of binding was ob- 
tained at 40 pglml for IgG; IgM, IgD, and IgE, 
and at 80 pglml for IgA. By comparison, MAb 
Leu3a (Becton-Dickinson) specific for CD4 
reached plateau at -4 pglml. of the second 
antibody alone (1:1500) was less than 0.050. 
Values of A49* less than 0.2 were considered 
positive. By comparison, the binding value (A492) 
of polyclonal human Ig human y-globulins frac- 
tion 11, Pentex, Miles) (40 pglml) was 1.5 (see 
Table 2). Binding to a recombinant MAb (IgGZb, 
K)  (23) and to BSA (molecular weight 65,000) are 
specificity controls. 

Mye- No. Absorbance (A492) 
loma positive 

protein rCD4 rIg BSA 

IgG1 416 0.61 0.13 0.14 
IgG2 516 0.48 0.09 0.1 
IgG3 616 0.58 0.15 0.15 
IgG4 016 0.18 0.16 0.14 
IgM 616 0.81 0.12 0.13 
IgAl 315 0.36 0.11 0.12 
I@ 313 0.38 0.11 . 0.09 
IgD 717 0.85 0.11 0.19 
IgE 515 1.10 0.10 0.13 




