
tlon of genes expresseil in iliploiil cells to 
pollen tuhe guidance. 

T11e poi12, pop3 pollen tube guidance 
defect results from alteratLon of hot11 l~ollen 
a d  plstll components. In palr\vise recipro- 
cal crosses rvlt11 homozygol~s single m~itants 
(i1oi12/i1op2 or pop3/pop3), the iloi~ble mu- 
tant (pop2/i1oi12, pop3/?), or wild type (Ta- 
ble 2 ) ,  a11 coml~~~la t ions  pro~iuced seeds ex- 
cept a cross between pollen from a i1op2. 
pop3 plant a11il pop2, pop3 pist~ls. These 
ohser~atlons indlcate that POP2 and POP3 
function in both the pollen and plstil, con- 
sistent \\-ith a l-ilodel in nhlch these penes 
encode 111olec~11es present k 1 1 1  the s~lrface of 
pollen tubes hncl lxst11 cells, much like the 
aggh~tinlns recluired for ailliesion of mat~ng  
yeast cells ( 17). 

In many plant species, self-fertlllzation 1s 
~ n h i l ~ ~ t e i l  at a late staye, sornetlmes through 
self-i~~co~-ilpatil?ility mecllanls~ns ( 1  2). Self- 
sterility in these systems, as 111 the Arabr- 
dops~s poi12, pop3 mutant, may ~nvolve ile- 
fects 111 'ollen tube guidance and redunciant 
s~gna l~ng  path~vays actlr-e 111 111ale and fe- 
male tlssues. 
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Diversification of C-Function Activity 
in Maize Flower Development 

Montaiia Mena," Barbara A. Ambrose, Robert B. Meeley, 
Steven P. Briggs, Martin F. Yanofsky, Robert J. Schmidt-1 

The Arabidopsis gene AGAMOUS is required for male and female reproductive organ 
development and for floral determinacy. Reverse genetics allowed the isolation of a 
transposon-induced mutation in ZAG1, the maize homolog of AGAMOUS. ZAGl mu- 
tants exhibited a loss of determinacy, but the identity of reproductive organs was largely 
unaffected. This suggested a redundancy in maize sex organ specification that led to the 
identification and cloning of a second AGAMOUS homolog, ZMM2, that has a pattern 
of expression distinct from that of ZAG1. C-function organ identity in maize (as defined 
by the A, B, C model of floral organ development) may therefore be orchestrated by two 
closely related genes, ZAGl and ZMM2, with overlapping but nonidentical activities. 

T h e  iIiscovery of conserved genetlc mecli- 
anisms of tlo\\-er ~~lorphogenesrs in iiicots 
sucll as Arnhidopszs thalimin anil Antu-i-Ilinum 
~nnj~is (1-3) silygests that an ancestral floral 
del-elopmental pian has been preserved dlir- 
111g a11g~ospe1-1x1 e v o l ~ ~ t i i ) ~ ~  (4). MOIIOCO~S 
ilivergeii from dicots ahout 180 mlll~on 
years age ancl have evolved ilo\\.ers that are 
clist~nct fro111 those of cl~cots. Amo11g the 
monocots, flolvers in the grasses are the 
most highly derived. We pre\-lously report- 
ed (5) the isolat~on of ZAGI, the maize 
llomolog of AGAhIOL!S (AG)  from Ambi- 
dopsis and PLENA (PLE) from Antzr~lunzon, 
130th of ~ v l ~ i c h  are reclulrecl for reproih~ctive 
organ iievelopment (5-8). Althoi~gh the 
onset of ZAG1 expressloll 111 the cells that 
gil-e rise to stanlens anil car'els 1s a~lalogous 
to that observeil for 4 G  anLi PLE, ZAGl 
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expression (unlike ,4G and PLE expression) 
clim~n~shes ilurlng stalnen del-elopment (5). 
Here, we identified a transposon-induceel 
mutant allele of ZAG1 anil usecl ~t to es- 
a1ni11e the f ~ ~ n c t ~ o n a l  homology bet~veen 
these monocot ancl illcot oenes. 

