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In flowering plants, a series of cell-cell interactions govern the delivery of sperm to the 
ovules through precise guidance of pollen tubes. Two Arabidopsis genes, POP2 and 
POP3, were found that mediate pollen tube guidance and are critical for self-fertility in 
diploid reproductive cells. The pop2 and pop3 mutations exhibited genetic redundancy: 
Self-sterility occurred only when male and female tissues were defective in both genes. 
This phenotype resembles that found in many self-incompatible species. 

T h e  guidance of pollen tubes to individual 
ovules is critical to successful plant reproduc- 
tion. In Arabidopsis, these tubes grow 
through female pistil tissue and are guided 
toward the micropyle with near perfect effi- 
ciency (1) (Fig. lA),  avoiding ovules that 
have interacted with other oollen tubes. In 
the crucifer family, this process is accompa- 
nied by tight adhesion of pollen tubes to the 
surface of ovule cells (2) and probably re- 
quires an intricate exchange of attractive and 
repellent signals, as in the functionally anal- 
ogous process of axon guidance in animals 
(3). Signaling molecules important in early 
steps of pollen tube migration have been 
identified (4, 5) ,  and signals necessary for the 
final stages of pollen tube guidance are not 
transmitted by immature pistils (6) or struc- 
turally aberrant ovules (7). After screening 
more than 80,000 Arabhpsis plants (8), we 
identified a sterile mutant that was defective 
in two genes that severely affect targeting of 
oollen tubes to structurallv normal ovules. 

Pollen tubes did not grow toward the 
micropyle in self-pollinated pistils from the 
sterile mutant; instead they grew in random 
directions throughout the ovary locule (Fig. 
1, B and C )  regardless of proximity to other 
pollen tubes or to the micropyle. The mu- 
tant Dollen tubes did not adhere to oistil 
cells, consistent with a model in which 
intercellular adhesion contributes to pollen 
tube guidance (9). 

Pollen tube guidance to the ovules was 
the only apparent defect in the mutant 
plants, which exhibited a decrease in seed 
yield by a factor of 300 but otherwise grew 
as vigorously as the wild type (Fig. 1, D and 
E). Mutant pollen production, pollen ger- 
mination (in vitro and in vivo), the growth 
rate of mutant pollen tubes (in vitro and in 
wild-type pistils), and transportation of 
sperm cells to the tip of the pollen tube 
were comparable in mutant and wild-type 
plants (Table 1). 
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To determine whether sterilitv resulted 
from a male or a female defect, we per- 
formed reciprocal crosses, applying wild- 
type pollen to mutant pistils and mutant 
pollen to wild-type pistils. Full seed sets 
were obtained in either case ( lo),  indicat- 
ing that the mutant is self-sterile and its 
phenotype reflects a combination of defects 
in male and female tissues. Crosses between 
individual sterile mutants also failed to set 
seed, indicating that the self-sterile pheno- 
type is determined solely by the genotype of 
the plant and not by self-pollination per se. 
Self-sterilitv as a result of an earlv defect in 
pollen gerkination and tube g;owth has 
been observed in maize and petunia (1 1 ), 
and self-incompatibility, a highly evolved 
mechanism that limits inbreeding often by 
affecting pollen tube development, has 
been characterized in many species of flow- 
ering ~ l a n t s  ( 12). <, . . . 

To characterize the genetic basis for the 
self-sterile phenotype, we crossed the mu- 
tant to a wild-type mapping strain. F, plants 
from this cross were fully fertile, indicating 
that sterility is recessive. Analysis of 110 
sterile F2 individuals showed linkage to two 
eenes. POP2 (on chromosome 3) and POP3 
Ton dhromosbme 5), required 'for pollen- 
pistil interactions (Fig. 2) (13). All the 
sterile individuals were homozygous for the 
pop2 mutation, yet only one-third (4111 10) 
were homozygous for pop3; the remainder 
were heterozygous (1 3). These data indicate 
two genotypes (pop21pop2, pop3Ipop3 and 
pop2lpop2, pop3/POP3 + ) that result in ste- 
rility, and, although pop2 is recessive, the 
pop3 allele is dominant in a pop21pop2 back- 
ground. The low frequency with which mu- 
tants of this phenotype arise is consistent 
with alteration of multiple genes or gener- 
ation .of unusual alleles. 

