
The Texas Cytoplasm of Maize: Cytoplasmic 
Male Sterility and Disease Susceptibility 

The Texas cytoplasm of maize carries two cytoplasmically 
inherited traits, male sterility and disease susceptibility, 
which have been of  great interest both for basic research 
and plant breeding. The two traits are inseparable and are 
associated with an unusual mitochondrial gene, T-~$13, 
which encodes a 13-kilodalton polypeptide (URF13). An 
interaction between fungal toxins and URF13, which 
results in permeabilization of  the inner mitochondrial 
membrane, accounts for the specific susceptibility to the 
fungal pathogens. 

HE TEXAS, OR T ,  CYTOPLASM (tmx-T) OF MAIZE WAS FIRST 

described in Tcxas in the Golden June line of  maize (1). 
Maize geneticists and breeders were immediately interested 

in the Tcxas cytoplasm becausc it carried a trait for c\.toplasmically 
inherited male sterilitv, which they ~vished to  use in maize hybrid 
production in order to  exploit hybrid vigor. This inipctus led to  
many applied and basic studies dealing lvith cytoplasmic male 
sterility and discasc susceptibility of  the Tcxas cytoplasm and its 
relation t o  mitochondrial and nuclear gcncs. In  this revie\v, I have 
attempted t o  provide a contemporary treatment of  the molecular 
basis of cytoplasmic malc sterility and disease susccptibility of  the 
Tcxas cytoplasm of  maizc. 

Cytoplasmic Male Sterility 
\%'hen platlts fail t o  produce functional pollen grains, they are 

called male-sterile. hlale sterility may be conditioned by either 
nuclear or  cytoplasmic gcncs. If thc sterility trait is inherited in a 
non-hicndclian fashion, it is designated as c?toplasri~ic male s t c r i l i ~  
(CMS).  Cytoplasmic genes arc most often maternally transmitted in 
plants. ChlS is common among plant species; it has been reported 
in 140  species from 47 genera anci 2 0  families (1). Among thcse 
C h i s  types, r i~orc  than one-half arose naturally, about 20% n r r c  
discovered in intraspccific crosses, and the remainder in interspecific 
crosses ( 3 ) .  Although (:,?.IS causes abortion of  the malc gamcto- 
phyte, it typically does not  affcct female gariletophytic development. 

Thrcc major C h i s  F p e s  are recognized in maize-rms-C, ttns-S', 
and cmx-T ( 4 ) .  Male-sterile cytoplasms are distinguished by spccific 
nuclear genes that restore pollcn fertility. These gcncs, called 
restorers of fertility ( R f ) ,  suppress the male-sterile eKect o f  the 
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i?toplasri~, allo~ving the production of  viable pollcn. Restorer gcncs 
d o  not cause licritablc changes in maize cytoplasms, although in 
bean the restorer gene is iniplicatccl in causing alterations in 
mitochondria1 LINA (rntDNA) (-7). Otlicr charactcristics also diti'er- 
entiate the thrcc male-sterile cytoplasms and normal maize. They 
include mtDN.4 restriction fragment length polymorphisrns, varia- 
tions in mitochondria1 KNAs ( m t R N . 4 ~ )  rc\~c,lled by Northern blot 
analyses, and diffcrcnccs in mitochondrial t r ~ n s l ~ t i o n a l  products 
(68). l'articular cytoplasms can also be distinguished by differences 
in discasc resistance, tosin and insecticide resistance, histological 
vartations, reversion to  fcrtilin., and mtDNr\  ~ n d  mtRNA plasri~ids. 
Together, the diftcrenccs in restorer gcncs and othcr characteristics 
suggest that distinctive cytoplasmic factors arc rcsponsiblc for the 
various Ch lS  n p c s .  

In ttrl.<-T maizc, male sterilin is cliaractcrizcd by failure of  anther 
protrusion and by pollcn abortion, the failure of pollen t o  dc\rclop. 
The ittis-'1' of  maize has been cxtcnsi\ el\, studied, primarily becausc 
of  its \videspread use in h!.brid seed production and its unique 
discasc susccptibility. For nearly t\vo decades, the 1950s and 1960s, 
tir~x-T ~ v a s  used in hybrid production in order to  avoid hand or  
mechanical emasculation. It ~ v a s  popular among sccdsrnen becausc it 
provided a reliable and stable s o ~ r c c  of  Ch lS  for seed production. In 
1969 and 1970, a f ~ ~ n g a l  discasc kno\vn as Southern corn leaf blight, 
\vhich is caused by Blpolan. ttiaylils race T (formerly luio\vn as 
He/tnitlt/~oj{~c~rllitn it111y~i16 race T ) ,  occurred in cpidcri~ic proportions in 
the South and Corn Belt regions of  thc United States ( 9 ,  10). This 
fiingal pathogen sevcrcly blighted maize c a r r ~ i n g  i-111s-7', ivhich at 
that time constituted more than 85% of the U.S. corn acreage. The 
pathogen has only rilild cffccts o n  rilaizc plants earning normal 
c~ top lasm.  It soon became apparent that otir-'l'\\.as directly related 
to  the blight, and the large-scalc utilization of  c-ttix-T for h+id seed 
production was discontinued. The spccific susceptibilin of  ttrls-T 
maize to  the blight once again demonstrated the dangers of  genetic 
uniformity, although in this instance \,ulncrabi!in was attributable 
to  i?toplasrnic, rather than nuclear, factors. Another fungal patho- 
gen, Phy//o.<tiiti~ tt~aytiij, is also specifically virulent t o  rnaizc earning 
iltij-7'. The  disease outbreak caused by this pathogen, ho\vever, \vas 
less serious than the Southern corn leaf blight because it was 
generally lirilited to  the cooler northern rcgions of the I'nitcd States. 

