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Transfer of disease resistance genes from Triticum araraticum to common wheat
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Abstract
Uic vvild iciraploid wlieai -.pcoivS /;.•/., iff.-

\a r . iirayaiicuin is a source o^'neNt reMst.Jice ;

I, Oin objective^ vM:rc u.' dCM:[ihc UK bx'c

raiidiin when bMekc|•o^s;'d to commuii Vil:^';,:..;:,;:

to leaf nisi (causeti hv Pu..:;>!;i I'r: OLdHa f-r

mildew (caused by Biumci ia iinnu'iu-. i •,o .'?'•'•. • .-

made between tUe vvhcai s^erottpcs ui^l ' ' / (.

Fcrtiiiiy iind chroiuo^otiic nui!i'"cr- ss*' H( I- H;

were determined. Rcsisianei. lo Hiai'n;-' tt.-s i; : ,-

liuniheslVom lOditfereri! '!' (?;j;,!i.'?i .'!.•?• a.-CC-N i n-

gcnc^ in Jinie '!'. tiniyaliciiin .'K\^--;slo:^^ c j ' " he -̂.̂

loei. Leaf rust resistance iraiislcrreii liom ']i ' . \- aC;

in ihe lieMipinid deri\ \Ui\c- ••.'. si siii;::^. r.< :ii:i'a^

Resistance to powdery nssidew Aa^ .LSO f',f:ic..w,

backeross dorivaiivcs. f-Cilile hcvripioid i:c::\:uri

hi wheat cultivar>.

Key words: 'friniuni av\lu uiy; i"i:nji':^ u

speetlie hybrid intr!)gressi{ni lê  i \ u\'.

Two species of wheat a '̂e tetrapioai iiis c.
iidim liirgidum L.) vviih tlie genonnr c{^n-!
the limopheevi whcais (Irnnuiii ,';/f.'c>/i/,'i. ;
genomic eonstitittion A A ' C K J , Tnc en'jr-i
gem tor species o!' e*irnmoti vvlical lucn
AABBDD). and the A ar.d B genoiiK-- o
homoiogotis to the A and B genuuie-! C'i I. .
and G genomes of the timopheevi v\i:eats ^..
with the A and B genomes, respeeiixe!'* a
parliaHy homologous to them i Feldnian '•'''.•
wheats inchide the cultivated '!\ thucp!.: • ^
and tts wild progenitor. /'. unwplh c:i; \ • ,
referred to as T. iirur,.i.iu.iiiyi)

Cultivated 1. lurciiiliiin has been -.in lir.p'^'l.
!raits lor the improvemeni of 7, ll<\^:ii :if::. i,
lo diseases (Mclntosii 199] i aiki iQ;-ct",s K
Stebbins et al. 1983). 7'he i!!isopiu;e\ ^ « he.si-
sources <»t'resistance geties for C(.)niiiK)n w h:.,.
although resistanee !o a nuinbe!' of disease
wheat has been detected in / ' lim/ipha-^-^

!oilit contribution of USDA-'\RS.
Station. LMid ihc W'lieai (K'ne
iribiilion nu. 96 468-.1

.'.. . ;• i /hak } /huk.
v~i I •'!!-cum uL'siivuin

5cfs,-\KHir of T. (/(•((-

i- ir;ii!-l>r re-ist:iiiec

.•r-h .',! .ind powdery

• uhca i CVoS'>es were

\ drul BC:I-. plants

\Tivd :o BC ,-derived

' u",si'rusl resistanee

.;jnct: Ic al !east four

v'ssU'O^ WHS inherited

•i\ fcnc n each case.

u.i ' h e f, iU'iirainiint

oi<:i n^o baekei'Osses

>:!ivii inn i i i tcr-

nowdeiy mildew

iniiei' wheais ('/>/-
laaon AABB and
'/ / J i i i k . ) w i t h t ! i e

" vUie.'.ts are pro-
'•nvx constitution
: / ' mnjichiii! are

-?i- \:ir!in7 ] . . The A'

\ e rcdsiced pairing
fid are considered
<is. I he timopheevi
r \;;f. liii'iopliccrii

>ii!n':iri(ti))i i he re in

Mil source of useful
• icludisig resistanee
:jr!snt; et al. i97K.
h '̂Ae been nsed as
10 a lesser (.legree.
nd inseet pests of
nd / a'-arali( uiii

l r..\peiiment
KAI-.S eoji-

(Mclntosh and Gyarfas 197!. GM ei a l \^)^?>. Fomar ei al
1988. Brown-Guedira el ai. !99(>|. Cu!:i\ated 7. iiiiiDrhcci-iihas
been used for v\ heat impixncment kt a greater exlenl than ha>
its wild progenitor. 7". araratuuiii Because 7\ invcphcci h is
a cuhivLiled speeies. the ehLinces of recoverine agronomicalh
acceptable deri\ati\ 'es from c;os^es with wheal are greater
However. T. uniophcefii is endemic to the ecnnitry of Georgia
and shows !itt!e di\"ers!t} for kar\o!ype. morphology, or seed
storage proteins {Jakobashvili i9K9. Badae\a et al. I9'-Mb). / .
ai-ararictmi. on the other luind. is distributed vMdcly tn t!ie Middle
East and surrounding area> i l anaka and Isliis 197?). Becanse
the species is found m more diverse eco!ogical regions, chances
are greater that it contams more diverse oenes useful for whea;
improvement.

One faces many prob!ems when, ailempting !o intrc>gress
genes into wheat from 7". uiaraliitun Viable !i>brid seed can be
recovered from crosses of /'. arcrrancuni w'nh !ie\aploid whcai
without performing embryo rescue, btit mature !"̂  plants arc
sterile (Shands 1941). Because of reduced recombination
between '/'. ucstivum and T. dr^jran'cuni. recovery ol'dcsH\ihle
plant U'pes in Uie progeiu' of the iriterspeeHic eios:i nsLiy be
diOicuit.

