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THE INFLUENCE OF ADDITIONS OF RYE CHROMOSOMES 
ON PLANT DRY MATTER AND ROOT SIZE IN BREAD WHEAT 

ABSTRACT

The tol er a tion of poor soil and high ef fi ciency of min eral nu tri ents use of rye has been suc cess fully trans ferred
to triticale, but only one rye chro mo some (1RS) has been used in wheat breed ing. We started stud ies on iden ti fi ca -
tion of other rye chro mo somes po ten tially use ful in im prove ment of wheat, with spe cial em pha sis on root char ac -
ters. We an a lyzed dry mat ter, length and num ber of roots (sem i nal and ad ven ti tious roots sep a rately), to gether with 
plant dry mat ter, in two sets of disomic wheat-rye ad di tion lines (CS-‘Blanco’ and CS-‘Im pe rial’). Plants were
grown in hy dro ponic cul ture. In re la tion to the ‘Chi nese Spring’ (CS) wheat, all the ad di tion lines showed de crease
of plant and root size pa ram e ters. The chro mo somes 5R and 7R were best tol er ated in wheat, but they caused a de -
crease of root pro por tion in plant. The 4R ad di tion was the least vi a ble one, but the root/plant ra tio was higher than
in wheat. The re sults were in flu enced mainly by in ter ac tion be tween homoeology group and cultivar of or i gin of
rye chro mo somes. The high est in ter ac tions of this kind were found in the 5R and 6R ad di tions. 
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INTRODUCTION

The grow ing pop u lar ity of low in put cul ti va tion sys tems in ag ri cul ture cre ates
de mand for new wheat cultivars with im proved nu tri ent use ef fi ciency (Ceccarelli
1996). Marked dif fer ences have been re ported among wheat cultivars in up take as
well as in uti li za tion of min eral nu tri ents (Fageria and Baligar 1999, Le Gouis et al.
2000). The root size and struc ture char ac ter is tics have pro found ef fects on plants
abil ity to ac quire and sorb nu tri ents in soil (Jungk 2001). They are re lated to the
abil ity of roots to pen e trate high den sity soil lay ers, to tol er ate tem per a ture and
mois ture ex tremes as well as tox ic ity and de fi cien cies of el e ments. Ad di tion ally,
the abil ity to mod ify the rhizosphere pH and the nu tri ent up take ki net ics are also af -
fected by root mor phol ogy (Baligar et al. 2001). A re mark able level of vari a tion
has been re ported in the mor pho log i cal traits of roots of bar ley, oats and wheat
(Górny 1992). How ever, this kind of vari a tion is lit tle ap pli ca ble in plant breed ing
be cause of dif fi cult ob ser va tion of roots in situ (Zobel 1986). The prog ress in
marker as sisted se lec tion makes new pros pects of con trol ling root char ac ters in
a breed ing pro cess, but it re quires a pro found knowl edge on ge net ics of the char ac -
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ters. The anal y sis of wheat-rye ad di tion lines may be help ful in in te gra tion and ver -
i fi ca tion of ge netic maps. The ex ist ing lit er a ture on lo ca tion of the root
de vel op ment genes is rather scarce and con cerns mainly Arabidopsis thaliana and
rice. Only a few root mu tants have been iso lated in ce re als other than maize and rice 
(Hochholdinger et al. 2004). On the other hand, the area for stud ies is large, be -
cause root char ac ters are con di tioned by about 30% of plant genes, and one-third of
those (10% of the to tal) are ex pected to de ter mine only the root traits (Zobel 1986).
It im plies, that the genes for root sys tem are lo cated on all chro mo somes of a plant.

 In the typ i cal Pol ish soil con di tions rye is the ce real spe cies with the most ef fi -
cient root sys tem (Starzycki 1976). The value of rye ge nome has been con firmed in
triticale, the spe cies show ing a re mark able im prove ment, in re la tion to wheat, in
up take and use of min eral nu tri ents, par tic u larly on poor soils (Ciep³y and Oracka
2001). There fore, rye chro mo somes should be con sid ered a valu able source of vari -
a tion in root traits for wheat. The ex ist ing breed ing ma te ri als of wheat sup port the
idea, as even the sub sti tu tion of a whole sin gle chro mo some arm (1BS or 1AS by
1RS) proved to be highly use ful in rais ing yield po ten tial (Rabinovich 1998). The
wide dis tri bu tion of 1RS.1BL translocation among wheat cultivars seems to be re -
lated to higher root bio mass caus ing wide ad ap ta tion of wheat with this
introgression (Ehdaie et al. 2003).

The wheat-rye ad di tion lines are a con ve nient ma te rial for re search on lo cal iza -
tion of genes de ter min ing root char ac ters in wheat, rye and triticale and their in ves -
ti ga tion should bring in for ma tion on use ful ness of rye chro mo somes or their
frag ments in wheat breed ing. In this study we have de ter mined the in flu ence of par -
tic u lar rye chro mo somes from two sets of wheat-rye ad di tion lines on the size of
root sys tem. 