Ripo/aris ttlayiiis race T and P tr~ilytiii produce the pathotoxins BITIT 
and Pm, rcspcctivcly, which are host-specific to iffix-T rnaizc [ 1  I ) .  
Daly and co-n.orkcrs purified and characterized thcse tosins and 
showed that they had specific acti\.itv tolvard tins-? rilaize ( 1 2 ) .  
These pathotosins ad\zcrscly a&ct rnithchoniiria from itt,.<-'l' m a i ~ e  
but not ri~itochondria from other maize cytopldst~is o r  othcr plant 
species. The  e f i c t s  of  tlicsc toxins on  ittis-7' mitochondria include 
the inhibition of  ri~alatc-supported state 3 respiration, the stimula- 
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tion of reduced nicotinamide adenine dinucleotide (NADH)-medi- 
ated state 4 respiration, the induction of organelle swelling and the 
leakage of small molecules [Ca2+ and nicotinamide adenine dinu- 
cleotide (NAD+)], and the uncoupling of oxidative phosphoryla- 
tion (13, 14). Pm and BmT toxins have similar structures, which 
contain repeated linear P-oxydioxo or oxy-0x0 polyketol groups, 
respectively, on a methylene backbone. BmT toxins are longer, 
ranging from 35 to 45 carbon atoms in length, whereas Pm toxins 
range from 16 to 25 carbons (15). Although the relation between 
toxin structure and toxicity is unclear, several observations may be 
relevant. In order to show toxicity equivalent to native Pm toxins, 
synthetic versions of Pm toxins that are 24 and 16 carbons in length 
must be present at concentrations 10 and 1000 times greater than 
those of the native toxins, respectively (16). Moreover, Pm and BmT 
toxins retain toxicity toward cms-T mitochondria even when their 
ketone groups are reduced with sodium borohydride (17). The 
carbamate insecticide methomyl {S-methyl-N-[(methylcarbamoyl)- 
oxylthioacetimidate), the active ingredient in Du Pont's systemic 
insecticide Lannate, causes equivalent toxic effects on cms-T mito- 
chondria (18). This is unexpected because Pm and BmT toxins are 
structurally unrelated to methomyl. 

Normal maize and maize with cms-S and cms-C support only 
limited colonization by B. maydis race T. Colonization is nokally 
restricted to boat-shaped lesions on the leaves that do not coalesce 
but remain small and isolated. Consequently, B. maydis race T is 
generally not a serious pathogen on maize with these cytoplasms. In 
marked contrast, B. maydis race T can rapidly and completely 
colonize cms-T maize. Lesions enlarge rapidly, coalesce, and spread 
throughout the plant, causing profound damage and, sometimes, 
death. Evidence indicates that the specific susceptibility of cms-T 
maize to B. maydis race T is due to the unique sensitivity of its 
mitochondria to BmT toxin; mitochondria of disease-resistant maize 
types are insensitive to BmT toxin. Specific virulence of P. maydis has 
a common basis with that of B. maydis race T in that this pathogen 
produces a structurally similar toxin to which cms-T mitochondria 
are also sensitive. 

The Mitochondria1 Gene T-~$13 
The cms-T of maize carries a mitochondrial gene that is designated 

T-~$13 (19). This gene encodes a 13-kD polypeptide (URFl3) that 
is a component of the inner mitochondrial membrane. Early studies 
indicated that URF13 might be associated with Complex IV of the 
electron transfer complex (20) or the F,F,-ATPase (adenosine 
triphosphatase) (21). More recent results, however, show that 
URF13 can associate with several different complexes, and it is 
doubtful that URF13 is specifically bound to a particular inner 
mitochondrial membrane component (22). 

T-uvfl3 is located in an unusual 3547-nucleotide mtDNA se- 
quence (19) that contains two open reading frames: one coding for 
T-ufl3 and the other for orf221. The latter, which is located 77 
nucleotides downstream from T-urfl3, is transcribed and would 
encode a polypeptide of about 25 kD (221 amino acids) if transla- 
tion starts at the first methionine codon in the open reading frame. 
The most unusual aspect of the 3547-nucleotide sequence is its 
composition; it contains sequences with significant similarity both 
to two other mitochondrial genes and to a chloroplast gene. 
Specifically, the sequence contains stretches homologous with the 5' 
flanking region of the atp6 gene, the 3' flanking region of the rm26 
gene (which encodes 26s  rRNA), a part of the coding region of 
rrn26, and a chloroplast gene encoding a tRNA for arginine. At least 
seven recombination sites are easily identified in the chimeric 
sequence, which appears to have originated by rearrangements 
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Fig. 1. The T-u~fl3 mitochondrial gene of crns-T maize. Narrow horizontal 
lines indicate 5' and 3' noncoding regions; broad horizontal lines in different 
patterns indicate coding regions. Regions of homology with other rnito- 
chondrial genes are identified above the horizontal line; ? indicates sequence 
of unknown origin. Arrows indicate sites of recombinations. Adapted from 
(26) with permission of publisher. 

involving both intramolecular and intermolecular recombinational 
events. 