A Hard and Shands (1954,! is<ilatcd two agronomical!y aecepl-
abie wheal lines wiih .S'r.i6 and /V;(6. genes for resistance to
stem rust and powder; [ni!dew. respecli\e!\, !Voni Ltn mlei-
specilic eri>ss of T. UDsophfcrii imd wheal after Iwo generations
of backcrossing. 1 he only resislanee gene [ransfeiTeJ to wheat
frcHii 7'. iirayoricim} is .S'r40. whicis confers resist.ince lo stem
rust, h vvas Irans(erred lYoni Iwo Ttirkish 7. isruvtuiciini
accessions after six backcrosses to a stem rust susceptible hexa-
ploid wheat Inie l[)yck 19921. Resistant lines vvx're lesiei! ibr
traits assoeiated with quality, and no deleteriotis ellecls w^ere
observed in the derived !ines carrying .SV4().

There !iave been !imited Liltempis to transfer pest resistance
genes IVom 7' <iriiiafi(Uiii u> ctimmon wheat. In this study, r̂
!arge minibcr (if crosses vvere n;ade between / ' tiruuinmni and
locally adapted hard red winter wheat cul lnars and breeding
lines in order to: ( i) describe breeding behaviour ol ' the species
wit!i v\heat; (2? transfer pest resistance genes I roni '/'. uraiiitiniiii
to wiicat by backcrossing: and (3 Kiel ermine reeovery freq ueitcv
and inheritance of resistanee to leaf rtisi and powdery nnkiev\,
Attempts were made to determine v\hether diversity for leaf
rust resistance genes (.iccnrs in /'. lu-in-aliciiin and lo sample that
dixersitv.
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Materials and Methods
Tv^civc iici.c-'-iioni ol T. arcii'dtii. C

Rc^r>ur,-e ("cnlre (W( ;R( ; t <it V-iu

cro-Mng. L'acti 7'. iiitualin/m iuvcN

i'k r | i S 2!^. Kigh: ,iL:L'cs--i'.!nh v.crc

') and I'i)i4 Axniinsier cuiuire A,

U> pottiJiiitL' kZinaseuijicd ^plk,••'l>l'i

iiiu- CArliiV. 'K;irl 92*. 1"AM W

USM1I2 iine iipproMch incihcKl (('isr:

107, and •\VnniiikT' ari.' h:ird vcii

kj L u 1 I in TL...,] M ' rl 1 ' \

L [1 II liil k s tn\\i . , isi I

M t iti / / ( J n tL 1

1 I \M in [

"1 n i i II , 1 1 p i t I I I

I i c I i t t i , L ' U U I I I k '

(.icrmmaled I , embryos ^t L | M't-

pots Sniall seedlings'Aeie i« [ t i

an !s h photoperiod for " -A !• d

pois containing a 2:1:1 mi m .̂. - \

a I6h [ihotopenod.

All F liybnd planU vvcie ifi^sc-sU'; ii-,'

females to their respeetiw C'lnnua; A,:,-, i

eacti spikelei were removed hch.jjc polhn.ii

inst above ihe iop of the sUg^^h;, .ui!he:s

fnnciional pollen. Wi:<v not removed I'o!

approaeh method, Ntmibei ol spikes cro--e

cross were recorded.

L p t o 2 ( M i C - s . ^.i .i

filter p;ipcj, Ro>ci 'm-. r u t

,!:! in i \ tare of eth M . 1 ni I ... i i i

were dciernnned •> th i . h I t

B( I seeds were plan c I ni t n i

placed ni tiie greciii i -t i

of each Hi.', pianl . i i i

p,>ll[nare Male f^nile B( | I t i

Ihe iespecli \chc,\ iploi i 'p ii n̂  l i i

lor further crnssm.. \ I'h i v i i i

regardless of male fernlity

B<'- seeds were harvested and pkinLxi a

planrs ^^ere grtnvn lo maUir.tv w the p:ce

derived \' families. Spikes of B( - pS.siu- '

bags pnor to aiiihesis to [ire\eni ouicn-s- .

set per spike were reeoided

>, 'j.cre u-̂ ed tor

•j.if r!ist cutture

> n:L,k;'A isoUtc

,'•( ',•/).' s\erc Used

KS9O\V<:iRfiO)

K.ul 92", 1"\M

' -. adanied lo ihe

\ t i u h i li

t nf I I m

( L f I '̂  d

-filled

I , I ipi n a i e

;:ick-. lossed as

p'Ta, tlorels ot

kcleis wer," cut

hseh produced

^ doiie b} the

ecd HJI foi' each

1 Hi i n o i s l

i\ed in a

II nuint^crs

4 viiniiiaied

I ! I fiois and

(t I • :d spike

I it Ui self-

1 } I ' i i s s e s \i>

I females

It crosses,

v:hi<\c H\hrtd
:r,Hi,^ee BCd ,-

a v,v:'h gtaisine

s ,!f ^elied seed

leaf rii-*! scretninfi .iiid tMfifiehtl
m o c i d a l e d \vithi.L Itur CR I i i

Lrlli./yJC.Lfl/) el /

,)l / ' rccdiulilu Lsp ' IK

oit nii,\liiie accordn'L I i n I i

vvcrc scored iiccoitU i i th i

oi' each code m iii. t "• i i

second liigmndiL ii s t'l iit

ledtr foilov\inj> liit di^^i's • ^n.

