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of histidme protell1 klnases (6 )  are present 
in ERS, 1~1 th  the  putative a~ltophospho- 
rvlatlon site at His"'. ERS does not contaill 
a receiver clomain, n-hich a i cou l l t  t;jr the 
predicted lciljith difference bet~veen the 
r\vo proteins. All other putatlr-e e~lkaryotlc 

ERS (ethylene response sensor), a gene in the Arabidopsis thaliana ethylene hormone- sensor-ETRI, S .  crrt.~'isint. S L S l  ( I + ) ,  
response pathway, was uncovered by cross-hybridization with the Arabidopsis ETRl and St.taospo~il c~assil S I K l  (15)-have 
gene. The deduced ERS protein has sequence similarity with the amino-terminal domain 130th a h ~ s t i d l i ~ e  protein klllase-like L l o ~ ~ ~ ; r m  
and putative histidine protein kinase domain of ETRI, but it does not have a receiver and a receiver-[lice ~ ~ i ~ r n a l n .  
domain as found in ETRI . A missense mutation identical to the dominant etr l -4 mutation T o  exa~ l l~ l l e  the t ~ ~ n c t i o n  of ERS. we 
was introduced into the ERS gene. The altered ERS gene conferred dominant ethylene used a rer7ere gelletlc approach. T h e  dom- 
insensitivity to wild-type Arabidopsis. Double-mutant analysis indicates that ERS acts lllailt mutat io i l  of the ETRl locus lle 111 

upstream of the CTRl protein kinase gene in the ethylene-response pathway. the regloll coiilng for the NI-1:-terminal 
L l o i ~ ~ a i i ~ .  Because ERS and ETRl have verv 
slrn1l;rr NH,-terminal domains. \ve h7-poth- 
eslzeii that silllllar substitutions in the  ERS 

%he slnlple gas ethylene atfects man\- as- gests that a t';lmlly of similar genes exists in 5ene product might result 111 a iiominant 
pects of plant growth anil development, 14~abtdopsis (5). Uslng an  ETRl comple- phenotype. Uslne site-dlrected mrltagene- 
~ncludlng seed ger~nlnation, floweri~lg, se- lllentary D N A  ( c D N 4 )  as a probe to screen sis. \ve created a nr~cleotide c11,;lnge in an  
nescence, abscission, and fruit ripening (1 1. an  A~nl-idops~s genomlc D N A  library at re- ERS genolnic D N A  fragment, resulting 111 a 
In  order to dissect the ethylene signal tr2rils- iluced stringency. \ve lsolated a gene t11,lt \i-e Phe 111 place of Ile at res l i i~~e 61 111 the 
duction path\$-ay, a n~lmber  of ethylene re- ilanleii ERS (9) .  S ~ ~ b s e ~ l u e n t l y ,  cDNA deduced protein ieijriellce (16) .  This substi- 
s~?onse nlutailts have been isolated 111 Xrcc- clolles of ERS \\-ere obtained ( 1 c?).  Geilomic tution 1s i,lentical to that encoiied by the 
brdopsls ti~alrcinii (2.  3, 4 ) ,  and tn-o of the DN.4 blot hybrliilzatlons indicate that ERS dommant i.tr1-4 mm1tatloi1, n-l~lcll  is a strong 
genes, ETRI and C T R I ,  have heen cloned. 1s the gene most closely related to ETRl in mutant allele (5 ) .  4 5-kb DN.4 fragment 
411 available err1 mutallts display domlllailt ?Iral-ldol~sis ( 1  1 ) .  T h e  ERS gene map: to contalnlng the altered ERS gene \vas cloned 
ethylene ~nsensltlvlty, and ~lnl tant  analysis chrolllosollle 1, nearest to restriction fray- into a plant transformat~on \.tictor (1 7) that 
suggests that ETRl might be a n  ethylene lnent length polymorphism (RFLP) lllarker carrled a marker for kanamycln resistance. 
receptor ( 2 .  5).  T h e  predicted ETRl pro- hAt429 (12) .  T h e  5-kb fragment started 1 .4  kb upstream 
rein has a novel NH,-termma1 i loma~n  and \S.'e i letermme~l hot11 the geno~llic D N A  ot  the iilferred translation start slte of ERS 
a COOH-terminal reglon that 1s slmllar to and the cDNA sequences of the ERS gene and ended approslmately 6.4 kb iionn- 
the histidlne protein klnase domain and the  (GenBank accession ~ m m b e r  U21951) stream of the polyadenylat~on site. T l l ~  
receiwr domaill of l.acteri;rl tn-o-compo- (13) .  A colllparlson of the tnro sequences construct was transferred to wlld-type A x -  
llent reg~llators (5). In prokary-otes, a large revealed that the ERS gene has f i~ . e  ~ntrons .  l~ilopsls plants by llleans ot  L4g~obactrr~iiin- 
famlly of these reg~llators controls a varlcty T h e  longest cDN.4 is 23 11 base palrs, mediated tr ,~nsfi~rmation ( 17) .  Four inde- 
of adapt1r.e responses to illit'erent env~ron-  ~vh lch  is consistent n ~ t h  the length of ERS pendent l<anamycln-resistallt lines [deilg- 
mental slgllals (6 ) .  T h e  loss-of-f~~~lctlon it i .1 transcripts Lletected o n  R N A  blots ( I  1 ). nated i . 7 ~ - 1 i I  t o  t.i.s-114)I were ohtalneii. In  
mutants exhll-.it constitut~ve eth\-lene re- T h e  deduced ERS protein of 613 anllno aiidltion, n.e ob ta~ned  one control line, des- 
sponses, \ ~ h l i h  indicates that CTRI acts as aclds (Fig. 1 )  i l~spla~-s 67% identity ~ v i t h  the ignated z~s -2 ,  trailstorllled lvith the wild- 
a negatlr-e reg~llator of ethylene responses preillcted ETRl  proteln, hut it is shorter type 5-kb tl.agment. Each l1ne contained a 
(3,  7). T h e  preilicted (3TR1 protein 1s a than ETRl 1.y 125 alllino aclLls. T h e  NH,- single transgene lilsertioll ( I  I ) .  
serine-threonlne proteln klnase that is most ternlinal domain (residues 1 to 31  1 ) 1s ;5"0 \Tie f o ~ ~ n i i  that the Ile to Phe S L I ~ - . ~ ~ I ~ L I -  