The specific composition of T-~$13 is shown in Fig. 1. The 
coding region consists of 115 codons; the first 88  codons are similar 
to the 3' flanking region of rn126, the next nine codons are of 
unknown origin, and the last 18 codons are similar to the coding 
region of rn126. A large 5' flanking region (5 kb) of T-~$13, which 
is presumed to contain the promoter region, is similar to the 5' 
flanking region of atp6. Thus, T-urJ3 and atp6 appear to have similar 
promoters. In addition to the recombinant fragment, the cms-T 
mitochondrial genome has complete, functional copies of atp6 and 
mi26 located elsewhere. 

It is interesting that T-ufl3, a protein-encoding gene, could have 
arisen from these complex rearrangements. The T-urf13 coding 
region is composed largely of sequences from the coding and 
flanking regions of rn126, a gene coding for a structural RNA. 
Besides creating a 345-nucleotide open reading frame, rearrange- 
ments have also positioned T-urfl3 downstream from a sequence 
with mitochondrial promoter activity. T-uvf33 is not found in other 
male-sterile or male-fertile maize cytoplasms, or in other plant 
species that have been examined. Because T-urJ3 is not necessary for 
normal mitochondrial function and because of its complex origin, it 
is not surprising that it appears to be unique to cms-T maize. 

Rearrangements of mtDNA are a significant force in causing gene 
mutations and in altering the organization of the genome. The plant 
mitochondrial literature contains many examples documenting the 
widespread occurrence of mtDNA rearrangements (68 ,  19,23,24). 
Investigations of plant mitochondrial genes have revealed mutations 
that feature rearrangements containing DNA sequences from other 
mitochondrial genes or from unknown sources. Rccombinations 
between chloroplast and mitochondrial genomes have also resulted 
in mitochondrial genes that contain sequences homologous with 
chloroplast DNA. It is evident, therefore, that both intramolecular 
and intermolecular recombination can play a significant role in the 
origin and alteration of plant mitochondrial genes. The organization 
of the cms-T mitochondrial genome has been described (25); it 
differs in organization and size from the mitochondrial genome of 
normal maize (normal, 570 kb; cms-T, 540 kb). These differences 
reflect the effects of rearrangements on the genomic organization. 

Substantial correlative evidence suggests that T-~$13 is responsi- 
ble for CMS in cms-T maize. The gene is apparently constitutively 
expressed in cms-T mitochondria and its transcripts are present in 
coleoptiles, ear shoots, leaves, roots, and tassels. A chemically 
synthesized oligopeptide based on the deduced amino acid sequence 
encoded by T-~$13 was used to prepare an antiserum that detected 
URF13 (21, 26). The 13-kD polypeptide was readily identified by 
protein immunoblot analyses in cms-T mitochondria from all organs 
examined. Before the identification of T-urf13, Leaver and co- 

d .  

workers (27) used an in organello protein-synthesizing system to 
show that a 13-kD protein is synthesized specifically in cms-T 
mitochondria. They also demonstrated that the 1 3 - k ~  is not 
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detected In ~ n ~ t o c h o n d r ~ a  from norrn,ll o r  other male-ster~le m a z e  
Moreover, '1 Isbeled 1 3 - k n  protein \vas imnlunoprecipitated by the 
URF13-specific ant isen~nl  from the in organello transl,ltion prod- 
~lc ts  of inix-T mi tocho~~dr i~ l  (26) .  These res~llts shon. that the T-irt;jl.& 
encoded pol!.peptide is associsted onl!. \vith the irnr-T-npe of  ChlS. 

The clominumt nuclear alleles of  the Rfl and Rj2 loci act jointly to  
suppress pollen sbortion in itti.t-T maize ( 4 ) .  R-il alters the transcrip- 
tional profile of  T-rrcfl3 st ici  ciccrcsscs the abund,unce of  URF13  by 
sppoximately 80% (26 ,  18). The homozygous recessi\.e geno- 
t\.pc r:fl tfl, in contrast. does not ‘liter the transcriptionsl profile of  
T-iirfl-i or  afect  the sbundsnce of  CKF13 .  The means bv \vhich Ril 
,~ fcc t s  the expression of  T-irr;tl.i is not  understood but cf-fects on 
RNA processing may be involved. 

Rtl may '~tfcct tlie expression of  other niitochondrial genes in 
,lcldition to  T-iir;jl_l; ho\vc\.cr, stuciics to  date hs \e  not cletcctccl 
adclitional ,lcti\.in.. \\'e d o  not kno\v if the Rfl gene originstccl 
before or  after T - r i~ f l3  'lrosc. In contrsst t o  l</l ,  I</? cloes not seem 
to  influence the expression of T-rit:fI.3, ancl it is ~lncertsin h o ~ v  it 
contributes t o  the restoration of  male fcni l in .  Ho\vc\ cr. because it 
is elitticult t o  stud!, restorer gene ,lctivitics in particular anther ccll 
layers, tissue-specific ctfccts could essily be o\.erlookecl. LIost maize 
inbred lines cart? the R,/l rcstorcr allclc but 1,lck the R,fl allele. Thc 
fsct tIi,lt Rjl , lf icts the expression o f  T-ricfl.3 strcnprhcns the 
associstion ofT-rirfl.3 \vitli (:MS. Finslly, although the gene proiluct 
of T-irr;fl3 appears responsible for CMS, the possibilin that Ch lS  is 
due to  '1 position efect  cannot be rulecl ou t  as \ ~ t .  