l(.' cliloRHie, P ,1 ik 1 t

1. p !0 HI )•- -.tcdhii-s t t n

/' rccoudiHi at ll C I ' (, I il '

lOdays in a 2^ ' u- ^th ' n I

rcscnlmg ddFerciil t os ^'

grceiituuisc.uid b ici'ci is-, t h

Crossed and s^l! d SL u

BC-F^ plains. T\\CIIT\ i } ri f..L

as atiove, and thni L I t

ov[\\ icsisnuil pr( JL s I 1 I n

!-csislaii[, AddilJt ii L 't t

fainiiie^ from diltu^ i 1 , i >

in.it* "

lull pore

1! 1 v pes

1! d Lftei

lini I :p-

n 1 ! die

1 L ^ ' i l s .

u-1-il ml

im Lii! ited

111 inch

111 HIS

m l H t d " ^
Ik n![ er.

and root lips were ei^tiecied ai:d fi^ed. <'!iionios,'iTie prepaunions ami

C-t-iaiuiiiig of chrumosonies v\crc done aceordi!!>i to ihe nieihod of (iill

e [a! . . ; l ' )9 l )

Populalions ,)f B C J ' . piants from crosses between liomo/ygoLis ieal

rasL-iesistaiit B f ; i ' : individuals and the recurrent common v\heal piiveiU

were itK)Ci.ilatcd a-> deschbed above. The rcsLitlam. mfecuoii t \pes \vere

scoree after Hjdavsm lise greenhouse RcMsUaU and suscepubte parents

were lesled wHli tiieir ivspeen^e crosses

The remaining BCM\ seeds fr,)m crosses ix'twccr; "I AVI sd" and

HC-]'- plants homo/ \go i i s for leaf riisl-resistanee gene-- v\ere ger-

minated Oi! tilrer paper, arid rool l i j isnere fixed, ("tironiosonie numtsers

were determined b \ tlie method ol" }"ndo and tlitt | I984), l-'or meiotie

analysis, anttiers viere coliecied iron; >tning ^pilics and fixed m A y]

efhaiio! and gt[icial acetic acid mixture.

r \n i r BC,-F . lines honi(>/>gous fo'' leai ni-i resisla,nce dcn'.cd Irom

7', <ir,ii-ii!icuiu accessions T ' \ 2.-*, i'A S7(i, and I A ^74, aloi;g ui lh dteir

7". iirdidiKuiii and whcist parents, vveic mocutated wiU: leai'rus! culture

i'R ["I S 25 inda>s af;er gerniinaUou in die greentioLise, Two icp-

licaUC'iis of eacli line v\ere placed ;ii Id (".22 (",:uui2w (". ar^i reactions

were scored t(i, S. jnd "dLiys a tier mociUation. re^fiecincK

Seeds from each ol" 2̂ 4̂ B ( ' - i \ - lines thai were eidicr su-ceptihle ar

segregating for resistance to leaf nisi v\'ere sown in a s;ngL' I ^ re, row

in Octobei , 1')')? as Manliattan KS, i SA, ,'.nd seed harvested ni .lune.

I'J'-MlVom scicetett row> was sown m 3 row, i,5 in-long ploLs in October.

1994 at Ihe same locution L,eaf nisi iKs;e- iicsisiant, segjegaiing, or

siisceptiblei ucre taken in Mav ot" I'̂ )V'4 and I9M5, at:>oui 2 '.vecks after

headir.g.

Nine dilferent / ' tuannicuin acees-.ions thai had doiuned leaf rus',

rcsistaiice genes lo wheat prijgeiiies were crossed lo one another in 16

ditTerenl eombnial ions. l',;piii.dk-'ns ê f !• - piiaUs from eaeh cross 'Aere

inoculatcit \\\\\\ PRTi'S2- ' ' io above, and responses were recorded

Idenidies oi die progeir. of mdividnal \\ planis were prcser\'ed ,t!iring

testing, hut dat[i itien were piLHilcil. 7. tii'ivfimnm parcnls 'Acre tcsled

with their respectHL* crosses, and the lean usr-susceptihie FAVl 10" was

included ir. eaeh lest as a control. Leaf rs^si [-eadings were ;akei! after

plants were in the gieciilKUisc 'oi UUIa>-

Powdtry milder screeniii<i;: Segieganng piogeiiies t'',o?n ero>-.e> beluecu

wheai and / , u-itualit iim aece-.si(!iis T \ t 1^ ,,,,,| -j \ ^lis ^veie screened

',\{ Ihe | IS I )A-ARS lacildics ai Norlh Car.ilma State I iiiversir> in

Ralciiih. \ ( ' lor rcLiction io Iw,* hhinirn,,- U-j\:,ij)tu:] i/i\iniini\ f^p.

ii-iiici isolates, no, !̂  (aviriilence \iruience tornuila I'))!?.. P»L--!L FniM.

l'm\(^. FnCi) Pui\. Piinb. I'ni'iL Pi»4u. I'lnAh. /'ffO. /Viif), Pm~. /';fi8,
!'m\l) and WKin9i (aviriilencc \:nile!icc lornuila l'fn'<h. PniAii, FniM.

Pmt2 , P/ft}}, F w l 6 . Pmlii / V d . Pnu. FnL~a. l'ni\,.. Pm4i\ / 'wP, I'iir\

Pm'-). I'lii'i'J.. MA). In order lo lesl iiidi\'idii,il I'- pianis I'oi reaehon io

boih isolates, screening w;is nntiallv done (iri dei.iehed leave- using a

method smular ro ihai deseribed b \ t.eLiih aiid Hetin (i9'K!). I 'p to lu

I - plants were screened irons each Bl d-" iajiulv Twr, sections of leai

were taken from cacti plant when seedlings were liKtays old. Lea.

sectio.is were placed on rcplic[Ue pkiies ,>f (l..s''-;, Dli-(,"{) tia'.lo-Agar

medium containing si)mg 1 of heii/u ' i ida/ole. l-oriv-iwo leal" seciKsiis

were filaced on eaeh Pern dish, inclnding tO mdi^iddals from eacii of

fiHir tdinihes, Ihc recuricn! [lareiu. Lind die cuHivar '(JKincellor" as a

susceptible control, inoculations weie doiie hy iiuerUiig -A cup .ue r

each Petn dish to-verve as an inociitaiion chamber, then blow ing conidia

iVom diseased leaC sccuoiis into the invcn.cd cup, Powdeiv ftiiidew

raiing- were ntade r-n a scale of ii M, vMlh 0 signifying complete ahsenee

of infection iind '•) signifying lOil'!-:' iiifccUon, ReacLions,if plants scored

as resistaii! (scores less riian 4t in the tietaciied leaf test were CHilirmed

by inoculating seetlh I igs witit a mix lure of ;ttc two B yrdntinr- l",sp, inH,-/

cultures. Oisciise reaction 'Aiis scored aftci !4i,iays in the greenh,Hisc.