MATERIALS AND METHODS

The ex per i ment was per formed with two sets of disomic ad di tion lines of the
hexaploid wheat cv. ‘Chi nese Spring’ car ry ing chro mo somes from rye cultivars
‘Blanco’ and ‘Im pe rial’. The ‘Chi nese Spring’ – ‘Blanco’ set (CSB), es tab lished by 
Lukaszewski (1988), was com plete. The avail able set ‘Chi nese Spring’ – Im pe rial
(CSI, es tab lished by Driscoll and Sears, 1971) was lack ing the 4R chro mo some ad -
di tion, but its ge netic ma te rial was pres ent in two ditelosomic lines CSI 4RL and
CSI 4RS. As con trols, the pa ren tal wheat and rye cultivars and their amphiploids
were used. The both CSB and CSI sets were re ceived from A. J. Lukaszewski, Uni -
ver sity of Cal i for nia, Riv er side, USA and prop a gated in IHAR-Radzików. The
seed used in the ex per i ment was col lected from bagged spikes of plants with
cytogenetically ver i fied chro mo some con sti tu tion, in or der to avoid spon ta ne ous
losses of added chro mo somes. The di ver gent plants (mainly those with better
vigor) were ad di tion ally ver i fied for car ry ing rye chro mo somes (with the C-band -
ing method).

 Seed lings were kept in 4°C for 30 days and were planted on plas tic tanks con -
tain ing 40 l of the mod i fied Hoagland no. 2 so lu tion at re duced level of min eral
elements. The me dium con tained the fol low ing salts: Ca(NO3)2·4H2O – 475 mg × l-1,
KNO3 - 305 mg × l-1, MgSO4·7H2O – 245 mg × l-1, NH4H2PO4 – 60 mg× l-1,
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H2BO3 – 1.43 mg × l-1, MnCL2·4H2O – 0.90 mg × l-1, CuSO4·5H2O – 0.04 mg × l-1,
ZnSO4·7H2O – 0.11 mg × l-1, Na2MoO4·2H2O - 0.04 mg × l-1, EDTA Fe-Na -
0.007 mg × l-1.

The nu tri ent so lu tion was re newed ev ery 4 days and aer ated for 10 min utes ev ery
hour. The ex per i ments were car ried out in a growth cham ber sup plied with the flu o -
res cent lamps (MASTER TLD 58W/865, PHILIPS), at ra di ance 350 mmol × m2 × s-1

and 16h day length. The tem per a tures ranged be tween 18°C (day) and 13°C (night). 
Air hu mid ity was kept at 70%. The plants were har vested af ter 17, 30 and 38 days
of growth, in three rep li cates of four plants each. It cor re sponded to the growth
phases of seed ling, be gin ning of shoot ing and ad vanced shoot ing, re spec tively.
The fol low ing mea sure ments were made: dry mat ter (105°C) of plant (PM), sem i -
nal and ad ven ti tious roots dry mat ter (SRM and ARM), length (ac cord ing to Ten -
nant 1975) and num ber of sem i nal and ad ven ti tious roots (SRL, ARL, SRN, ARN,
re spec tively). The length of roots was an a lyzed only for the first two har vests.
From the col lected data, three other val ues char ac ter iz ing root sys tem were cal cu -
lated: RM – to tal root dry mat ter (ARM + SRM), RM/PM – root dry mat ter to plant
dry mat ter ra tio and ARM/RM – ra tio of ad ven ti tious roots dry mat ter to to tal root
dry mat ter. 

 Data were pro cessed in two ways. The first one was a sin gle fac to rial anal y sis of
vari ance pro ce dure (ANOVA), in clud ing both sets of ad di tions, sep a rately for each 
of the three times of har vest. The dif fer ences were tested us ing the Tukey`s test.
The data on fig ures are pre sented in rel a tive val ues; for each of the mea sured traits
the dif fer ences be tween re sults ob tained for the ad di tions and the re sults for ‘Chi -
nese Spring’ were di vided by rel e vant LSD val ues. There fore, all the re sult ing dif -
fer ences higher than 1 or lower than –1 are sig nif i cant. Ad di tion ally, a two fac to rial 
anal y sis of vari ance was per formed for the 2nd and 3rd har vest time, in or der to de ter -
mine sig nif i cance of in ter ac tion be tween chro mo some homoeology group and do -
nor rye cultivar (pro ce dure VARCOMP for Type 1 sum of squares, SAS 9.1). 

RESULTS

The sta tis ti cally sig nif i cant dif fer ences have been stated with the sin gle -fac to rial 
ANOVA for all the in ves ti gated char ac ters of both sets, to gether with the pa ren tal
forms, in all three times of har vest (Fig. 1). The Ta ble 1 con tains means for the
‘Chi nese Spring’ wheat and LSD val ues for the in ves ti gated traits. The re sults for
the 1st har vest were fre quently very di ver gent from those of the fol low ing two har -
vests. It sug gested in flu ence of dif fer ences in amount of nu tri ents de liv ered from
seed at ger mi na tion. Among the ad di tion lines, the thou sand ker nel weight var ied
from 13.6 g (CSI 4R) to 46.3 (CSI 7R). Sig nif i cant co ef fi cients be tween the seed
mass and the stud ied pa ram e ters were found for the main char ac ter is tics in the seed -
ling stage, the re sults of the next two har vests were not in flu enced, with the ex cep -
tion of SRM for the 3rd har vest (Ta ble 2). Thus, the de scrip tions be low con cern
mainly the re sults of har vests 2 and 3. 