Many Arabidopsis mutations, such as 
those in the tryptophan biosynthetic path- 
way (14), exhibit aberrant transmission 
through either male or female gametes. Be- 
cause mutations altering reproduction itself 
could have similar or more severe conse- 
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affect gamete fertility or zygote viability by 
analyzing (i) the transmission of the sterile 
phenotype, (ii) the genotype of fertile prog- 
eny from a pop2/POP2+, pop3/POP3+ 
plant, and (iii) the results of a cross between 
pop2 and pop3 single mutants. 

The bob alleles are transmitted normallv: 
' L  , . 

inheritance of sterility follows the ratio ex- 
pected for two independently assorting 
genes, given the dominant nature of the 
pop3 mutation and its interaction with pop2. 
Of 11 10 progeny from a plant with a pop21 
POP2+, pop3/POP3+ genotype, 225 were 
sterile, consistent with a fertile-to-sterile ra- 
tio of 13:3 (0.5 > P > 0.1; x2 test). Subse- 

Fig. 1. Scanning electron micrographs and line 
drawing depicting ovules and pollen tubes within 
pollinated pistils, as prepared in (1). In the wild 
type (A), one pollen tube (arrows) grows directly 
toward each micropyle (m), adhering tightly to the 
cells that support the ovule (0) (n = 200 observa- 
tions). In the sterile mutant (B and C), pollen tubes 
migrate randomly (n > 300) and do not enter the 
micropyle or adhere tightly to ovule cells; multiple 
tubes are observed on one ovule (asterisks). Pan- 
els (B) and (C) show different views of the same 
ovule; the pollen tube closely approached the mi- 
cropyle (large arrows) but did not enter. The large 
seed pods (arrows) present in wild type (D) are not 
formed in sterile plants (E). Bars represent 10 pm 
in (A) through (C) and 1.3 cm in (D) and (E). 
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Fig. 2. Genetic mapping A nga162 m560 DMCI 94711 GAPA 
of POP2 (A) and POP3 
(B). Genet~c markers and 
distance in cent~morgans 
t 22 35 40 48 6 1 

are ~nd~cated. The sym- 
bol x indicates detected 
recombination events. w X X X X X 

X X 
represents predicted po- 
sltion of POP genes. 

i l ~ ~ e i ~ t  crosses sx-ith these s ter~le  plants con- 
firmed there are txx-o gellot\-pes (Fig. 3 ) .  
Crossillg a s ter~le  pop-?/popZ, pop31pop3 plant 
to a xx-ild-r\-pe plant yieliis F, plants that 
alwa\-s produce sterile progeny. In  contrast, 
crossillg a sterile popZ/popZ, pop3/POP3+ 
strain to wild type yielcls r ~ v o  classes of F, 
plants: one (popZ/POP2+, pop3/POP3+) 
that gves  rlse to sterile F2 plants and anoth- 
er (pop2/POP2+, POP3+/POP3+) that pro- 
clucea onl\- fertile descendants. 

T o  test xx-lietlier all genotypes other than 
popZ/pop-?, pop3/pop3 and popZ/popZ, pop3/ 
POP3+ are viable and fertile. 68 fertile 
p l a n t d r o ~  the mapping p ~ p u l a t i ~ n  we" 
assigned genotypes by scorillg markers that 
flank POP2 and POP3 (15).  T h e  genet\-pe 

of 64 of these plants was confirmed by 
exainliiltig the phenotypes of tlielr progeny 
(15) .  All possihle fertile genotypes xx-ere 
found ailioiig the F? plants, illdlcariiig that  
no cornhination of the pop2 anil pop3 mu- 
tatiolis is lethal. 