Rcsisiani seedlings '.\ere vernaij/ed and giowu u> niatunt) i". the green-

house, and sclfed seeds were harvestcti FweKe }•", piogeriics fr,>m each

oi' l j lesislam BC •]•-. individiiaK weie screened for powderv mildew

resisSauce as seedlings al Kansas Siaie L n:\ersit \ Seed,- o\' two Bt T"

lines ihar a]ipeared to be h,onio/\gons !,)] rcs-.siinice 'Acre >en! lo , ' \RS

NC'Sr for further testing T u o leaf segnienr-. eaeh oi ihe derived lines



Transfer of resistance genes from Triticum araraticum 107

Table 1: Triticum araralicum accessions, collection sites, and reactions to leaf rust and powdery mildew

T. araraticum
accession Collection site'

Leaf rust̂
PRTUS 25

Powdery mildew'
Isolate 9 PmA Axminster

TA28
TA30
TA 145
TA870
TA874
TA878
TA895
TA913
TA920
TA 1485
TA 1520
TA 1538

2kmNWofSalahadin
41 km NW of Sulaimaniya to Surdash
2kmNWofSalahadin
1 km NE of Salahadin
2kmNWofSalahadin
4 km NE of Shaqlawa

13kmWof Shaqlawa
1 km NE of Salahadin
1 km NE of Salahadin
1 km NE of Salahadin

21 km S of Harir between Rowandus and Shaqlawa
19 km E of Sulaimaniya to Chuarta

12C
13C
12C

01C-23C
-

12C-33C
02C-22C
12C-23C

12C
12C-23C
02C-13C
01C-12C

9
5
4
4
5
9
4
4
4
3
3
4

-
-
0
2
-
0
0
4
4
0
1
0

'All collection sites are in north-eastern Iraq
^First and second digits indicate relative amount of sporulation and lesion size, respectively. C = chlorosis
^Rated on a scale of 0 to 9, where 0 = lowest infection

and parents were screened for reaction to 37 different cultures of B.
graminis f.sp. Irilici as previously described.

Results
The selection of T. araraticum accessions for crossing was made
originally on the basis of resistance to leaf rust, but, after inter-
specific hybridization had been made, resistance to powdery
mildew was detected in nine of the T. araraticum parents (Table
1). Accessions were collected from eight different collection
sites, all in north-eastern Iraq.

Crossability of T. araraticum with hexaploid wheat
Hybrid plants from crosses between wheat and T. araraticum
were male sterile, and female fertility was low. Overall, the
mean number of BC, seed per spike was 0.42. The BC| seed-set
per spike varied among crosses, but differences in mean BC,
seed-set among the common wheat parents were small. Hybrids
having KS90WGRC10 as a recurrent parent set the greatest
number of BC, seed per spike, with a mean of 0.52. Hybrids
having 'Arlin', 'Karl 92', TAM 107, and 'Wrangler' as recurrent
parents had means of 0.38, 0.42, 0.43, and 0.37 BC, seed per
spike, respectively.

Of 114 BC, plants grown to maturity, selfed seeds were har-
vested from 21 plants that were partly male fertile. Female
fertility of 91 BC, plants that were backcrossed was higher than
that of F, hybrids, with an average of six BC2 seed per spike.
Male fertility of BC2 plants was higher than that of BCj plants,
with 86% setting some selfed seed. However, only 20% of these
plants set 10 or more seeds per spike.

Chromosome numbers
With the exception of one 56-chromosome plant, BC, plants
had chromosome numbers ranging from 36 to 48, with a mean
of 41. Of the 21 plants from which selfed seed was obtained,
the chromosome number ranged from 39 to 48. One 41-chro-
mosome plant from the cross 'Arlin' x TA 895 was fully fertile.

Chromosome numbers of BC2 plants varied from 37 to 48,
with a mean of 41. After two backcrosses, 66% of plants had
chromosome numbers in the range 39-42. Plants with chro-
mosome numbers between 40 and 44 on average set the most
selfed seed.

The chromosome numbers of BC2 plants were related loosely
to the chromosome numbers of their BC, parents. Forty-four
percent of progeny from 42-chromosome BC, plants had a

chromosome number of 42. Only 3% of progeny from BC,
plants with chromosome numbers between 36 and 39 had 42
chromosomes. BC2 plants obtained from BC, plants with chro-
mosome numbers in the ranges 36-39, 40-44, and 45-48 had
similar mean chromosome numbers of 40.43, 41.33, and 41.28,
respectively.

Chromosome numbers of 42 BC3 plants resulting from
crosses between homozygous leaf-rust resistant BC2F2 plants
and their recurrent parents were determined. Twenty-nine
plants had a chromosome number of 42. Three plants had
2« = 43, seven plants had 2« = 41 and one plant had 2n = 40.
Telosomic chromosomes were detected in two plants; one plant
had 41 chromosomes plus a telosome, and another plant had
40 chromosomes plus a telosome.