X strong ,lssociation bcn\ren T'-rir;/l3 and the nvo traits, CAIS and 
discssc susccptibilit\, hss been suggested from the snalysis of itris- ' I  
revertants. Although spontsneous nilltstions thst  restore msle fer- 
t i l in  to  ctrix-T plants have not becn confirnmcd. reversion to mslc 
fcni l in  is obsen,ecl in plants clerivcd from cell culture experiments. 
\\'hen calli initiated from immature embn,os of  ittrs-T m,lire are 
cultureel on  medium containing UmT toxin, some toxin-resistant 
c'llli arc obtained. Ususlly, ttnr-? calli arc sensitive to  the toxin and 
gron. poorly, if at sll. \VIiolc plants regenerated from resistant c,~lli 
are often male-fertile, toxin-insensitive, 'lncl resistant to 13, tri,r)~iiri 
race T (29) .  Some plsnts regencrateel fronm resistant c,llli, hon.ever, 
remain male-sterile and clise,lse susceptible. \\'hen similar cspcri- 
mcnts arc conducted n.ithout toxin selection, male-fertile snd toxin- 
and clisessc-resistant plants are also obtclined (.iO). These latter 
experiments suggest th'lt somclclonsl variation ms!. contribute to  tlie 
reversion phenomenon. Studies of  the revertants indicate that ChIS 
sncl diseclsc susceptibili? are insepsrsble. Among truc-breeding 
revertants, only male-fertile sncl disessc-resistant plicnonpcs are 
founcl; the altcrnstivc combinations, male-sterile and dise,lse- 
resistant and rn,llc-fcnilc and elisease-susceptible, are not encoun- 
tered. Genetic an,llyses s h o ~  that reversion is due to changes in 
c\,toplasmic penes rather tli'ln nuclear genes. Thcsc results shon. thst  
nuclc,lr mutstions that g i w  rise to new suppressor genes are not 
respotisiible for re\.ersion. Se\,elal rcvertsnts h s \~c  bccn cliaractcrizcd 
b!. restriction enzyme mspping snd nllcleoticle sccluencing. Thcsc 
investigations revcsl that T-rrt:fl.3 is missing from several of  the 
revenants snd that homologous recon~bin~ltion is probsbly rcspon- 
siblc for tlic clcletion e\.ents (31) .  One  revertant, designated T4,  
contains ,I mut'ltion ofT-rrrfl.3 thst r ~ s ~ l l t s  in a premature stop coclon 
ancl a truncateel U R F 1 3  polypeptide (-12). Collcctivel!.. these results 
indicate that T-rrrfl.3 is requireel for both the ChIS snd dise'lsc 
susccptibilin plmenonpes of  ttt1.i- 1'. 

Msn!. mitochondrisl gcncs thst  f e ~ t u r e  rearrangements arc sus- 
pcctccl of  csusing (:,MS. The best clocumcntcd is pqf; a clistinctl!. 
chimcric sequence t l ~ s t  is .~ssociated \\.ith CLIS in pentnia. The ~1qf 
gene is coniposcd o f  5 '  amking  snd coding sequences acquireel from 
'7tp9, coding sequences from icl.vII. ancl sequences from unkno\vn 
sources that arc dcsignstccl S-irtj(33). Complete, f i~nction~ll  atpY sncl 

cosII gcncs are located clse\vhere in tlie niltochonclrial gcnomc. 
Imnlcdiately do\vnstrcam of  pif are nvo csscntisl mitochondria1 
genes, ti'7d.j snd ry. 12 (.34), \\ hich are cotrsnscribed \\.ith pit: The pi/' 
gene has becn associated Lvith CAIS b! its c ~ s c g r c g ~ l t ~ o n  \\.ith male 
stcrilin in sornstic hvbrids snd b\. the ilcnmonstration that expression 
ot. t h e  pc/:cncoclcd p o ~ ! . ~ c ~ t i d e  'is '~tfected b\- the n~tc le~lr  rcstorcr 
gene conferring fertilin ( 3 3 .  

The origin, chimeric nature, ,lcti\ i n ,  , ~ n d  org,lni~stton of 1tiiancl 
T-rii;fl.i src strikingl!. sinlilsr. CAIS 11'1s 'llso been correl,~ted \\.it11 
chimeric gene sequences in Hfiissii-11 ( .<6) ,  possibl!. in sorghum (.i;), 
in the itti?-(: of maize (23) ,  .uid in other species. I t  is evident that 
mt l>NX rc,lrrangcn~ents ha\-c playeel a sigtiitica~it role in tlie origin 
of  ChlS.  Finall!,. slthough snd T-rit:il.i ,Ire nc\vly createel, 
nonessenti,ll genes, it is likel!. that muta t ion  ot  cssentisl nmitochon- 
clri,~l gcnes c,1n '1lso c'luse ChlS.  