T o  confirni that pop2 anil pop3 can he 
trallsinitted throueh hot11 Inale and feilrale 
gametes, and that hot11 inm~tatioiis are re- 
ili~ireil for sterility, we crossed fertile strams 
n1t11 a pop21pop2. POP3 -/POP3+ genor\-pe 
to stralns xx-ith a POP2+/POP2-, pop3/pop3 

Sterile mutant x wild type 
I 
4 

8 plants 
I 
t 

284 fertile:97 sterile 

9 steriles A wild type 
I 

F~ 35 plants 14 plants 

Fig. 3. lnher~tance of sef-ster~l~ty The ster~le  so- 
late (8) was backcrossed to w~ ld  type, and all F, 
plants (818) produced -3/16 ster~le progeny sug- 
gest~ng that the stere parent was pop2/pop2, 
oon3/oon3 The Droaenv from a second back 

genotype. Each sii~gle lllutallt was crossed as 

B nga l5 l  ngal06 PI CDPK nga139 

a pollell dollor or acceptor; 111 e ~ t h e r  case, all 
of the F, progeny tested (616) produced ster- 
ile descendants in the predicted ratios and 
xx-it11 the expected genotypes. 

These genetic rests liliiicnte that pollen 
tilbe g~lidance is illlpalred in  sterile pop21 
pop2, pop3/POP3+ plants, although one- 
half of the  lliale anil female gmletes are 
p ~ d l c r e d  to haye a POP3+ allele. L~kenise ,  
all gametes from fertile pop2/POP2-, pop3/ 
POP3- plants are functional, even tlioucli 
three-cluarters carry lnilrant alleles. Thus ,  in 
hot11 cases, pop2, POP3- gametes are pro- 
ducecl, yet the f i ~ i l c t ~ o n  of these galnetes 
depeiids only on the  parental genotype. 
Thls is t\-pica1 of sporophytic inheritance, 
In which f~li iction of tlie haploid ganletes is 

eovemed by the  cliploicl tlssues from w h ~ c h  
u 

they were derived. Interactions he tn~een  
the  h a p l o d  pollell grams b\- illealls of a 
cliff~~sible colnpoilellt coulcl account for 
these observations, so that haploid POPI?-. 
POP3+ pollell fro111 a lnixed pop~llation 
might rescue pop2, pop3 pollen. T o  test this 
poss~bilir\-, we pollinated sterile pistils n ~ t l i  
a mixture of polleii from sterile am1 ~ ~ 1 1 1 1 -  
t\-pe plaiits. ,411 offspring fl-orn rhls cross had 
a xx-ild-t\-pe male parent, deiilollstratlng that 
the nollen tuhe cuiciaiice defect 1s cell au- 
tonomoils. T h e  sporophytic property of tlie 
pop-? anii pop3 mutations is unexpected be- 
cause aspects of late pollen tube are 
thought to be controlled hy the llaploiil 
genome ( 1  6) .  These ~ l n ~ t a r ~ o n s  rlii~s provide 
an  opportunity to ~nvestigate the contrlhu- 