 The two-fac to rial anal y sis of vari ance, per formed for the har vests 2 and 3, re -
vealed al most no ef fect of do nor rye cultivar on the in ves ti gated traits. The ef fect of
homoeology group of the added chro mo some was higher for the ma jor ity of the
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Fig.1. The in flu ence of chro mo some ad di tions from ‘Blanco’ and ‘Im pe rial’ rye cultivars to the ‘Chi nese
Spring’ wheat on root sys tem. De vi a tions from the wheat stan dard are ex pressed in the LSD units. 

Time of har vest: I – white, II – hatched, III – black
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Fig.1. The in flu ence of chro mo some ad di tions from ‘Blanco’ and ‘Im pe rial’ rye cultivars to the ‘Chi nese
Spring’ wheat on root sys tem. De vi a tions from the wheat stan dard are ex pressed in the LSD units. 

Time of har vest: I – white, II – hatched, III – black (con tin ued)
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Spring’ wheat on root sys tem. De vi a tions from the wheat stan dard are ex pressed in the LSD units. 

Time of har vest: I – white, II – hatched, III – black (con tin ued)



char ac ters (0 – 56% of to tal vari ance). The dom i nant part of vari ance (up to 99% for 
sem i nal roots length) con sti tuted in ter ac tion be tween chro mo some and cultivar
(Ta ble 3).

 Plant and root mass of ‘Blanco’ sur passed those of ‘Chi nese Spring’. The ‘Im pe -
rial’ rye do nor and the both amphiploids showed lower dry mat ter. length and num -
ber of roots than the wheat ac cep tor of chro mo somes. but the pro por tion of roots in
a plant was sig nif i cantly higher. 

 Gen er ally. the ad di tion lines had lower val ues of num ber. length and dry mat ter
of sem i nal and ad ven ti tious roots as well as dry mat ter of the whole plant when
com pared to the ‘Chi nese Spring’ wheat con trol. 

Among the in ves ti gated char ac ters. plant dry mat ter is a trait ex press ing plant
vigor in the best way. there fore it is use ful as a back ground for anal y sis of other
traits of the root sys tem. The tol er ance for added rye chro mo somes was de pend ent
on time of har vest. ad di tion homoeology group to gether with the rye do nor
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Ta ble 1 
The mean  val ues for the in ves ti gated traits of the ‘Chi nese Spring’ wheat 

and the cor re spond ing LSD-val ues

Traits

Times of harvest (days after planting)

17 30 38

mean LSD mean LSD mean LSD

PM - plant dry matter [g] 0.279 0.042 1.377 0.129 2.82 0.285

RM - total roots dry matter [g] 0.082 0.013 0.338 0.035 0.613 0.115

SRM - seminal roots dry matter [g] 0.065 0.012 0.129 0.025 0.16 0.057

SRL - seminal roots length [cm] 800 116 1407 189

SRN - seminal roots number 5.5 1.3 5.5 1.4 5.1 1.6

ARM - adventitious roots dry matter [g] 0.018 0.006 0.209 0.033 0.454 0.093

ARL - adventitious roots length [cm] 125 37 944 134

ARN - adventitious roots number 6.4 1.4 30.3 9.4 41.8 7.5

RM/PM - ratio [%] 29.7 3.8 24.6 2.9 21.8 5.8

ARM/RM - ratio [%] 21.8 8.1 61.7 12.5 73.9 16.8

Ta ble 2
Cor re la tion co ef fi cients be tween ker nel weight and the in ves ti gated traits of the wheat-rye ad di tion lines

Traits
Times of harvest [days after planting]

17 30 38

PM - plant dry matter 0.46 ns ns

RM - total roots dry matter 0.55 ns ns

SRM - seminal roots dry matter 0.6 ns 0.56

SRL - seminal roots length ns ns

ARM - adventitious roots dry matter ns ns ns

ARL - adventitious roots length ns ns  



cultivar. In the CSB set. the high est de crease of to tal plant dry mat ter was found for
the 4R and 6R ad di tions. The re sult for 5R. al though sig nif i cantly lower than the
pure wheat re cord. was the least dif fer ent from the wheat con trol. In the CSI set. the
high est vig our of the 5R ad di tion was con firmed and the 7R was al most on the same 
level. Both added arms of 4R ex erted neg a tive in flu ence sim i lar to the whole 4R of
the CSB set. The high est in ter ac tions be tween rye cultivar and homoeology group
were re corded for the 6R and 5R chro mo somes: the 5R from ‘Im pe rial’ and 6R
from ‘Blanco’ ex erted more neg a tive in flu ence on plant mass than the 5R from
‘Blanco’ and 6R from ‘Im pe rial’. 

The pro por tion of roots in plant dry mat ter of the wheat con trol was 29.7% at the
first har vest and dropped grad u ally to 21.8% at the last one. Among the ad di tion
lines. the de crease was ob served from 25.7% (CSB 1R) – 34.5% (CSI 4RL) in the
seed ling phase to 14.9% (CSI 5R) - 30.2% (CSB 4R) at ad vanced shoot ing. The in -
flu ence of the ad di tions on root dry mat ter was gen er ally sim i lar to that ob served
for the whole plant. As the RM/PM ra tios show. only in the ad di tions 4R. 5R and
7R the root mass de crease was not par al lel to that of to tal plant. In the CSB 4R and
CSI 4RL lines the root mass de crease was lower than in whole plant. The neg a tive
ef fect of the ad di tions on roots was more dis tinct than on whole plant in the 5R and
7R ad di tion lines.