Transfer of leaf rust resistance
Seven hundred and thirty-nine BC2F,-derived families were
screened for reaction to leaf rust. Resistant plants were identi-
fied in 66 families, representing 16 of the 26 different T. aes-
tivum-T. araraticum cross combinations. These crosses involved
10 different T. araraticum accessions and four common wheat
genotypes. The majority of lines tested were in a TAM 107
background; 49 of the families in which leaf rust resistance was
detected had TAM 107 as a recurrent parent. Small quantities
of BC2F2 seed were available for leaf rust screening, and seg-
regation ratios within BC2F1 families were not determined.

Leaf rust resistance derived from TA 874 was conditioned
by a single dominant gene; crosses between TAM 107 and
resistant lines derived from TA 874 segregated three resistant
to one susceptible (Table 2). The heterogeneity x̂  value for
families of different lineage from this cross (families U3190,
U3191, U3193 and U3194) was not significant, and the pooled
data of 268 resistant plants: 83 susceptible plants fit a 3:1 ratio
(X̂  = 0 .01,0 .95>P>0.90) .

Families from crosses between TAM 107 and different homo-
zygous resistant BC2F2 plants derived from crosses with TA 28
and TA 870 had segregation ratios that were not homogeneous.
For example, observed segregation ratios in the F2 families
designated U3169 and U3170 from the cross TAM 107*4/TA
870 deviated significantly from a 3:1 ratio (Table 2). Both cases
had an excess of susceptible plants. However, segregation in the
families designated U3166 and U3168 fit a 3:1 ratio. Differences
in the transmission of resistance may have been due to different
types of transfers (i.e. recombination, translocation, or chro-
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BC2F2 or parent

Table 2: Numbers of BC2F2 or par-
ent plants resistant or susceptible to
leaf rust, with -^ tests for fit to a 3:1
resistant to susceptible ratio. Plants
were inoculated with culture TAM 107*4/TA 870
PRTUS 25 ofPuccinia recondita

TAM 107M/TA 28

TAM 107*4/TA874

TA870
TA28
TA874
TAM 107

Number of plants
Family Resistant Susceptible

U3166
U3168
U3I69
U3170

U3067
U3172
U3176

U3190
U3191
U3193
U3I94

39
114
58
65

177
63
43

67
65
81
64

40
30
10

11
39
48
36

115
25
11

22
19
25
17

110

0.11
0.00

22.19
5.55

31.45
0.32
0.40

0.00
0.00
0.05
0.49

0.80-0.70
0.99

< 0.001
0.02-0.01

< 0.001
0.70-0.50
0.70-0.50

0.99
0.99

0.90-0.80
0.50-0.30

mosome substitution). The BC2F2 plants that gave rise to the
BC3F, families U3166 and U3168 were descended from different
BC2F, and BC,F, plants than those that produced the families
U3169andU3170.

Leaf rust resistance derived from TA 28, TA 870, and TA
874 in BC2F2:3 lines was expressed at a level comparable to that
of the donor parent (Table 3). Whereas the infection type of
the donor parent was generally within the range of reactions
observed in the derived lines, the hne designated U2657-2-28-1
had a lower infection type at 28°C than did its T. araraticum
parent. This line was derived from a cross between TA 874 and
the wheat cultivar 'Karl 92'. Infection types of 'Karl 92' were
lower than TAM 107 infection types at all three temperatures
when inoculated with PRTUS 25 (Table 3); therefore, a com-
bination of genes from 'Karl 92' and TA 874 may have produced
progeny with an infection type lower than that of either parent.

Lines scored as homogeneous or segregating for leaf rust
resistance as seedlings were classified similarly in the field in

Table 3: Infection types (C = chlorosis, P = green and X = mixed) of
four BC2F2-3 lines carrying leaf rust resistance genes derived from Tri-
ticum araraticum, their respective donor parents, and recurrent wheat
parents when inoculated with leaf rust culture PRTUS 25 and placed
at different temperatures

Wheat genotype

U2665-14-5-2
(TAM 107*3/TA 28)
TA28

U2664-1-10-1
(TAM 107*3/TA 870)
TA870

U2668-1-8-1
(TAM 107*3/TA874)
U2657-2-28-1
('Karl 92'*3/TA 874)
TA874

TAM 107
'Karl 92'

16°C

03C-13C

04C

04C

13C-23C

03C-14C

03C-13C

03C-14C

88P
78X-88P

22°C

03C-13C

12c

13C

12c

03C-13C

03C-14C

02C-13C

88P
78X

28°C

14C-24C

23C-23X

13C-34

23X-34X

13C-23C

14C

23C-23X

88P
78X

'First and second digits indicate relative amount of sporulation and
lesion size, respectively

1994 and/or 1995. Therefore, resistance was expressed at the
adult-plant stage. However, few BC2F2:3 lines had overall
phenotypes similar to those of their respective recurrent parents,
suggesting that further backcrossing will be needed to recover
desirable agronomic types.

Severe leaf chlorosis of many hnes challenged by the leaf rust
pathogen in 1995 field plots was the most obvious problem
introduced by introgression of T. araraticum genes. In 1994,
when the leaf rust epidemic was less severe, extensive chlorosis
was not observed in plant rows segregating for resistance. A
severe epidemic of soilborne mosaic virus also occurred at the
Manhattan location in 1995. The chlorosis was most severe in
crosses having TAM 107 as the recurrent parent. No evidence
of chlorosis was seen in TAM 107 or any of the other recurrent
parents. The extent of chlorosis also was related to the severity
of soilborne mosaic virus in a plot. Testing of leaf rust-resistant
lines in different environments will be done to determine
whether the chlorosis observed in resistant lines was caused by
the interaction of the T. araraticum-den\sd resistance genes
and heavy levels of leaf rust inoculum, an interaction of other
T. araraticum genes associated with resistance and the wheat
background, or the effect of leaf rust in combination with
extremely wet soil and soilborne mosaic virus.