Other rn.~tern,lll\ inherited ,~bnorni,~litics src attribut,lble to  mito- 
cliondri,~l gene mutations. r\~oncIironiosotii~11 stripe NCS)  mutants 
of m.~irc, in ~vhich overall gro\\.th is profoundl\ att'cctccl, contain 
sectors of  reduced snd norm,ll gro\vth in the leaves (8, 38). Sectoring 
is cxplainccl bv hctcropl'~snmy, in \\hich atkcted plants cart? a 
mixture of  defective sncl ti~nctionsl orgsnelles. resulting in both 
,lbcrr,lnt and normal gro\\,th. NCS mutations sccm to  be cstrcmcly 
deleterious to  ,111 cell n.pcs 'lncl sccm to  sun,i\,e only in a hetcroplas- 
mic condition. Inv~s t ig~ l t ion  of  one such mutant, designsted NCS5. 
has revealed tIi,~t ,I partid clclction of  tlie cytoclironmc osidsse 
subunit I1 gene (io.\.II) is corrcl,lted Lvith the abnorm,ll phcnonpc.  
AIoreo\-er, it appcsrs thst  tlie NCS5 mutsnt ,lrosc b\- sniplitication 
of ,I homologous rccombinationd product. NCS mutants difkr 
fronm CAIS plants in that the dclcterious ctfccts sre c\prcssed in all 
ccll n.pcs, \vhercas the cf-fects of  CLIS mutations are cspressecl only 
in specific cells. This distinction probsbly sccounts for the grc'ltcr 
frequent! of  ChIS mutations relati\.c t o  other y p c s  of  nmutstions in 
higher plsnts. 

Susceptibility to Fungal Pathogens 
There is little doubt  that T-iit:fl-i is responaiblc for the specific 

\-irulencc o f  H. ttia)liir r,1ce T to\\.,~rd itri>-T maize. Supportive 
evidence liss come from pathotoxin studies conducted in E.<ili('riiliri~ 
ioli expressing tlic T-rrrfl3 nmitochondri,~l gene. The coding region of  

- - 

T-ir~f l3  has hecn cloned into inducible expression Lectors anii 
transformeel into E. ioli. \\'hen induced, E .  i o l i  express tlic 13-kL) 
pol\.pcptidc encoded hy T-irrfl3. .IS shoX5.n b!. an antiserum preparcel 
t o  the protein (-39). The C K F  1 3  pol\.pcptidc is loc,~tcd in the plclsmcl 
membrane of  E coli, s~nslogous to  its location in the inner mito- 
chondrial membrane of  ittis-'1' m s i ~ e ,  k\ilic~rrtliri~ coli not expressing 
U R F 1 3  arc insensiti1.c to the BnmT and I'm toxins and nmcthoni\,l; 
ho\\.c\,er, E. ioli expressing U R F 1 3  arc scnsiti~-c to  thcsc coni- 
poutids. These compouncls inhibit glucose-dri\,en respiration and 
gro\vth snd cause spheroplsst s\\,clling snd massive ion Icsksgc in k .  
i011 expressing L1RF13 (-39, 40).  Tlil~s,  toxic cf ic ts  in k .  i01r 
correspond to  those cxhihitcd hy ittrx-'l'mitochondri'~. Thcsc snldies 
clcmonstrate thst  T-irrfl.3 IS responsible for pathotoxin sensitivih.. 

Recently, KNX editing 11'1s been described for mitoclionclrial 
genes of  \\hc,lt and Octi~ltiirr~~ (41 ) .  This ccliting process nioclifics 
niRNXs so  that the!. do not perfectl\. reflect the sequence of  the 
corresponding L)NA template. In plant mitochonclrisl penes, the C 
to U con\-ersion is obscn.ccl most frequentl\,. Uecs~lse it hss not bccn 
dctcrn~incd \vlictlier the T-riri1.j tr,itiscript u~lclcrgocs RNA editing, 
it is uncertsin \i.hethcr the ,lmino scid sequence of  L:RF13 differs 
from the sequence dccluccd from the nucleotide sequence. Rccausc 
of KNX editing, the mitochondrisl form of  L'KF13 ma\. not be 
iclcnticsl t o  that s!~ntlicsized b!. tlie T - r i ~ f l . ~ t r ~ ~ n s f b r n i e i l  k .  rol i .  
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Nevertheless, b,lctcrial ancl mitochonclrial forms of  U R F  1 3  respond 
in '1 si~ilildr f~~sli ioti  t o  the toxilis. 

T-iirf1.i has also bcen sho\\.n to  confer toxin sensitivin. t o  vcast . . 
niitochonc~ri~l (12). ,A chimeric genc comprising T-ii t ;f~j fused to  the 
mitochondri'll targeting sequence from the gene for the adenosine 
triphosphate (XTP)  s!~ntIi'~se subunit 9 precursor of  .Yt~iivoq)ori~ i-v~ls~~l 
\vas constructed t o  Ocilitatc mitochondri'll import. Ll'hen expressed 
in !cast, this genc constnlct produced a pol!,peptide that \\as 
tr'lnslocatccl into the mitochondrial membrane fraction and \\.as 
processed to  a protein of  a size similar t o  tli'lt of  maize URF13.  
K n l ~  and I'm toxins and rnethom!,l c ~ c h  inhibit the gro\vth o n  
qlvcerol nieclium of  vc,lst cclls expressing the fused gene and also 
L .  

stimu1,lted N ~ ~ ~ - c l r i v c n  res~,iration b\. isolated mitochondria from 
these cells. In contrast. t~ icsc  Amlpounds d o  not 'ltfect cithcr gro\vth 
o r  respiration of  \,cast cclls expressing T-iiyfl3 n.itliont '1 trmsit  
peptide. These finclings indicate t h ~ t  T-rir:fl.? is suficient t o  confer 
toxin s e n s i t i v i ~  in a lietcrologous euk'lt?~otic s!,stern and that 
mitochondrial loc,llization of  U R F 1 3  is cssenti'11 for thcsc functions. 
The veast c~ticl  bc~ctcri'~l stu~iies jointly furnish compelling evidence 
that k ~ F 1 3  is responsible for toxin scnsiti\.in,. 