We ilsec! reverse genetlc technology to 
screen for transposon msertlons in the 
ZAG 1 gene (9 ) .  ?I ZAG 1 miltant allele, 
designateel mgl -rnz~ml, was isolated that 
carriecl a Robertso~l's Mutotor (Mu) trans- 
posable elenlent lnserted a d j a c e ~ ~ t  to the 
reglon cncoding for the K domain (Fig. 1, A 
and B), a lllotlf thought to he involved in 
prote~n-protein ~nteractions (IC). No 
ZAG 1 transcript was iletected In RNA sam- 
ples from rag1 -mum1 homozygotes ~ l p o n  hy- 
hrldlzatlon I\-ith a probe 3 '  of the hlzi lnser- 
tlon slte, and only reduced amounts of tran- 
script \\ere detectal?le ~v l th  a ZAG1 prohe 
5 '  of the lnsertlon slte (Fio. 1C). These 

L 

rehi~lts suygest that In the zag1 -muin1 allele, 
transcription proceeds mto but not tllrough 
the MIL element, ancl that the c h ~ ~ n e r i c  
message generateil 1s unstable. ,Ally poss~ble 
trallslatlon product of the c h ~ ~ - i ~ e r ~ c  tran- 
script (Fig. 1B) would lack 77 amino aclds 
of the 11ormal proteln, ~nclui l~ng the 
C O O H - t e r m ~ ~ n ~ s  of the K lmx. hlutations 



that generate similarly truncated protein 
products for the Arabidopsis APJ MADS- 
box gene generate a severe apl mutant phe- 
notype ( I  1 ). Taken together, these obser- 
vations suggest that zagl-mum1 is a null 
allele for ZAGl function. 

A recessive floral mutant phenotype co- 
segregated with plants homozygous for the 
zagl-mum1 allele (Fig. 2). Mutant female 
flowers showed a transformed Distil in 
which two silks developed, one in an abax- 
ial position (like the single silk of a wild- 
type pistil) and the other in an adaxial 
position. In most mutant florets, abaxial 
and adaxial carpels did not fuse along their 
margins and the resulting pistil structure 
remained open. Enclosed within these or- 
gans, some mutant flowers additionally de- 
veloped a variable number of extra silks. 
Most mutant flowers produced silks that 
failed to emerge through the husk leaves, 
consequently yielding seedless ears. When 
husk leaves were ~ee led  back to uncover 
the silks, manual pollination resulted in a 
number of viable seeds. This indicates that 
at least some florets developed a functional 
ovary and egg. In contrast, the tassels of 
mutant plants were phenotypically normal 
and produced fertile pollen. 

To determine more precisely the point 
during female inflorescence development 
when mutant florets departed from the nor- 
mal course of development, we performed 
scanning electron microscope (SEM) anal- 
ysis (1 2, 13) (Fig. 3).  Early ear development 
proceeded normally in mutant plants 
through those stages involving the estab- 
lishment of s~ikelet and flower ~rimordia 
(14). Immediately after stamen initiation, 
wild-type and mutant floral meristems ex- 
hibited a distinguishable morphology; the 
mutant meristem appeared substantially en- 
larged on its adaxial flank, from which a 
second silk primordium arose to produce 
the double set of silks. At all times, stamen 
development in the mutant paralleled that 
observed in the wild type, and only carpel 
development was altered. 

AG and PLE specify stamen and carpel 
identity as well as prevent the indetermi- 
nate growth of the floral meristem (6-8, 
15, 16). These roles constitute the C-func- 
tion activity as defined by the A, B, C 
model of floral organ development (4, 17). 
Our analysis of the zagl-mum1 mutant sug- 
gests that ZAGJ is necessary for only a 
portion of these activities in maize. Analysis 
of the zagl-mum1 mutant phenotype shows 
that the absence of ZAGJ activity results in 
a chanee in the fate of the cells that are " 
destined to become carpel primordia. This 
group of cells now acquires the ability to 
proliferate and reiterate a program of organ 
initiation, typical of an indeterminate pat- 
tern of growth. However, in contrast to 

loss-of-function ag or ple mutants, zag1 mu- 
tant plants have normal pollen-producing 
stamens and camelloid features in the in- 
nermost sets of organs. These data indicate 
that the zagl-mum1 mutation affects deter- 
minacy and that any role of ZAG 1 in organ 
identity is obscured by another gene with 
partially redundant activity. 