Cytogenetic analysis of leaf rust resistant lines
Meiotic analysis of pollen mother cells of BC3F1 plants from
the lines U3067, U3166, U3172, and U3193 was performed
to determine whether abnormahties in chromosome pairing
influenced the transmission of leaf rust resistance observed in
these lines (Table 2). Overall, a mean of 20 bivalents and one
univalent was observed per cell with a low frequency of multi-
valents. In each line, ring bivalents were more frequent than
rod bivalents. A trivalent was observed at a low frequency in
all hnes except U3193. A quadrivalent was detected in 29% of
cells of one line, U3067. Transmission of leaf rust resistance in
this line was poor (Table 2).

Pairing was most normal in the line U3193, in which no
multivalents were observed. Transmission of leaf rust resistance
in this line was normal (Table 2). C-banding of metaphase I
chromosomes showed that this line was carrying one copy of
chromosome 5G from T. araraticum, which failed to pair with
chromosome 5B of wheat in approximately one-third of the



Transfer of resistance genes from Triticum araraiicum 109

cells examined, accounting for the average of 0.67 univalents
per cell. These two chromosomes were associated as a rod
bivalent in half of the cells analysed and as a ring bivalent in
the others.

One plant from U3166 had a chromosome number of
2« = 40. An average of two univalents was observed in each
cell. These univalents were heteromorphic, indicating that the
plant was probably monosomic for two chromosomes.

To determine whether resistance was associated with a chro-
mosome substitution or translocation that could be detected by
chromosome banding, C-banding was performed on mitotic
metaphase chromosomes from root tips of BC2F, plants that
were homozygous resistant and homozygous susceptible to leaf
rust. Plants from crosses between TAM 107 and each of the
accessions TA 28, TA 870, and TA 874 were examined. In lines
derived from all three T. araraticum accessions, chromosome
2G from T. araraticum was substituted for chromosome 2B of
wheat. However, this chromosome was not associated with leaf
rust resistance; the 2G(2B) substitution was also detected in
homozygous susceptible plants. Chromosome 5G of T. ara-
raticum substituted for chromosome 5B of wheat in some plants
from each of the three crosses, but not all resistant plants carried
a copy of chromosome 5G. Other T. araraticum chromosome
substitutions were not detected. However, both A and A' gen-
ome chromosomes are lightly banded, and chromosome sub-
stitutions or rearrangements involving A and A' genome
chromosomes may not have been detected by C-banding.

Diversity of leaf rust resistance genes transferred from T. ara-
raticum
T. araraticum accessions were intercrossed to determine how
many loci were involved in the leaf rust resistance transferred
to wheat. TA 145, TA 870, and TA 1520 had a leaf rust resist-
ance gene at the same locus (Table 4). No susceptible plants
were observed in the F2 of the cross between TA 145 and TA
870. One small Fj plant from the cross between TA 145 and
TA 1520 was susceptible to leaf rust. Four different trans-
location types are present in the nine T. araraticum accessions
that were intercrossed (Badaeva et al. 1994a); therefore, a low
frequency of progeny that were aneuploid or had deficiencies
and/or duplications of chromosome regions was expected in the
F2 populations from many of these crosses. These could have
produced rare susceptible plants from crosses between
accessions with the same leaf-rust resistance gene.

TA 28 and TA 1538 probably have a common gene for leaf
rust resistance, despite the occurrence of two small susceptible
plants (Table 4). No susceptible plants were detected in the Fj
of the cross between TA 1538 and TA 913. In this test, the TA
1538 parent had a low infection type, whereas the TA 913 parent
was characterized by a mixed reaction. In TA 913 seedlings, the
tissue around some lesions was chlorotic, whereas the tissue
around other lesions on the same leaf was not. Plants with
reactions similar to those of both parents were observed in the
progeny. F2 plants more resistant than either parent were also
observed. TA 913 and TA 1538 may have different alleles for
leaf rust resistance at the same locus, or they could have linked
resistance genes, with no susceptible recombinants detected in
the F2 population.

The leaf rust resistance gene in TA 28 and TA 1538 appar-
ently is linked to that in TA 145, TA 870, and TA 1520, as
indicated by a segregation ratio of 32:1 in the cross between TA
145 and TA 1538. The gene in TA 145, TA 870 and TA 1520

segregates independently of the genes in TA 30 and TA 895.
Segregation ratios observed in the crosses between TA 145 and
TA 30 and between TA 1520 and TA 895 fit a 15:1 ratio.

The genes in TA 30 and TA 895 are linked (Table 4), and
they condition different reactions to P. recondita. Although
some sporulation occurred on seedlings of TA 30, lesions fre-
quently became necrotic, approximately 10 days after inocu-
lation, without sporulating. This necrosis was not observed in
TA 895 or other accessions, although TA 895 consistently had
a low infection type (Table 4). The gene in TA 28 and TA 1538
segregates independently of the linked genes in TA 30 and TA
895 (Table 4).

The genetic relationship of the resistance in TA 920 to resist-
ance in other accessions was difficult to determine. The gene in
TA 920 segregates independently of the gene in TA 145, TA
870, and TA 1520 (Table 4). Segregation for resistance occurred
in the cross TA 920/TA 30, although observed ratios in two
runs of the test differed (48:1 in run 1 and 15:1 in run 2).
Confiicting results were obtained in two different tests of F2
from the crosses of TA 920 with TA 28 and TA 1538. In both
cases, segregation that fitted a 15:1 ratio was observed in one
run, and no segregation was observed in the other run. The
infection type of TA 920 varied between OIC and 34X in differ-
ent tests. When the infection type of TA 920 was relatively high,
plants with an infection type similar to that of TA 920 and
the high infection types of susceptible plants were difficult to
distinguish.