Ion uptake experiments in I ! .  ti111 sho\v that a pathotoxin-URF13 
intcr,lctioti results in rapicl ancl niassi\,e Icclkclgc of smClll molecules 
through the plasni,l n~cmbr~ lne  (40). The adelition of  Pm o r  BmT 
toxins or  methom\l t o  nontransforrned E.  iilli cells does not atfCct 
the uptake o f 8 " ~ b ,  ho\i.cvcr, the 'liidition of these compounds to  E .  
ioli cxprcssing C K F 1 3  c,luscs a rapid pcmicclbilizc~tioti o f  the plasma 
membrane and '"Rb leakage from thc cclls. These results indicate 
that U R F 1 3  is a ch'lnnel-forming protein in the presence of  toxin. A 
r-,arL1llcl response to  ~,'lthotoxin 'Ynd UKF13 occkrs in mitochondria 
from ttriz-T nm,~izc-incubatio~i of toxin \\,it11 mitoc1mondri.l produces 
rapid Icak,~gc of  Ca2+ and NAL)- ( 14). The toxin-URF13 interac- 
tion pcrmeabilizes the inner mitochondrial membrane, resulting in 
the dissipation of  the niembrclnc potential and loss of  mitochondrial 
hnct ion.  ,Mcthom\~l causes the same cfi't.cts in E. iilli cells and irris-T 
maize nmitochondri.l.ls those produced by the htngal toxins. The loss 
of  nmitocliondri~l function caused b\, the toxin-URF13 interaction 
prob.lbl\r .lccounts for the specific virulence of  R ,  rrri7),iirz race T and 
P.  rriayiirx to  trtiz- T maize. 

An association bct\vccn U KF 13  and the pathotoxins is indic'~tcd 
b!, the spc'ificin. of  BmT . ~ n d  Pm toxins for ittis-T mitochondria. In 
fact, \ve h.~ve slmonm t h ~ t  toxin specific.lll\. binds to  URF13  in 1:'. i-illi 
and in tttis- T mitochondria in binding c~per iments  \vith 'H- l~bclcd 
Pnm toxin ( 3.1). C K F  1 3  binds toxin in .I positive coopcr.ltive f,~sliion 
in E .  i-oli (Hill coeficicnt = 1.51, \r.ith 'In '~pparelit d i s s ~ c i a t i ~ i i  
constant of 5 0  to  70 11hl and a m,t\;inm.ll binding of 350 pmol of 
toxin per milligram ot' E ,  iilli protein. IClucli less toxin is bound in 
i-ttiz-T maize mitochondria-ap~~r~)si~iiateIv 15 pnmol of  toxin per 
milligram of rnitocIiondri'~l protein-and-coopcrativin. is not cic- 
tcctcd. Greater toxin binding in E. iol i  than in mitochondria. is 
probably due to  the grcdtcr .~bund.~ncc of  U R F 1 3  in E ,  iali than in 
mitoc11ondri.l. Tvlitochondria from restored ttriz-T maize bind 
slightl\. less toxin than nmitochondri.l from nonrcstored trtis- T riiaizc. 
This m.l!. reflect the lo\vcr abund.lncc of  URF13  in the former than 
in the latter (26,  27). In this connection, it has been reported that 
restorer genes diminish the sensitivity of tttis-T mitochondri.1 to  the 
pathotoxills ( 4 4 ) .  Displ.~ccnmcnt . ~ n d  competitive toxin binding 
cxpcrinments show that toxin binding is reversible and th.lt KmT and 
I'm toxins and nmcthom!~l ,111 bind to  cithcr the s.lmc site or  t o  
overlapping sites on  CKF13 .  

Tvl~tt.ltiona1 anal\.sis is being '~pplicd in order to  dctcrnminc ho\v 
L1RF13 causes toxin scnsiti\.it\,. More th.ln 100 ditfercnt T-1irj1.i 
m ~ ~ t ~ ~ t i o n s  have bccn made by random and site-directed mutational 
tcchniq~tcs ,111d the corresponding mutants have bcen screened for 
tosin inseusitivin in E. iol i .  X fc\v of the resulting toxin-insensitiw 

mutants ha\ e been char,lctcr17ecl t o  clcternitne \\ h\ the\ arc utm,lble 
to  mediate toxin sensitivin. (4.1). Toxin bincling experiments \\,ere 
performed to  determine if toxin inscnsitivin IS c,lusccl by changes in 
the capacin of  U K F  1 3  t o  bind tosin. T\vo inscnsiti\.c mutants, one 
containing valine inste'lcl of  aspartic acid at residue 39  and one 
c o ~ l t ~ ~ i n i n g  '1 COOH-ter~nin ' l l  deletion of  3 3  amino acids that results 
in '1 t ~ l l ~ d t ~ d  ~~lolecule  o f  82 amino acids, each exhibit a drastic 
decline in toxin bulciing. Even though thcsc nvo mutants d o  bind ,I 

s~ilall amount of  toxin, it is .~pp.lrently insuficient t o  induce membruie 
~~crmcabi l iz~~t ion.  In contrast. a t h r d  toxin-insensitive mutant. \vhch 
contains XI internal deletion of  amino acid residues 2 to 11, bin& 
about 300 pmol oftoxin per milligram of  E. to11 protein (versus '1 value 
of  350 for the no~miut~l ted  U R F 1 3 ) .  This f incbq  shows that toxin 
insensitivin can arise fro111 causes other than a defect in toxin binding. 
Amino acids 2 to  11, thus, apparently make ,I significant contribution 
to membruie permec~bilization. Together our  results inciicclte that 
UKF13  is a receptor for the toxin arid that tosum-URF13 b i n h g  is 
essential fc)r membrane permeabiliz'ltion. 