We isolated a gene, ucsd78b (18), that is 
more similar to AG and ZAG 1 than to any 
other gene in the EMBL and GenBank 
databases. In addition, ZAGJ and ucsd78b 
are on chromosomal segments 6L-080 and 

8L-056, respectively ( 19, 20), which are 
known to carry synonymous genes that were 
introduced into maize by alloploidization 
(21-23). Recently (ZO), a partial sequence 
of the ucsd78b gene was reported and 
termed ZMM2, and we adopt this designa- 
tion here. Through the MADS domain, 
ZMMZ (the complete sequence of ZMMZ 
cDNA can be found at GenBank accession 
number L81162) is more similar to AG 
than is ZAGl (Fig. 4A). However, over the 
portion of the proteins spanning the MADS 
box through the K box, ZAGl has higher 

Ear Tassel c -- 

Fig. 1. Isolation and molecular characterization of the zagl-mum1 allele. (A) Schematic representation 
of domains in the predicted ZAG1 protein. The functions of the MADS box, K box, and intervening region 
(I) have been recently discussed (10, 24). ZAG1, like a subfamily of MADS-box genes (including AG and 
PLE), encodes a stretch of amino acids NH2-terminal to the MADS domain (N) as well as COOH-terminal 
to the K box (C) (aa, amino acids). The arrow shows the location of the Mu element inzagl-mum1. The 
positions of the probes used in (C) are indicated. (B) Insertion site of the Mu element in zagl-mum1. 
ZAGl exon and intron sequences are represented by capital and lowercase letters, respectively. Mu 
sequences are in italics. The characteristic 9-bp host sequence duplication associated with Mu inser- 
tions is underlined. A possible chimeric translation product, terminating within the Mu element (asterisk), 
is shown beginning with amino acid 204 (25). (C)Z4G1 mRNA accumulation inzagl -mum 1 plants. Total 
RNA was isolated from developing ears and tassels of segregating individuals identified as homozygous 
for the ZAGl wild-type allele (lanes 1 and 4), heterozygous (lanes 2 and 5), or homozygous for the 
z3gl-mum1 allele (lanes 3 and 6). Blots were hybridized withZAG1-specific probes hybridizing either 5' 
or 3' to the location of the Mu element in zagl-mum1. The presence of ZMM2 transcript (see Fig. 4) 

.serves as a control for RNA quality. 

pistil in (E) was opened 
mechanically to show 
the enclosed developing 
primordia (arrows). Note 
the presence in the cen- 
ter of an undifferentiated 
mass of tissue and a  air I 
of organs bearing ' tri- 
chomes and resembling 
the sterile accessory or- 
gans of the flower. Co- 
segregation of this mu- 
tant phenotype with ho- 
mozygosity for the zagl-mum1 allele was established by analysis of 95 individuals from segregating 
families of either F2 or backcross populations. 
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sequence identity with AG than does 
ZMM2 (87% versus 75%, respectively). 

ZAGl and ZMMZ RNAs accumulate in 
spatially overlapping but nonidentical pat- 
terns. ZMM2, like ZAGl, is a floral-specific 
gene that is expressed in tassels as well as in 
ears (Fig. 4, B and C). In addition, ZMMZ is 
expressed in the zagl-mum1 mutant inflo- 
rescences (Fig. 1C). However, the relative 
abundance of ZAG I and ZMM2 transcripts 
in developing male and female inflores- 
cences is different. ZAGl RNA accumu- 
lates more in developing ears than in tassels 

Fig. 3. SEM micro- 
graphs of floral develop- 
ment in the wild type 
( Wt) and in zagl-mum7 
mutants (Mut). The ab- 
axial side of flowers is to 
the back. (A and B) Initi- 
ation of stamen (S) and 
palea (P) primordia on 
the flanks of the meri- 
stem (M) in the upper 
flower. Note the promi- 

(Figs. 1C and 4C) (5). In contrast, the 
ZMMZ transcript is more abundant in the 
tassel. Like ZAGl, ZMM2 is expressed in 
carpels and stamens, though in stamens the 
expression is much stronger (Fig. 4C). The 
expression profile alone suggests that 
ZMMZ itself may participate in regulating 
the development of stamens and carpels, 
and this is supported by the phenotype ob- 
served in the zag1 mutant. Because of the 
extensive sequence similarity between 
ZAGl and ZMM2, it is likely that they 
share some redundancy in function. If this is 