closely related to the Raf protein klnase ide~ltlcal to that of ETR1, anil this domain tion in the  ERS tranigene conferreLl domi- 
6a;lmily (7 ) .  Doul?le-mr~tant analysis ~ncli- has 110 signltlcant s~mllarlt\- to any other llant ethylene inscnsltivity. I11 all four lines, 
cates that CTRl  acts Lio\vnstream of ETR1 sequences in the  databases. T h e  three hy- \i-e ohserved segregation of seedlings that 
(7). Thus, the ethylene slgilal rran>duction iirophobic regions 111 n - h ~ c h  all the ztrl lacked the norlllal triple response to ethyl- 
pathway in L4ml-i~iopsis appears to  have tea- mutations reside are present in thil domain ene (1 8) (Flg. 2.4). T h e  trlple response 
turea of the bacter~al two-component sys- of ERS, and the  four alllillo acids substitilt- consists of inhihltlon of root and hypocotyl 
tern as \yell as of the mltogen-;rctivated eLl 111 the ztrl lllrltailt alleles are conserved, elongation, railial s \~el lmg of the h\.poiot\-l, 
proteln klnase ~?athwa!; in animals. 4 i m -  T h e  (300H-terminal region of the ERS and retelltion and accentuation of the api- 
ilar coinbinatloll slgnaliilg compoilents protein contains a putative histliline pro- cal hook. Absence of this response 111 the 
was recently postulateil for the osmolarlty t a n  kinase domain, which 1s 58"o iilelltlcal tranigenlc lines cosegregateil with kailamy- 
seilsiilg path~vay in the \-east Sncchitrom?crs to that of ETR1. T h e  five conserveil motifs cin resistance. In  contrast, all seedling of 
ci.rz~isiai. (8). 

T h e  identit\- of the Ambidopsis ETRl 
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gene h a  raised the ijr~estioln of nhether  
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there are other two-component reg~llators 
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in plai~ts.  T h e  ETRl gene hyhrldires to  
selreral fragments o n  .4rabidopsls e n o m i c  RYSPPEVVSYRVPLLHLSNFQGSDk'SDLSGXGYAIMVLILPTDGARKWRDHELELYENVADQVAVALSHAAILEESMHAR 320 

DN.4 blots a t  Ion. stri i~gei~cy. which u g -  DQL:.13ZNFALDKARQEAEI~L3.3.;HARNDFTAA~T.CJEE~.:RTPI4EAIISTSSLLL3TETSFEQK.III~TILIrSSPI~.~ATTIS~~7L 4 0 0  
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Table 1. Organ elongation of etiolated seedlings in air and in ethylene. 