The stnlcnlre of  U R F 1 3  and its t o p o l o 9  in biologiwl mcm- 
brancs arc relcvant t o  its role as '1 c l i~~ i i c l - fo rming  protein. Because 
U R F 1 3  binds toxin a~icl r,crmc,lbilizcs membranes in both irtix-T 
maize mitochondria and E. coli, these membr,lnes must ha\.e coni- 
nion char,lcteristics relc\.,~nt t o  toxin scnsiti\.in. m d  U R F 1 3  function 
during channel forrn'ltion. Experiments \vith E. c(l1i h,lvc suggested 
a pi-elimin'ln. niodcl for the ~ r i e n t ~ ~ t i o n  of  L'RF13 in the plasma 
niembr,lnc (4.7). The NH,-terminus o f  U R F 1 3  is loc'~tecl on  the 
c?~topl,lsmic side of  the pl'~srn'~ membrane. \\,hereas the C O O H -  
terminus is situ'~tcil o n  the perip1,lsmis side (Fig.  2 ) ;  these loc,ltions 
\Yere sho\vn b\. espcrimcnts Ivith right-side-out ,lncl inside-out 
\.csiclcs and spccitic immunological rn.~rkci-s for the identification of  
the termini of  the protein. The loc.ltions o f t h c  NH,- and C O O H -  
termini indicate th.lt C R F 1 3  h.1~ an odd number of mcmbr'lne- 
sp'11ining regions, n i t h  the protcin crossing the nmcrnbr.lne three 
times. There arc n o  cxperilnental data precisel!. defining the three 

Fig. 2. PI-OJ)OECC~ oric~itatiun of L'RFI 3 \\.ithill the [>lLlsni~ n i c ~ i i b ~ - ~ ~ ~ i e  of E 
t , d r .  l>i.lmond ~icnotc 1)CCl)-binding rc51ducs. Hot-izont.11 luncs inciic.ltc 
houn~i~lrics ofplasm.1 rncnihr.inc. Tlircc a helices .Ire dcsl~n.~tcci A. li. .uid C. 
.\mino .lcid rcclducs .Ire desipn,ltcd b!. the s~ngic-lcttcl- co~ic (5.i); numbcl-s 
inilic.ltc position of ~ n ~ i n o  .lii~i rcsici~~cs. .\d.lptcd fi-om i 4.i) \\ it11 pel-mission 
o f  publishc~-. 
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membrane-spanning regions; they may be longer, shorter, or begin 
and end at different residues than shown. The aspartic acid residues 
at positions 12 and 39 covalently bind dicyclohexylcarbodiimide 
(DCCD). These two residues are predicted to be within the 
membrane, because DCCD forms stable adducts only with acidic 
residues located in a hydrophobic, nonaqueous environment. Resi
dues 12 and 39 are located within the membrane-spanning regions 
of helices A and B, respectively, and are expected to reside in regions 
of hydrophobicity. 

The cooperativity associated with the binding of toxin to URF13 
suggests that URF13 exists in an oligomeric state within the 
membrane (45). Indeed, cross-linking experiments indicate that a 
fraction of URF13 in the membrane is present as a dimer or larger 
species. Cross-linking in the presence of toxin shows the same 
pattern, perhaps because channel formation involves changes in 
URF13 structure too subtle for the cross-linking reaction to resolve. 
The current model for the formation of hydrophobic channels by 
proteins within membranes indicates an association of several am-
phipathic a helices in the membrane, in which the polar faces of the 
helices orient inward to form the lining of the water-filled channel 
and the hydrophobic faces point outward, interacting with the 
hydrocarbon phase of the lipid bilayer (46). We thus propose that an 
oligomeric structure composed of two to four individual URF13 
molecules produces a channel within the membrane in the presence 
of toxin. 

Mechanisms of CMS 
Efforts to understand CMS have also focused on contrasting 

anther development in normal and cms-T maize. Light and electron 
microscopic studies have revealed important differences between 
fertile and sterile anthers (47). The maize anther wall is four cell 
layers thick. The innermost cell layer is the tapetum, which sur
rounds the developing pollen grains, and tapetal cells serve to 
nourish developing pollen by exporting nutrients and other mole
cules needed for pollen formation. Mitochondria in the tapetum and 
the adjacent middle cell layer of sterile anthers start to degenerate 
soon after meiosis, and by the intermediate microspore stage thev 
have become saclike and swollen. At a comparable developmental 
stage in fertile anthers, mitochondria are condensed with dark-
staining matrices and angular cristae. Plastids and other organelles 
from sterile and fertile anthers do not differ structurally until late in 
anther development. From these observations Warmke and Lee (47) 
suggested that mitochondrial degeneration in the tapetum of sterile 
anthers is the first sign of abnormality and that it initiates events 
leading to pollen abortion. These workers have also shown that 
rapid division of mitochondria occurs in tapetal and sporogenous 
cells of both fertile and sterile anthers during early development. A 
20- to 40-fold increase in the number of mitochondria per cell 
precedes the time of tapetal breakdown that occurs in sterile anthers; 
plastid numbers do not increase. Because the period of rapid 
mitochondrial division takes place before tapetal mitochondria of 
sterile anthers5 become internally disorganized, Warmke and Lee 
have proposed that fertile and sterile anthers differ in their capacity 
to cope with the demands associated with rapid mitochondrial 
replication. Moreover, they observed that female development is 
normal in cms- T maize and that rapid mitochondrial replication does 
not occur in the female reproductive structures. 