nent adax~al side of the 
meristem in the mutant. 
The outer glume (Go) 
was partially removed In 
the subsequent images. h .4d &* g - - 
(C to G) Gynoec~al r~dge * b %  2 
(GR) ~n~tiat~on. ln~tiation 
of the two abaxial car- 
pels (26) is recognized 
by the simultaneous 1n1t1- 

d 

at~on of the GR. Shortly 
after, development of the 
s~ngle adaxial carpel be- 
comes noticeable (E), 
giving rise together to a 
complete GR that grows * " t 

to enclose the mer~stem 
(G). Mutant flowers also Initlate a GR (D) but, In contrast to w~ld-type development, the GR does not 
extend to the adax~al reglon (F), reflect~ng a fa~lure of the third carpel pr~mord~um to Initlate. Dur~ng these 
stages, the mer~stem in the mutant cont~nues proliferat~ng and remalns only part~ally enc~rcled by the GR. 
(H) ln~t~at~on of a second, adax~al set of carpel pr~mord~a (arrow) In the mutant. (I to L) Early s~lk 
development. As the wild-type p~st~l contlnues to develop, the s~ngle s~lk d~fferent~ates from two growth 
centers, each emerglng from one of the abaxial carpels. Th~s process IS accompan~ed by the d~fferen- 
tiation of theovule and f~nally theformat~on (K) of the Immature s~lk (SI). Two growth centers are observed 
on each set of carpels forming the mutant p~stils (J). Note that development of the adax~al s~lk lags beh~nd 
that of the abaxial silk In most mutant flowers the mer~stem does not produce a normal ovule prlmor- 
d~um, but Instead ~t contlnues to produce a large mass of t~ssue that f~nally extrudes from the surround- 
ing carpels (74). Scale bars, 100 pm. 

Fig. 4. Sequence and RNA blot analysis of ZMM2. (A) MADS-domain ZMM2 

sequence comparison. The predicted amino acid sequences through 
the MADS domain of the maize genes ZAG 7 and ZMM2 are compared C Ea' TE' 
with AG (25). Asterisks ind~cate ident~ty toAG res~dues. Numerals on the ? ? 2 ? g ? ,  
left indicate the position of the first amino acid shown. (B) ZMM2 ex- ~ $ 2  + E m m 
pression in the Indicated vegetative and reproductive organs (27). (C) Z z u  k z i Z  
Differential accumulation of ZAG7 and ZMM2 transcripts in RNA from ZAG, 
mature and Immature ear and tassel and from isolated reproductive 
organs (carpels and stamens). ZMM2 

the case, the preferential accumulation of 
ZAGl RNA in carpels and ZMM2 RNA in 
stamens could explain the phenotype in 
zagl-mum1 mutant plants, in which only 
carpel development is disturbed. 

These results suggest that, unlike Arabi- 
dopsis and Antirrhinum, C-function activity 
in maize is orchestrated by two closely re- 
lated MADS-box genes that have evolved 
distinct yet partially redundant roles in 
flower development. Isolation of m m 2  mu- 
tants by the same reverse genetic approach 
and the construction of zag1 731m2 double 
mutants will help to determine the specific 
contribution of these two genes to male and 
female reproductive organ development in 
maize. 
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CRNF, a Molluscan Neurotrophic Factor That 
Interacts with the p75 Neurotrophin Receptor 

M. Fainzilber," A. B. Smit, N. I. Syed, W. C. Wildering, 
P. M. Hermann, R. C. van der Schors, C. Jimenez, K. W. Li, 

J. van Minnen, A. G. M. Bulloch, C. F. Ibatiez, 
W. P. M. Geraerts 

A 13.1 -kilodalton protein, cysteine-rich neurotrophic factor (CRNF), was purified from the 
mollusk Lymnaea stagnalis by use of a binding assay on the p75 neurotrophin receptor. 
CRNF bound to p75 with nanomolar affinity but was not similar in sequence to neuro- 
trophins or any other known gene product. CRNF messenger RNA expression was 
highest in adult foot subepithelial cells; in the central nervous system, expression was 
regulated by lesion. The factor evoked neurite outgrowth and modulated calcium cur- 
rents in pedal motor neurons. Thus, CRNF may be involved in target-derived trophic 
support for motor neurons and could represent the prototype of another family of p75 
ligands. 