The ef fects of the ad di tions on sem i nal roots dry mat ter were most pro nounced at
the first har vest. The most neg a tive and sig nif i cant ef fects were those of the ad di -
tions of 4R for both sets and 6R in the CSB set (but it could be a re sult of lower ker -
nel weight). The 3R. 7R and 5R ad di tions caused the low est de crease of sem i nal
roots dry mat ter. and this prev a lence was ex tended to the fol low ing har vests’ re -
sults. 

The dif fer ences ob served for length of sem i nal roots were al most iden ti cal to
those for the dry mat ter (data not pre sented in the Fig. 1). In the num ber of sem i nal
roots. sig nif i cant dif fer ences from ‘Chi nese Spring’ were met only in the groups 4R 
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Ta ble 3
Per cent age con tri bu tion of ad di tion set, added chro mo some homology group and their in ter ac tion 

to to tal vari ance of the in ves ti gated traits

Variance components Set Chromosome Interaction Error

Traits harvest 2 3 2 3 2 3 2 3

PM - plant dry matter 0 0 19 35 78 61 3 4

RM - total roots dry matter 0 0 26 0 69 94 5 6

SRM - seminal roots dry matter 0 0 56 0 39 86 5 14

SRL - seminal roots length 0 0 99 1

SRN - seminal roots number 0 0 10 4 31 46 59 50

ARM - adventitious roots dry matter 9 0 24 0 63 95 4 5

ARL - adventitious roots length 2 0 97 1

ARN - adventitious roots number 0 0 17 9 13 81 70 10

RM/PM - ratio 0 0 3 5 89 74 8 21

ARM/RM - ratio 13 15 38 3 45 71 4 11



and 6R at the early growth phases. Oc ca sion ally. the re sults for the 3R and 5R ad di -
tions were even higher than for the wheat con trol. Par tic u larly the 3R chro mo some
in creased the num ber of sem i nal roots in both sets (up to 110% of the wheat check
in the shoot ing phase for CSI).

 For the ‘Chi nese Spring’ wheat. the pro por tion of ad ven ti tious roots in to tal dry
mass of roots changed from 21.8% in the first har vest time to 73.9% in the third
one. The rye ad di tions showed the in creases from 12.1(CSI 2R)- 38.1% (CSI 4RS)
in seed ling to 27.4% (CSB 7R) – 74.7% (CSI 4RS) in shoot ing. The low est neg a -
tive in flu ence on length of ad ven ti tious roots was re corded in 2R. 5R and 7R of the
CSB set. and 6R and 5R of the CSI set. The low est re sults were those for CSB 6R.
CSB 4R and CSI 4RL. The low est num ber of ad ven ti tious roots was ob served in the 
4R and 6R ad di tions. The dif fer ences were most dis tinct at the last har vest. es pe -
cially in the CSB set. where they were sta tis ti cally sig nif i cant. The 3R. 5R and 1R
of CSB ad di tions were the least di ver gent from the con trol. in the CSI set the dif fer -
ences be tween var i ous ad di tions were not sig nif i cant. 

DISCUSSION

The in flu ence of ad di tion of the whole alien ge nome on plant vigor may be
roughly as sessed in the CSB and CSI octo-alloploids as the 61% and 36% de crease
of plant dry mat ter. re spec tively. in re la tion to the ‘Chi nese Spring’ wheat con trol.
De crease of root dry mat ter was 62% for the CSB alloploid and only 14% for the
CSI alloploid (at the end of the ex per i ment). In the CSI. the root sys tem was dis -
tinctly less sus cep ti ble to ad di tion of the rye ge nome than shoots. This shows the
im por tance of va ri etal dif fer ences of the rye ge nome do nors. The per for mance of
do nors per se was not par al lel to that of their alloploids. How ever. the re sults for
rye may not be re li able. be cause the ‘Blanco’ and ‘Im pe rial’ were rep re sented in
the ex per i ment by prog e nies of small groups of in di vid u als de rived from the
cultivars pop u la tions and the in breed ing de pres sion level was be yond con trol. The
dis tinct su pe ri or ity of the ‘Blanco’ rye over the ‘Im pe rial’ one in plant and root dry
mat ter may be re lated to a lower num ber of in breed ing events dur ing main te nance
of the ‘Blanco’ set. which was es tab lished more re cently.

For a sin gle added pair. only 1/7 of the whole rye ge nome ef fect could be as -
cribed to intergeneric in com pat i bil ity of non-coadapted genes. but the dif fer ences
were much higher. The pairs of rye chro mo somes added to hexaploid wheat caused
a 30-90% de crease of plant or root dry mat ter. There fore. the ma jor ity of vigor de -
crease could be at trib uted rather to the dis turbed gene ra tio ef fects. re lated to
aneuploidy. than to the intergeneric in com pat i bil ity. 