Colhoun and Steer (48) have studied sterile and fertile maize 
anthers by microscopy and have concluded that mitochondrial 
degeneration is not necessarily the earliest detectable event in pollen 
abortion of cms-T maize. Furthermore, although Warmke and Lee 
(47) indicate that pollen abortion occurs between the tetrad and 

946 

vacuolate pollen stages, Colhoun and Steer have observed sporocyte 
abortion at these stages and also at or before the dyad-tetrad stage of 
meiosis. Clearly, there are disagreements as to when the various 
events take place. 

Although T-urfl3 is rather convincingly associated with CMS by 
molecular analysis of revertants and its interaction with a restorer 
gene, there are no conclusive experimental data indicating the 
mechanism bv which the T-ur/13 gene product causes pollen abor
tion. It is perplexing that a mitochondrial gene mutation specifically 
interferes with pollen formation and does not noticeably affect other 
plant developmental processes. As evidenced by their widespread 
agricultural usage before the blight epidemic, cms-T plants are 
vigorous and productive. In other seed crops—for example, sor
ghum—CMS is also not harmful to productivity. This observation 
suggests that pollen development has a special dependence on 
mitochondrial function that is not characteristic of other plant 
developmental processes. 

If pollen development requires higher levels of mitochondrial 
activity, even a slight amount of mitochondrial dysfunction could 
result in pollen abortion. The 20- to 40-fold increase in mitochon
drial numbers, which occurs during microsporogcnesis in the tapetal 
cell layer of the anther and in developing microspores of maize, 
certainly indicates an increased requirement for mitochondria in 
pollen formation. Under these conditions, a mitochondrial gene 
mutation, such as T-urfl3, could seriously impair mitochondrial 
biogenesis; whereas in other less demanding developmental pro
cesses, the mutation may not be limiting. The onset of pollen 
abortion in cms-T plants is correlated with the precocious degener
ation of tapetal cells. URF13 may interfere with rapid mitochondrial 
biogenesis in these cells and cause cell degeneration and subse
quently pollen abortion. In other species, different mitochondrial 
mutations may interrupt mitochondrial biogenesis in anther cells 
and account for CMS. 

For the most part, plant mitochondrial genes encode polypeptides 
that are components of the electron transport chain or the F 0 F r 

ATPase (6), which are essential for mitochondrial respiration. 
Mutant forms of these polypeptides can cause respiration deficien
cies. Mitochondrial gene mutations in humans can show their 
harmful effects in specific tissues. Leber's hereditary optic neuropa
thy, which causes optic nerve degeneration and cardiac dysrhythmia, 
has been traced to a mitochondrial gene mutation affecting a subunit 
of Complex I of the electron transport chain (49). This mutant gene 
product exhibits its deleterious effects on the optic nerve and heart 
function. This shows that mitochondrial gene mutations may not 
produce effects in all tissues, although the altered gene product is 
expressed in all cell types. Similarly, a CMS gene mutation may 
express its adverse effect only in tissues involved in pollen develop
ment, whereas other tissues are unaffected. 

Lower alternative oxidase activity has been correlated with CMS 
in petunia (50). CMS lines carrying pcf exhibit less alternative 
oxidase activity than fertile lines when immature anthers and 
suspension cultures are assayed. Moreover, restored lines (that is, 
CMS lines restored to fertility by the nuclear restorer gene Rf) have 
normal alternative oxidase activity. These results suggest that low
ered alternative oxidase activity and pollen sterility are induced by 
pcf. Although there are other explanations for these data, the relation 
between CMS and alternative oxidase activity provides an interest
ing correlation. In maize, no differences in alternative oxidase 
activity are found among mitochondria isolated from normal, cms- T, 
and restored cms-T plants (51). Thus, different biochemical mecha
nisms appear to be operative in CMS in petunia and cms-T maize. 
Indeed, there may be many different mechanisms that account for 
pollen abortion among the various types of CMS. 

There is another explanation for CMS that is unique to cms-T and 
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cicpcnds o n  the properties of  U R F  13. Fl,lvcll (52) t " ~ p ~ ~ ~ d ,  lo11g 
before the discoven o f  T-1r~fl.3, t h ~ t  an anther-specific subst.lnce 
exists that af ic ts  mitochondri.l in .I hshion siniil.lr t o  the RmT toxin 
of  B ,  rnnydis r.lcc T .  In accordance ~ v i t h  our  present understancling, 
the anther-specific subst.lncc might intcr.lcc Lvith U R F 1 3  to  inhibit 
mitochondria1 '~c t iv iy  in a manner analogous t o  the toxin-C'RF13 
interaction. Bcc.lusc the result.lnt loss of  mitochondria1 ,~ctivin 
occurs in anther cells involved in pollen fornmtion, vi'lble pollen 
p o d ~ c t i o n  ~vou ld  not take place. The anther-specific substance 
\vould not adversely '~tfcct pollen dcvelopnicnt in other maize 
cytoplasms, bcc.lusc URF13  is expressed only in i tns-T mitochon- 
dri.1. As yet, an anther-spccific substance Lvith these specific proper- 
tics h.ls not been tound; nevertheless, it is an interesting possihiliv 
because it provides a mechanism that accounts for the dual role of  
T-~rtfJ in causing CXlS  and disease susceptihility. 
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