The T. araraticum accessions that were intercrossed can be
placed into four groups having leaf rust resistance genes at
different loci: (1) TA 145, TA 870, and TA 1520; (2) TA 28, TA
1538, TA 913 (and possibly TA 920); (3) TA 30; and (4) TA
895. Linkage occurs between groups (1) and (2) and between
groups (3) and (4). It is possible that TA 913 has an allele that
differs from the other accessions in group (2). The linkage
relationship of the gene in TA 874 that donated leaf rust resist-
ance to wheat was not determined. Therefore, at least four, and
possibly as many as six, unique leaf rust resistance genes exist
among the accessions and their hexaploid progeny.

Transfer of resistance to powdery mildew
A total of 32 BC2F1 families from crosses of'Arlin'*3/TA 895,
'Karl 92'*3/TA 145, and 'Wrangler'*3/TA 145 were screened
for reaction to powdery mildew. Fifteen plants were scored as
resistant when screening was performed on detached leaves and
on seedlings. All but one of these plants were from the cross
'Arlin'*3/TA 895. One seedling from the cross 'Wrangler'*3/TA
145 was identified as resistant, but no resistant F3 progeny were
recovered from this plant.

Segregation ratios within BC2F1 families were not deter-
mined. When results from nine different BC2F1 families from
the cross 'Arlin'*3/TA 895 were combined, 75 plants were sus-
ceptible and 13 were resistant. Progeny of nine of the 13 resistant
BC2F2 plants were segregating for powdery mildew resistance,
and four lines were homozygous resistant. The infection types
of the homozygous resistant BC2F2 plants were lower than those
of plants that gave segregating progeny. Therefore, powdery
mildew resistance may be conditioned by complementary loci
or by an incompletely dominant gene that was transmitted at a
lower-than-expected frequency.

Resistance to powdery mildew in two BC2F23 lines (U2659-
1-7-Ml and U2659-2-9-M2) derived from the cross
'Arlin'*3/TA895 was expressed at a lower level than that of the
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Table 4: Infection types of leaf rust resistant Trilicum araralicum parenls and numbers of F2 plants with low(01C-13C), intermediate (23X-56X),
and high (78X-88P) infection types, with the observed (low + intermediate):(high) ratio and x^ tests for fit to a 15:1 ratio. Positions of the columns
'Parent 1' and 'Parent 2' do not indicate male and female parents. Plants were inoculated with culture PRTUS25 of Puccinia recondita

Parent 1 (PI)

TA28

TA30

TA 145

TA870

TA895

TA913

TA920

PI IT'

02C-O3C
OIC

13C-33X
OIC

03C-23X

02C-04C
04C-13C

0-13C
0-02C
23X
13C

13C-34C

O3C-13C
OIC

23X-34X

23C-77X
01C-12C
02C-23X

Parent 2 (P2)

TA30
TA920

TA 1538

TA 145
TA895
TA920

TA870
TA920
TA 1520
TA 1538

TA920

TA 1520
TA 1538

TA 1538

TA 1520
TA 1538

P2IT

01C-03C
OIC-UX
01C-23X
02C-34X
01C-23X

01C-12C
03C-13X

13C-56X
0-22C

23C-34X
56X

13C-34X

13X-56X
02C-34X

13C-23C

23C-56X
01C-04C
O3C-13C

run 1
run 2
run 1
run 2

run 1
run 2

run 1
run 2

Infection
01C-13C

156
118
56

194
126

83^
180
126
46

139
87

114

11

31
116

63^

0
207
109

type (number of plants)
23X-56X 78X-88P

10
39

139
24
98

7
17
24

2
42

100
44

56

130
11

974

45
37
16

12
9
0
2
0

6
5
3
4

0
11

1
5

4

11
7

0

4
0
6

Observed ratio
(01C-56X):
(78X-88P)

13.8:1
17.4:1

109.0:1

13.8:1
37.5:1
47.7:1
15.0:1

11.7:1

31.6:1

16.8:1

14.6:1
18.1:1

-

11.0:1

20.8:1

Z'(15:l)

0.01
0.08

11.96**
9.86**

44.75**

0.00
3.76
3.81
0.07

8.23**
0.37
3.91*
2.30

0.00

0.01
0.10

9.63**

0.07
15.22**
0.37

*,**Significantly different from zero at P = 0.05 and P = 0.01, respectively
'Infection type
^Plants were scored as resistant or susceptible
'Number of plants with infection types similar to that of TA 1538
•"Number of plants with infection types similar to that of TA 913

T. araraticum parent. When inoculated with 37 diverse isolates
of powdery mildew, TA 895 consistently had few or no disease
symptoms (rating = 0-4) and 'Arlin' was susceptible (rat-
ing = 7-9) to 35 isolates (Table 5). Both derived lines gave
intermediate reactions when inoculated with 25 isolates. Low
reaction types (rating = 0-3) resulted from inoculation of the
derived lines with five isolates (9, 127, 146-2a, 209a2, and
Asosan). The Asosan isolate produced no disease symptoms on
leaves of U2659-1-7-M1 and U2659-2-9-M2. This isolate gave
an intermediate reaction type on the recurrent parent. The
derived lines may not be homozygous, because susceptible
plants were detected in both lines (Table 5).

Discussion
Whereas production of the initial interspecific hybrid between
wheat and T. araraticum is not problematic, the production of
inadequate numbers of backcrossed seed is a potential barrier
to successful introgression from T. araraticum in a backcrossing
programme. Gill and Raupp (1987) and Cox et al. (1991)
observed that, in direct crosses of wheat with the diploid species
T. tauschii and T. monococcum, a potential limiting factor for
gene transfer was low production of BCj seed. In crosses
between T. araraticum and wheat, production of an adequate
number of BC2 seed is also important. In this introgression
study, no selection for pest resistance was done on BC|F, plants
because we were interested in transferring resistance to more
than one pest and we needed to keep plants as healthy as
possible in order to obtain selfed or backcrossed seed. Because

most BC|Fi plants were male-sterile, selfed seed for screening
could not be obtained. Therefore, randomly backcrossing as
many BC|Fi plants as possible was necessary. Because female
fertility of BC,F| plants is high, production of sufficient num-
bers of BC2F, seed is simply a matter of making enough pol-
linations.