Organ elongation and Strain 

response No-0 ers- l(1) ers- 1(2) ers- 1(3) ers- 1(4) etrl-1' etrl-2 

Hypocotyl (air) (cm) 1.04 2 0.17 1.17 ? 0.07 1.10? 0.19 1.18? 0.06 1.13? 0.15 1.15 ? 0.15 0.95 2 0.08 
Hypocotyl (ethylene) (cm) 0.40 2 0.07 1.19 2 0.15 1.06 2 0.13 1.03 2 0.1 1 1.1 1 2 0.10 1.32 2 0.1 1 0.71 * 0.09 
Hypocotyl response (%) 38 102 96 87 98 115 75 
Root (air) (cm) 0.31 2 0.13 0.51 ? 0.15 0.39 ? 0.09 0.39? 0.10 0.38? 0.10 0.39 ? 0.15 0.25 2 0.06 
Root (ethylene) (cm) 0.04 2 0.02 0.47 2 0.16 0.31 2 0.10 0.37 2 0.09 0.37 2 0.10 0.38 ? 0.13 0.13 2 0.03 
Root response (%) 13 92 79 95 97 97 52 

'Homozygous etrl-1 transformed No-0 (5). 

the control line (ers-0) displayed the nor- sitivity of the ers-l lines, we examined the 
ma1 triple response (Fig. 2A). inhibitory effect of ethylene on root and 

To  analyze the extent of ethylene insen- hypocotyl elongation in etiolated seedlings 
(Table 1). The same responses were ana- 

. -, . .*- lyzed in several other genotypes, including 
ers-0 (1 I) ,  wild-type [ecotype Nossen (No- 
O)], a strong ethylene-insensitive ea l - l  
transgenic line ( 5 ) ,  and a weak ethylene- 
insensitive eal-2 mutant (Table 1). Com- 
parison of the ethylene responses of all 
these genotypes revealed a strong ethylene- 
insensitive phenotype in the ers-1 lines. 
Because all four ers-l lines were similar in 
phenotype, the ers-l(1) line was chosen for 
analysis at other developmental stages. 

Older ers-1 plants displayed ethylene in- 
sensitivity as well. At 2 weeks after germi- 
nation, light-grown wild-type and ers-0 (1 1 ) 
plants grown in the constant presence of 
ethylene (18) were short and had com- 
pressed leaves, whereas the ethylene-treated 

Fig. 2. Ethylene insensitivity of ers-1 plants. (A) 
The triple response of 3-day-old seedlings. Etio- 
lated seedlings were treated without ethylene (a 
through d) or with ethylene (e through h). a and e, 
wild-type (No-0) plants; b and f ,  ers-0 plants; c 
and g, ers-1 plants; and d and h, etrl-l-trans- 
formed No-0 plants. (B) Absence of growth inhi- 
bition by ethylene in the ers-1 plant. The wild-type Fig. 3. Examination of cell expansion in upper leaf 
(No-0) plant (top left) and the transgenic ers- 1 epidermal cells. Shown are Nornarski microscopy 
plant (shown at the same magnification) were 2 images of epidermal cells of the wild-type plant 
weeks old and were grown under constant ethyl- (top) and of the ers-1 plant (bottom). Scale bars, 
ene concentration (1 0 pl/liter). 20 pm. 
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ers-1 plants were unaffected (Fig. 2B). Leaf 
senescence, a typical response of mature 
wild-type plants to ethylene, was observed 
in wild-type and ers-0 plants but not in the 
ers-1 plants (1 1 ). In the absence of exoge- 
nous ethylene, the leaves of ers-l plants 
were 50% larger than those of wild-type or 
ers-0 ~ l a n t s  (1 1 ). The ea l  mutants also had . , 

larger leaves than did wild-type plants (2). 
To  analyze the basis for the enlargement in 
ers-l plants, we examined the upper leaf 
epidermal cells using Nomarski microscopy 
(Fig. 3) (1 9). The ers-l upper leaf epidermis 
had only about half the cell concentration 
of that in wild-type leaves (1 I) ,  which im- 
plies that the transgenic cells are approxi- 
mately twice as large as wild-type cells. This 
indicates that the primary cause of the larg- 
er leaves is cell enlargement rather than 
increased cell number. This enlargement is 
likely to be due to the cell's insensitivity to 
endogenous ethylene, because ethylene can 
inhibit cell expansion in other species (20). 
The opposite phenotype is observed in ctrl 
mutants, in which reduced leaf size is due at 
least in part to inhibition of cell expansion 
(7). 

The altered ERS gene thus blocked a 
range of responses to either exogenous or 
endogenous ethylene. That ctrl-1 is epistat- 
ic to ers-l was shown by double-mutant 
analysis (1 l ) ,  indicating that ERS acts up- 
stream of CTRl in the ethvlene signal - 
transduction pathway, just as does ETRl. 
The sequence homology and the mutant 
phenotype suggest that ERS, like ETR1, 
might be a sensor of ethylene. Therefore, 
ethylene sensing in Arabhpsis could in- 
volve redundant functions of ERS and 
ETR1, which would help to explain the 
failure to find recessive mutants of either 
gene. Alternatively, ETRl and ERS might 
act sequentially or as subunits in an ethyl- 
ene-sensing complex. 
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Convergent Domestication of Cereal Crops by 
Independent Mutations at Corresponding 