The mag ni tude of ef fects ex erted by the added chro mo somes on size of plants.
roots and their frac tions was dif fer en ti ated among the ad di tion lines. de pend ing on
homoeology group as well as cultivar-spe cific genes car ried by the added chro mo -
somes. The ex treme ef fects were noted on the same chro mo somes in both sets. The
5R-s were best tol er ated and the 4R-s. were most det ri men tal. The high est in ter ac -
tion ef fects. re lated to the va ri etal back ground of rye chro mo somes. were re corded
for the 6R and 5R ad di tions in their plant dry mat ter. Other rye cultivar spe cific dif -
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fer ences were stated in sem i nal roots mass of the groups 6R. 7R and 5R. in ad ven ti -
tious roots length of 2R. 6R. 7R and 5R. and ad ven ti tious roots num ber in 3R. 

Ac cord ing to the ear lier re sults of Lahsaiezadeh et al. (1983). the 5R chro mo -
some from the CSI ad di tion set caused also the low est de crease of yield and was
fol lowed by the chro mo somes 7R and 1R. In their drought stress ex per i ment the
yield of 5R ad di tion line was even higher than the yield of the ‘Chi nese Spring’
wheat con trol. The cited au thors’ re sults for the 4R ad di tion con firm also our re -
sults. Only the re sults for the 2R line are di ver gent. It was the low est yield ing line in 
the cited pub li ca tion. but av er age or a lit tle above it in our com par i sons of plant and
root dry mat ter. The CSI 2R re sults are more in agree ment with those of Shakir and
Waines (1993). an nounc ing high pro duc tiv ity of this line un der drought con di tions.

The num ber of sem i nal roots in the ad di tion lines was not sig nif i cantly dif fer ent
from that of ‘Chi nese Spring’. The num ber of ad ven ti tious roots was grow ing de -
pend ing on an ad di tion and it was the main com po nent of the above men tioned dif -
fer ences stated for the whole root sys tem. The dif fer ences ob served in dry mat ter
and length of sem i nal and ad ven ti tious roots were gen er ally par al lel to those found
for the whole plants and roots.

The chro mo somes 5R and 7R are known as car ri ers of genes con trol ling tol er -
ance to some micronutrient de fi cien cies: Zn. Mn and Fe (for 7R) and Cu (for 5R)
(Cakmak et al. 1997. Schlegel et al. 1993. 1997. Gra ham et al. 1987). there fore en -
gi neer ing of these chro mo somes seems to be much im por tant for nu tri ent-ef fec tive
wheat. Re cent work of Mohammadi et al. (2003) re vealed also lo ca tion of ma jor
genes con trol ling yield and drought tol er ance on the chro mo somes 7R. 3R and 5R
of the same CSI set of ad di tion lines. The pos i tive ef fect of the 3R chro mo some was 
ev i dent also in stud ies of Anio³ (2004) on alu mi num tox ic ity tol er ance. In our stud -
ies. the in flu ence of 3R on plant and root size was not as dis tinct as it could be ex -
pected. How ever. no tice able ef fects were re corded on dry mat ter. length and
num ber of sem i nal roots. The 3R ad di tion of ‘Blanco’ was also the least dif fer ent
from the wheat con trol in ad ven ti tious roots num ber. 

CONCLUSIONS

Rye chro mo somes of the 5th and 7th groups of homoeology may serve as the most
prom is ing sources of genes in flu enc ing plant vigor in wheat. Their in flu ence on
vol ume of root sys tem is less pro nounced. but it does not ex clude im por tant pos i -
tive ef fects on root ef fi ciency. as the re sults of other au thors sug gest. The 3R is also
worth of at ten tion as a po ten tial source of abiotic stress tol er ance. par tic u larly in
early growth stages. The cultivar of or i gin of a rye chro mo some is much im por tant
and the 5R from ‘Blanco’ or 6R from ‘Im pe rial’ are dis tinctly su pe rior over the
same chro mo somes from the other cultivar. The high sig nif i cance of chro mo some
– cultivar in ter ac tion. found in this rel a tively small ma te rial of two sets of ad di tion
lines. sug gests that a much greater vol ume of use ful vari a tion re mains un dis cov -
ered on chro mo somes of rye pop u la tions. 

The in flu ence of ad di tions of rye chro mo somes on plant dry ma ter and root size in bread wheat 15



REFERENCES

Anio³ A. 2004: Chro mo somal lo ca tion of alu minium tol er ance genes in rye. Plant Breed ing 123. 132 – 136. 
Baligar V. C.. Fageria N. K.. He Z. L. 2001: Nu tri ent use ef fi ciency in plants. Commun. Soil Sci. Plant Anal. 

32. 921-950.
Cakmak I.. Derici R.. Torun B.. Tolay I.. Braun H. I.. Schlegel R. 1997: Role of rye chro mo somes in im -

prove ment of zinc ef fi ciency in wheat and triticale. Plant Soil 196. 249-253.
Ceccarelli S. 1996: Ad ap ta tion to low/high in put cul ti va tion. Euphytica 92.  203-214.
Cieply J.. Oracka T. 2001: Ge netic dif fer ences for nu tri ents uti li za tion  ef fi cien cies in win ter triticale and

spring wheat. In: W.J.Horst (ed.). Plant nu tri tion-food se cu rity and sustainability of agro-eco sys tems.
96-97. Kluwer Ac a demic Pub lish ers. Printed in the Neth er lands.