We detected resistance to powdery mildew in 38% of the
BCjF, families tested; however, resistance to leaf rust was
observed in only 9% of the BC2F, families screened. The latter
frequency is lower than expected, indicating that there may be
selection against chromosomes or chromosomal regions from
T. araraticum. Evidence of selection both for and against trans-
fer of certain chromosomes of T. timopheevii and T. araraticum
in backcrosses to T. aestivum has been reported (Allard 1949,
Gill et al. 1988, Friebe et al. 1994, Brown-Guedira 1995).

Using several accessions of the wild parent and different
wheat genotypes when attempting to transfer genes from T.
araraticum has a number of advantages. In this study, the num-
ber of seed obtained at the first backcross varied with different
combinations of T. araraticum and wheat parents. Although
information about resistance to pests other than leaf rust was
not available when the initial crosses were made, resistance to
powdery mildew and other pests was subsequently detected in
the 12 T. araraticum accessions that had been crossed to wheat
(Brown-Guedira et al. 1996). In addition, although nothing was
known about the diversity of resistance to leaf rust in these T.
araraticum accessions, at least four leaf rust resistance genes
were apparently transferred to wheat. Some parental com-
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Table 5: Infection types of Triticum araraticum parent (TA 895), recur-
rent wheat parent (Arlin), and two BC2F2;3 lines derived from a cross
between wheat and Triticum araraticum when inoculated with 37 iso-
lates of Blumeria graminis f. sp. tritici

Line

Isolate TA895 'Arlin' U2659-1-7-M1 U2659-2-9-M2

2
3a
4
5
6
8
9
10
42a,
43a2
73b2
93b2
95
lOla,
121a,
127
137a,
144
146-2a
153-c
I53a2
156b,
169-16
184a2
209a2
216a,
85063
'Asasan'
E314
E325
Fla+7-12
Mio,o
Pm4
W72-27
Wkin91

1'
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

0/4
0
0
0
0

9
7
9
9
7
9
7
9
9
9
8
9
9
9
8
9
8
8
6
9
9
9
9
9
8
9
9
4
8
8
9
9
9
8
9

7
4
4
9
4
4
0
5
4
3
5

0/9
4

0/6
4
2
4
5
1
5
6
4
4
4
1

1/4
8
0
4
4
4
4
4
4
4

1/5
5
4
6
5
3
2
4
6
6
5
1
4
5
2
1
4
4
2
4
9
7
7
6
2
4
0
0
4
4
4
6
4
4
5

'Rated on a scale of 0 to 9 where 0-3 = resistant, 4-6 = intermediate
and 7-9 = susceptible

binations of T. araraticum and wheat may also produce more
desirable progeny than others.

Browder (1980) noted temperature sensitivity of the T. tim-
opheevii-deriyed resistance gene Lr\S, which becomes ineffec-
tive at a temperature of 25°C. In our study, infection types of
seedlings carrying T. araraticum-derived resistance increased at
28°C, but resistance remained eflfective in the tested temperature
range. The amount of variation in infection type observed at
different temperatures was dependent on the wheat back-
ground. The leaf rust resistance gene derived from TA 874 gave
lower infection types at 28°C in a 'Karl 92' background than in
a TAM 107 background.

The chromosomal locations of the transferred leaf rust resist-
ance genes were not determined. Cytogenetic analysis did reveal
the presence of chromosomes 2G and 5G in different resistant
lines, although these chromosomes did not appear to be related
to resistance. Mclntosh (1983) noted that the T. timopheevii-
derived genes LrlS, and Sr36, located on chromosomes 5BL
and 2B, respectively, were transferred to wheat in various inde-
pendent programmes. He suggested that wheat chromosomes
2B and 5B may have close homology with their T. timopheevii
homoeologues, making for rapid and repeatable transfers.

Powdery mildew resistance transferred from TA 895 to
'Arlin' is conditioned by a gene other than the Pm(> gene already
transferred to wheat from T. timopheevii, because isolates used
in screening were virulent to Pmd. In aggregate, the 37 isolates
of B. graminis f.sp. tritici used to screen the two BC2F2:3 lines
carrying powdery mildew resistance derived from TA 895 are
virulent to all of the named powdery mildew resistance genes
with the exception of P/?il6. That gene was transferred to hexa-
ploid wheat from the wild tetraploid species T. diccocoides
(Mclntosh et al. 1995). Possibly, a new gene for powdery mildew
resistance has been transferred to wheat from T. araraticum.
Wheat lines carrying this gene had intermediate infection types
when inoculated with most of the isolates tested, whereas the
T. araraticum parent was highly resistant to all isolates. The T.
araraticum-der'wed resistance gene may have reduced
expression in a hexaploid wheat background, or TA 895 may
have additional factors conferring powdery mildew resistance
that were not transferred.

In summary, direct hybridization of locally adapted wheat
cuitivars with T. araraticum followed by backcrossing to the
wheat parent was an effective way of transferring pest resistance
from this species. Plants that are fertile and euploid can be
obtained after two backcrosses to the wheat parent, but devel-
opment of germplasm with acceptable agronomic traits may
require additional backcrossing. Although transfer of resistance
genes from T. araraticum to wheat is labour-intensive, the effort
is worthwhile when considering the resistance to a wide range
of pests and the diversity of leaf rust resistance genes available
in T. araraticum.
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