Genetic Loci 
Andrew H. Paterson," Yann-Rong Lin, Zhikang Li, 

Keith F. Schet-tz, John F. Doebley, Shannon R. M. Pinson, 
Sin-Chieh Liu, James W. Stansel, James E. lrvine 

Independent domestication of sorghum, rice, and maize involved convergent selection for 
large seeds, reduced disarticulation of the mature inflorescence, and daylength-insen- 
sitive flowering. These similar phenotypes are largely determined by a small number of 
quantitative trait loci (QTLs) that correspond closely in the three taxa. The correspondence 
of these QTLs transcends 65 million years of reproductive isolation. This finding supports 
models of quantitative inheritance that invoke relatively few genes, obviates difficulties in 
map-based cloning of QTLs, and impels the comparative mapping of complex pheno- 
types across large evolutionary distances, such as those that separate humans from 
rodents and domesticated mammals. 

M o s t  calorie? consumed h~ h~ imans  and 
livestock derive from the nialor cereals: 
rice, wheat, maize, millet, and sorghum. 
T h e  cereal? arc lllcmhers of the mass familv 
(Poaccae) and \yere each donicsticate i troln ' 

thclr n.ild rclati1.c~ hetween 7PP9 and 
12,999 years ago ( I ) ,  quitc recelltly in hu- 
Inan history. I~i~iepelidelit  donie?ticatlon ot 
the  four nialor cereal comnlexes-in Ail-ica 
(sorghum and millet), ,Asia (rice) [but see 
(1 )], the Kear East (a-heat,  harlel-, oats, and 
rye) and Anierica ( m a ~ : e ) - ~ ~ r o d u c c  ?imi- 
1 .  . -  a1 ~esul ts :  In all cases, ?mall-~cedcil 1~11cl 
grasses n-it11 natural seed illspersal n-ere tor- 

\rerted into large-graincd ?ymbionts that de- 
peniied o n  farnier? to harvest and son* their 
seed ( 1 ) .  

Although conservation of gcne order 
along thc chromosome? 12 well kno\vn to 
tranqgrcss spccics ho~mdarle?,  thc extcnt of 
correspolldc~lce in the QTLs that account 
for variation in complex phenotypes lias 
heen a point of conjecture. Comparative 
inaps reveal a conlllion order of gene? and 
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'To whom cor~esoondence should be addressed 

monogen~c p l ~ c n o t y p c ~  over large chromo- 
somal tracts In grasses after 65 nlillioll ycars 
( h l y )  of dir-ergence ( 2 )  and 111 ilia~llillals 
aftcr 129 MJ- of cliv~rgencc (3) .  Hon.el.er, 
models for cliiantitati~-e inlier~tancc that in- 
\wke man!- gene?, cach with only tiny ef- 
fects (ii), n-oulcl predict little corrcqpon- 
dence of QTLs acro\s t am.  Recelit Q T L  
nlappllig stuclies si~ggesteJ a simpler haqi? 
for ~ l i ~ a n t ~ t a t ~ ~ ~ e  inl~critancc (5), a l t h o u ~ l i  
?ucli qt~~ilics iletectcd onlv a sul??ct of QTLs - 
nit11 relatirely lar,oc cffccts (6). Corre,spon- 
de~ ice  of QTL? In coliqelierlc plant species 
ha? l?ecn suggested (7), l7~1t tlie promiscuitv 
of plants carries the possihil~tl- of recent 
gcnetic exchange l ~ c t ~ r e c n  specie?. 

If QTLs III disparate tasa niapped to 
corresponding locatiolis more often than 
\voul~l I3e espccteil hy il iance, such a find- 
ing nou l J  strongly su,oge?t that correspond- 
ing genes \yere invol1,cJ 111 tlie e ~ . o l ~ ~ t i o n  of 
the relcvant phenotypes. T o  1111-estigate tliiq 
hypothc?is, we assessed correspondence hc- 
t a e c n  QTLs that affect seed Illass and dl?- 
artic~llation of the inature ~nflorescence 
is l ia t ter in~)  in crosses hetneen cult11-ateil 
and wild sorghum speclcs, I~e tnecn  c ~ ~ l t i v a t -  
ed aliii n.11ii m a l x  spccic?, and bctneen 
di~rcrgcnt ?uh?pccies of cultivated rice (,3). 
Correspondence among sliort-da\- ilo\ver~ng 
mutations n a ?  cvahlatcd in thcsc and adJi- 
t io~ial  tasa.  Usc of intcrspecific (soryhum, 
mai-c) or zubspecific ( r ~ c e )  crosses masi- 
inlzed segreqation for allclic ~ .ar iant?  at I ~ o t h  
QTL? and D K A  markers. 

W e  studied three trait.; that \yere mJe- 
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