Driscoll C. J.. Sears E. R 1971: In di vid ual ad di tion of the chro mo somes of ‘Im pe rial’ rye to wheat. Agron
Abstr. 6.

Ehdaie B.. Whitkus R. W.. Waines J. G. 2003: Root bio mass. wa ter- use ef fi ciency. and per for mance of
wheat-rye translocations of chro mo somes 1 and 2 in spring bread wheat ‘Pavon’. Crop Sci. 43.
710-717.

Fageria N. K.. Baligar V. C. 1999: Phos pho rus-use ef fi ciency in wheat ge no types. J. Plant Nutr. 22 (2).
331-340.

Górny A. G. 1992: Ge netic vari a tion of the root sys tem in spring bar ley and oat. In sti tute of Plant Ge net ics
Pol ish Acad emy of Sci ences. Se ries: Trea tises and Mono graphs No.1. 1-90.

Gra ham R. D.. Ascher J. S.. Ellis P. A E.. Shep herd K. W. 1987: Trans fer to wheat of the cop per ef fi ciency
fac tor car ried on rye chro mo some arm 5RL. Plant Soil 99. 107-114.

Hochholdinger F.. Park W. J.. Sauer M.. Woll K. 2004: From weeds to crops: ge netic anal y sis of root de vel -
op ment in ce re als. Trends Plant Sci. 1. 42-47.

Jungk A. 2001: Root hairs and the ac qui si tion of plant nu tri ents from soil. J. Plant Nutr. Soil Sci. 164.
121-129.

Lahsaiezadeh N.. Ting. I. P.. Waines J. G 1983: Drought re sis tance in Chi nese Spring wheat/Im pe rial rye
ad di tions and sub sti tu tion lines. Proc. 6

th
 Int. Wheat Genet. Symp. Kyoto. Ja pan. 1983. 945-950.

Le Gouis J.. Beghin D.. Heumez E.. Pluchard P. 2000: Ge netic dif fer ences for ni tro gen up take and ni tro gen
uti li sa tion ef fi cien cies in  win ter wheat. Europ. J. Agron. 12. 163-173.

Lukaszewski A.J. 1988: A com par i son of sev eral ap proaches in the de vel op ment of disomic alien ad di tion
lines of wheat. In: T. E. Miller and R. M. D. Koebner (eds.). Proc. 7

th
 Int. Wheat Genet. Symp. Cam -

bridge. UK. 363-367. 
Mohammadi R. R.. Farshadfar E.. Aghaee-Sarbarzeh M.. Sutka J. 2003: Lo cat ing QTLs con trol ling drought 

tol er ance cri te ria in rye us ing disomic ad di tion lines. Ce real Res. Comm. 3-4. 257-264.
Rabinovich S. V. 1998: Im por tance of wheat-rye translocations for breed ing mod ern cultivars of Triticum

aestivum L. Euphytica 100. 323-340. 
Schlegel R.. Kynast R.. Schwarzacher T.. Roemheld V.. Wal ter A. 1993: Map ping genes for cop per de fi -

ciency in rye and the re la tion ship be tween cop per and iron ef fi ciency. Plant Soil 154. 61-65.
Schlegel R.. Cakmak I.. Torun B.. Eker S.. Koleli N. 1997: The ef fect of rye ge netic in for ma tion on zinc.

cop per. man ga nese and iron con cen tra tions of wheat shoots in zinc-de fi cient soil. Ce real Res.
Commun. 25. 177-184.

Shakir H.S.. Waines J.G. 1993: Drought re sis tance in bread wheat. rye. bar ley and Dasypyrum. Bar ley
Genet. Newsl. 22. 65.

Starzycki S. 1976: Dis eases. pests and phys i ol ogy of rye. In: W. Bushuk (ed.). Rye: pro duc tion. chem is try
and tech nol ogy. Am. Assoc. of Ce real Chem ists. St. Paul. MN. 27-61.

Ten nant D. 1975: A test of mod i fied line in ter sect method of es ti mat ing root length. Journ. of Ecol. 63.
995-1001.

Zobel R.W. 1986: Rhizogenetics (root ge netic) of veg e ta ble crops. HortScience 21. 956-959.

16 Teresa Oracka, Bo gus³aw £apiñski



Teresa Oracka, Bo gus³aw £apiñski

Plant Breed ing and Ac cli ma ti za tion In sti tute, Radzików, 05-870 B³onie, Po land

THE INFLUENCE OF D(R) SUBSTITUTIONS ON PLANT DRY 
MATTER AND ROOT SIZE IN HEXAPLOID TRITICALE

ABSTRACT

Two sets of disomic sub sti tu tion lines, de rived from the cultivars ‘Presto’ and ‘Rhino’ of triticale, with rye
chro mo some pairs re placed by their wheat D-ge nome homoeologues, were tested in hy dro ponic cul ture. The size
of root sys tem (dry mat ter, length, num ber of sem i nal and ad ven ti tious roots) was in ves ti gated to gether with to tal
plant dry mat ter. The re sults were in flu enced mainly by the growth stage and in ter ac tion be tween homoeology
group of ex changed chro mo somes and va ri etal back ground. In re la tion to the con trols (un changed cultivars), only
the ‘Rhino’ 2D(2R) showed a sig nif i cant in crease of plant dry mat ter. No sig nif i cant neg a tive ef fect on plant mass
was stated for the 3D(3R) in ‘Presto’ and the both 1D(1R) sub sti tu tions. Tol er ance of the 4D(4R), and 5D(5R)
disomic sub sti tu tions was poor; 7D(7R) was ab sent as not able to sur vive. The ma jor ity of changes no ticed for the
root sys tem pa ram e ters were par al lel to the changes in plant dry mat ter. Be sides, some ef fects spe cific to root sys -
tem were found in adult plants. Re la tion ships are dis cussed be tween the ob tained results and the earlier ones on
disomic rye additions to hexaploid wheat.