Table 1. Pollen phenotype. Total pollen washed from four open flowers was measured for 3 w~d- type 
and 12 sterile stra~ns. These samples were also used to determ~ne percent germnat~on in v~tro (8). 
count~ng tubes >40 p m  long. To assess the progression of sperm cell nucle~ mutant pollen tubes >0.3 
mm long were stained w~ th  4',6'-damidino-2-phenyindole; in every case in = 24), sperm m~grated 
normally to the tip of the tube. Germination in v~vo was determ~ned by staining stgmas of sef-poll~nated 
flowers with an~l~ne blue (8). Pollen tubes > I00  p.m long were counted: The average from 12 mutant 
(range 77 to 1 00°/6) and 3 wd- type (89 to 94%) stra~ns 1s shown. An In v~tro germinailon assay was used 
to determ~ne the length of pollen tubes from flve \ ~ d - t y p e  and flve sterile plants (standard dev~aton 
represents a comparson between indivduas). Growth rates In v~vo were measured by placing > I00 
pollen grans on six pistils from themsl  mutant (which lacks viable pollen) for 45, 90, 135. 180 225, 270, 
315, and 360 min. Aniline blue staining was used to determne the progression of the population of 
tubes. whch, In a gven p~s t~ l ,  exhib~ted about the same growth rate. Dstances were est~mated by uslng 
a standard of 2.3 mm per p s t  and 0.109 2 0.026 mm per ovule 

Assay Self-sterle mutant in) Wild type (11) 

Pollen production igrans per flower) 146 2 63 (1 2) 158 + 57 (3) 
Average pollen germnation In v~tro (96) 34.2 + 7 (3510) 47.2 2 14 (I 620) 
Average pollen germnailon n vlvo (%) 94.8 2 14 (530) 92.4 + 2.1 (171) 
Average pollen tube length In v~tro (mm) 0.204 2 0.026 (31 6) 0.196 2 0.007 (320) 
Average pollen tube growth rate In vlvo 5.4 2 3.0 (24) 5.3 + 2.7 (24) 

(pm/min) 

Table 2. Crosses between wid-type and mutant plants. D p o d  genotypes are ndcated: both self- 
ster~le genotypes were tested, In recprocal crosses 13 to 10 plants each), pollen was apped  to 
emasculated pistils. The fraction of crosses with 2809;: of wild-type seed set 1s indicated. Manual 
self-pollination d d  not rescue self-ster~ty (17 plants tested 0 seeds from 52 pods), nor did crosses 
between d~fferent ster~le lnd~v~duals (n = 7). Fer ie des~gnat~ons nd~cate -50 seeds per pod after 
self-poll~nat~on. 

Pollen 
PlStlI 

POP2 POP3 ' Self sterile pop2, POP3 POP2-, pop3 
, ,  , ,  - ,  
cross of nne sterlie n d ~ v ~ d u a s  ndcated that f~ve POP2 , POP3~- Ferte 
had a pop2/pop2, pop3/POP3 genotype and Self-sterlle 

76/91 4/5 515 
1161133 0/52 1611 6 21/22 

four were  key popZ/pop2, pop3/pop3 as their pop2, POP3 5/5 13/19 Fert~le 616 
progeny showed segregat~on s~m~lar to the f~rst POP2+, pop3 7/7 10/10 7/7 Feri~le 
backcross. 
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tion of genes expressed In cliploid cells to 
pollen tuhe guidance. 

The pop2, pop3 lrollen tube quldance 
defect results from alteratLon of hot11 pollen 
a d  plstll components. In pairlvise recipro- 
cal croases \vith homozygol~s single m~itants 
(pop21pop2 or pop3lpop3), the iloilhle mu- 
tant (pop2lpop2, pop3/?), or \\-ild type (Ta- 
hle 2 ) ,  a11 c o i n l ~ ~ ~ ~ a t i o n s  proiiuced seeds ex- 
cept a cross bet\\-een pollen from a pop2, 
pop3 plant a11cl pop2. pop3 pistils. These 
ohser~ations indicate that POP2 and POP3 
funcrlon in both the pollen and pistil, con- 
sistent \\-ith a lnodel 111 which these penes 
encode lnoleylles present ~ ~ 1 1  the surface of 
pollen tubes hncl l~istll cells, much like the 
aggl~~tinins required for ailheslon of mat~ng  
yeast cells ( 17). 