T h e  survival, ~ifierentiation, and plasticit\- 
of vertebrate neurons are in f l~~enced  hy 
neurotrophic factors, the liest characterized 
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of which are the neurotrophins ( 1 ) .  Inver- 
tebrate neuronal systenls have provided use- 
ful luodels for developnlent and regenera- 
tion of the nervous s\-stem; ho \~ever ,  effc)rts 
to clone neurotrophin or neurotrophin re- 
ceptor-like sequences in invertebrates have 
so far been unsuccessful (2) .  Indeed, it has 
been argued that neurotrophic factors may 
he a comparatively late aildition to the 
arsenal of ~l~echanis lns  controlling nervous 
system development and regeneration, and 
that such factors may be required only in 
long-lived organisms with complex nervous 
systems (2 ) .  T o  exanline the  existence ot 
neurotropl~in-related molecules in an  inver- 
tebrate. we fi~cused o n  the snail Lvrn~iaen 
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Karoinska n s t t ~ l t e  E-mall: m~chael@cajal.mbb.k~ se neurite outgrowth fro111 snail motor neu- 

rons. This activity can he lnlill~icked b\- 
musine nerve gr0wt11 factor (NGF) ,  ~vhic11 
f~~r the rmore  has acute effects o n  calcium 
currents in Lymnaea neurons (4) .  

Initial attenlpts to clone a Lymncien neu- 
rotrophin ho111o1og by polymerase chain re- 
action (PCR) (711 the  basis of conserved 
regions of vertelirate neurotrophins (5) 
were not s ~ ~ c c e s s f ~ ~ l .  Therefore, we adopted 
a functional approach to target neurotro- 
phin famil\- members. All neurotrophins in- 
teract x i t h  two receptor tyLies-l~gani~-spe- 
cific receptor tyrosine kinases of the Trk 
famil\- (6 )  and a shared receptor termed 
p i 5  (7). Starting from the  pren~ise that  a 
putative molluscan neurotrophin homolog 
might also hind to the  p 7 i  receptor, we 
assayed Lymnnea C M  anL1 hemoll-mph fur 
inhibition of binding of '"I-lai~eled N G F  
to A875 human  ~ l ~ e l a n o l l ~ a  cells, lvhich 
express high levels of p75 hut n o  Trk  
receptors. H e ~ n o l y n ~ p h  and CM-derived 
fractions inhi i~i ted N G F  binding to  p i 5  in 
a dose-dependent nlanner (Fig. 1 A ) .  Fur- 
ther f ract~onat ion revealecl that  NGF-'{is- 
p laci~lg  fractions from 170th C M  and he- 
mol\-mph had identical chromatograpl~ic 
elution properties and contained a n  al- 
nlost identical protein mass of 13.1 kD. 

T h e  higher amounts of the 13.1-kD pro- 
tein in 11emolymp11 enahled its purification 
to homogeneit\- from a pool of 7 liters of 
snail hemolymph, using matrix-assisted la- 
ser desorption ionization Illass spectrometry 
(MALDI-MS) to monitor the purification 
(8). T h e  final purified fraction (Fig. 1B) 
contained a ~ua jo r  component of 13.1 kD 
and a ruinor coruponent of 13.97 kD, as 
analyzed by RjlALDI-MS (Fig. I C ) .  I~l ternal  
and NH1-terminal peptide se~luences of 
hot11 proteins were identical and novel. 
These sequences served to design prinlers 
for PCR and eventual isolation of a cDNA 
clone (9 ) ,  which encoded a n  open readil~g 
frame of 121 anlino aclds, including a n  
18-residue putative signal sequence fol- 
lorved 177. a mature product of 103 anlino 
acids containing all the peptide sequences 
previously obtained (Fig. 1E). T h e  sequence 
was not significantly sin~ilar to any known 
protein or D N A  secluence in the pul~lic 
databases. T h e  protein molecular Inass pre- 
dicted from the  cDNA sequence is 12.5 kD, 
which is close to the measured masses of the  
purified CRNF isoforms and suggests that 
the  latter may arise fro111 different extents of 
glycosylation on the single consensus N- 
gl\-cosylation site (Fig. 1E). T h e  secluence 
contained a high number of cysteine resi- 
ciues, co~npris i~lg  over 10% of the  protein, 
hence the name C R N F  (cysteine-rich neu- 
rotrophic factor). 

A n  anti-peptide antiserum Ivas raised 
(9 )  against a synthetic peptide based on the 
COOH-terminal region of the  CRNF se- 
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