Key words chro mo some sub sti tu tion, root sys tem, rye, triticale, wheat

INTRODUCTION

Con sid er ing the im por tance of rye root char ac ters in de ter mi na tion of this crop
use ful ness in low-in put ag ri cul ture we per formed stud ies on co-op er a tion of par tic -
u lar rye chro mo somes with genomes of wheat, in re spect of pos si ble ef fects on
plant mass as well as on root mass, length and num ber. In the ear lier ex per i ment the
in flu ences have been de scribed of whole rye chro mo some disomic ad di tions in
wheat (Oracka and £apiñski, 2005). A sig nif i cant dif fer en ti a tion was stated among
the ad di tion lines in the mag ni tude of ef fects ex erted by chro mo somes of dif fer ent
homoeology groups in ter act ing with do nor cultivars (‘Blanco’ or ‘Im pe rial’) of rye 
chro mo somes. It ap plied to dry mat ter of plants and roots as well as num ber and
size of sem i nal and ad ven ti tious roots. The chro mo somes 5R and 7R were best tol -
er ated in wheat and the ef fect of 4R was most det ri men tal. The 3R chro mo some
seemed in ter est ing as a pos si ble source of genes con trol ling num ber and mass of
sem i nal roots. 
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The D(R) chro mo some sub sti tu tion lines of hexaplod triticale make a unique op -
por tu nity of ver i fi ca tion of the above state ments on dif fer ent ge netic back ground.
In the wheat ad di tion lines, it is im pos si ble to sep a rate in com pat i bil ity ef fects of
for eign rye genes and aneuploidy ef fects of su per nu mer ary chro mo somes. In a sub -
sti tu tion line of triticale, the ef fects may be at trib uted to in tro duc tion of a for eign
D-ge nome wheat chro mo some as well as to re moval of the cor re spond ing rye chro -
mo some. Only a com plex in ves ti ga tion of both ad di tion and sub sti tu tion lines gives 
op por tu nity to no tice genic ef fects, sig nif i cant for ge netic map ping and breed ing
ap pli ca tions. The re sults for sub sti tu tion are ex pected to be „re versed” when com -
pared to those of the cor re spond ing ad di tion lines, i.e. the rye chro mo somes best
tol er ated in wheat should be the most lack ing for vigor when sub sti tuted in triticale
by the wheat homoeologous chro mo somes.

In this study, we in ves ti gated ef fects of two sets of D(R) sub sti tu tion lines car ry -
ing sin gle chro mo some pairs of the bread wheat D-ge nome re plac ing their cor re -
spond ing rye homoeologues. 

MATERIAL AND METHODS

The an a lyzed sets of sub sti tu tion lines of hexaplod triticales ‘Rhino’ and ‘Presto’ 
were re ceived from their au thor, A.J. Lukaszewski, Uni ver sity of Cal i for nia, Riv er -
side, USA (Lukaszewski, 1990). The ‘Rhino’ set con sisted of the sub sti tu tions
1D(1R), 2D(2R), 3D(3R), 4D(4R), 4D’’(7R’), 5D(5R), 6D(6R); the 4D pair (de -
signed as 4D’’) was able to sub sti tute only for sin gle 4R or 7R, (4R’ and 7R’ mean
monosomics). In the ‘Presto’ set the sub sti tu tions 1D(1R), 2D(2R), 3D(3R),
4D(4R), 5D(5R), and 6D(6R) were pres ent. The 7D(7R) disomic sub sti tu tions
were ab sent as un ob tain able. The lines were prop a gated from bagged spikes in
Radzików.

Seed ger mi na tion, plant ing and growth con di tions were the same as de scribed in
the pre vi ous pub li ca tion on the ad di tion lines of wheat (Oracka and £apiñski,
2005). The whole plants were har vested af ter 14, 29 and 41 days of growth. It cor re -
sponded to the growth phases of a) seed ling at be gin ning of till er ing, b) be gin ning
of shoot ing and c) ad vanced shoot ing, re spec tively. Plants were sep a rated into
roots (sem i nal and ad ven ti tious) and shoots. The fol low ing mea sure ments were
made: dry mat ter (105°C) of plants (PM), fresh mat ter, dry mat ter, num ber and
length (as sessed ac cord ing to Ten nant, 1975) of sem i nal and ad ven ti tious roots
(SFM, SDM, SN, SL, AFM, ADM, AN, and AL, re spec tively). From the col lected
data, five other val ues were cal cu lated for root sys tem: RM – to tal root dry mat ter
(ADM + SDM), RM/PM – root dry mat ter to plant dry mat ter ra tio and ADM/RM – 
ra tio of ad ven ti tious roots dry mat ter to to tal roots dry mat ter, sem i nal root ra dius
(SR) and ad ven ti tious root ra dius (AR). The SR and AR pa ram e ters were cal cu lated 
from root fresh mat ter (FM) and its length (L) ac cord ing to the for mula (Ningping
and Bar ber, 1985): R=(FM/3.14*L)1/2 . 
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The ex per i ment was de signed as three rep li cates of four plants for each time of har -
vest. Data were pro cessed in two ways. The first one was a sin gle-fac to rial anal y sis of 
vari ance (ANOVA), to gether for both sets of sub sti tu tions, sep a rately for each of the
three times of har vest. The dif fer ences were tested us ing the Tukey`s test. 