In many plant species, self-fertilization is 
inh~b~recl at a late staye, sometimes through 
se l f - i~~co~- i lpar~hi l i ty  mecllanisms ( 1  2) .  Self- 
sterility in these systems, as 111 the Arabr- 
dopsis pop2, pop3 mutant, may ~nvolve cle- 
fects 111 pollen rube guidance and redunciant 
signaling parhwa\-s actlr-e in inale and fe- 
male tissues. 
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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  Jiscovery of conserved genetic mech- 
anlsms of tlo\\-er ~norphogenesrs In iiicots 
S L I C ~ I  as Arnh~dopszs thallmin anil Ant~~rllinum 
~nnjus (1-3) silygests that an ancestral floral 
del-elopmenral piail has been preserved dlir- 
lng angLosperln C ~ O ~ L I ~ I O I I  (4). MOIIOCO~S 
ilivergeii from dicots ahout 180 inlllion 
years am> ancl have el,olved ilo\\ers that are 
distinct fro111 those of cllcots. Amo11g the 
monocors, flowers in the grasses are the 
most highl\- derlved. We pre\-musly report- 
ed (5) the isolation of ZAGI, rlle maize 
homolog of AGAhIOL!S (AG)  from ,4mbz- 
dopsis and PLENA (PLE) from Antir~lunzon, 
l?orh of n~hich are reclulred for reprc>il~~ctlve 
organ iievelopment (5-8). Althoi~gh the 
oilset of ZilG1 exnression 111 the cells that 
gil-e rise to stamens anil carpels is a~lalogous 
to that ohservecl for 4 G  anil PLE. ZAG1 

expressLon (unlike ,4G and PLE expression) 
c l ~ m ~ n ~ s h e s  'luring stamen development (5). 
Here, we identified a transposon-in~d~~cecl 
mutant allele of ZAG1 anil usecl ~t to ex- 
alni11e the f~lnctlonal homology hetureen 
these lnonocor ancl cllcot oenes. 

We ilsec! reverse genetlc technology to 
screen for transposon mserrlons In the 
ZAG1 gene (9 ) .  ?I ZAG1 milrant allele, 
designateil mgl -rnz~ml, \\-ah isolated that 
carriecl a Robertso~l's Mutotor (Mu) trans- 
p~sah le  elelllent inserted adjaceilr to rlle 
region cilcodiilg for the K clonlaln (Fig. 1, A 
and B), a nlorif thought to he involved in 
protein-protein interactions (IC). No 
ZAG 1 rranscrlpt was iletectecl in RNA sam- 
ples from rag1 -mum1 homozygotes upon h\-- 
brlclizatlon I\-ith a probe 3 '  of the hlzi 1nser- 
tlon site, and only reduced amounts of tran- 
script were detectal?le ~71th a ZAG1 prohe 

M. Mena B. A Ambrose. M F. Yanofskv R J Schl-i~ldt, 5' of the ltnsertlon slte (Fig. 1C). These 
Department of BoOgY and Center fol Moecuar Gellet- rehlllrs s~lygesr that in the z(~s -mu,n1 allele, 
~ c s .  Un~vers~ty of Cal~forn~a, San D~ego, 9500 Gnial-  
Dr~ve, La Jolla, CA 92093, USA. transcription proceeds illto hut nor through 
R B Meeley and S P Br~qys. Ploneer H-Bred l~iterlia- the MIL element, ancl that the chllneric 
tional, Box 7300 Jolinstoi,lA 50131. USA message getleratecl 1s unstable. ,Any poss~hle 
'Presetit address. Un~vers~dad Pol~tecn~ca de Madr~d translation product of the c h ~ l n e r ~ c  tran- 
Depto, de Biotecnologia, ETS Agronomos 28040 M a  script (FIC 1B) noulJ lack 77 acids 
dr~d.  Spain 
-:To :v170m correspondence should be adcIressed E . ~ ~ ~  of the ~~c>rmal  l?roreln, ~nclu~llng the 
rsch~ii~dt@ucsd.edu COOH-termllnls of the K [?ox. Mutations 
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