Ad di tion ally, a two-fac to rial anal y sis of vari ance was per formed for the 2nd and 3rd

har vest time, in or der to de ter mine con tri bu tion of the homoeology group of ex -
changed chro mo somes, triticale cultivar, and their in ter ac tion to the to tal vari ance
(pro ce dure VARCOMP for Type 1 sum of squares, SAS 9.1).

RESULTS

Thousand ker nel mass (TKM) was ex am ined in the in ves ti gated ma te rial, in or der to
avoid con sid er ation of pos si ble dif fer ences re lated to vari able nu tri tion of seed lings in
early growth phases. The TKM was 38.2 g in the com plete ‘Rhino’ and 59.1 g in the
com plete ‘Presto’. Among the sub sti tu tion lines the TKM var ied be tween 27.5 g
(‘Rhino’ 1D(1R)) and 53.9 g (‘Presto’ 4D(4R)). None of the sim ple cor re la tion co ef fi -
cients cal cu lated be tween the TKW and all mass, length and num ber pa ram e ters
proved to be sig nif i cant at the  a=0.05 prob a bil ity level for all times of har vest. 

A highly sig nif i cant dif fer en ti a tion of plant mass and root sys tem size pa ram e ters has 
been re vealed with the sin gle-fac to rial anal y sis of vari ance among the in ves ti gated
D(R) sub sti tu tion lines. The re sults are pre sented in Fig. 1 in rel a tive val ues; for each of
the mea sured traits the dif fer ences be tween re sults ob tained for a sub sti tu tion line and
the re sults for Rhino or Presto con trols were di vided by the rel e vant LSD val ues.
There fore, all the re sult ing dif fer ences higher than 1 or lower than –1 are sig nif i cant.
Ta ble 1 con tains means of the con trols and the LSD val ues for the in ves ti gated traits.
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Ta ble 1
The means for the in ves ti gated traits of ‘Presto’ and ‘Rhino’ and the cor re spond ing  

LSD  val ues for their sub sti tu tion lines

 Traits

 Time of harvest (days after planting)

 14  29  41

mean
LSD

mean
LSD

mean
LSD

'Presto' 'Rhino' 'Presto' 'Rhino' 'Presto' 'Rhino'

PM - plant dry matter [g] 0.0753 0.105 0.016 0.49 0.703 0.143 1.581 1.986 0.24

RM - total roots dry matter [g] 0.0204 0.027 0.005 0.137 0.149 0.042 0.298 0.376 0.067

SDM - seminal roots dry matter [g] 0.015 0.023 0.004 0.077 0.065 0.031 0.16 0.1 0.05

SL - seminal roots length [m] 1.48 1.78 0.40 15.09 10.11 3.22

SR - seminal root radius [mm] 0.23 0.21 0.02 0.18 0.2 0.03

SN - seminal roots number 4.6 5.6 0.7 5.4 5.6 1.3 5.3 5 1

ADM - advent. roots dry matter [g] 0.0054 0.004 0.002 0.06 0.084 0.031 0.138 0.276 0.047

AL - adventitious roots length [m] 0.42 0.21 0.10 7.64 5.18 1.87

AN - adventitious roots number 3.5 3.4 0.8 11.6 11.6 1.5 19 26 6.1

AR - adventitious root radius [mm] 0.24 0.24 0.03 0.24 0.27 0.03

RM/PM - ratio [%] 27.103 25.4 3 27.993 21.25 4.85 18.83 18.91 2.88
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Fig. 1. Ef fect of rye chro mo somes sub sti tu tions by their wheat D homoeologues on plant dry mat ter and root
char ac ter is tics in hexaploid triticales ‘Presto’ and ‘Rhino’, ex pressed in the LSD units. 

Times of har vest: I - white, II - hatched, III – black
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Fig. 1. Ef fect of rye chro mo somes sub sti tu tions by their wheat D homoeologues on plant dry mat ter and root
char ac ter is tics in hexaploid triticales ‘Presto’ and ‘Rhino’, ex pressed in the LSD units. 

Times of har vest: I - white, II - hatched, III – black. (con tin ued)
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Fig. 1. Ef fect of rye chro mo somes sub sti tu tions by their wheat D homoeologues on plant dry mat ter and root
char ac ter is tics in hexaploid triticales ‘Presto’ and ‘Rhino’, ex pressed in the LSD units. 

Times of har vest: I - white, II - hatched, III – black. (con tin ued)
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Fig. 1. Ef fect of rye chro mo somes sub sti tu tions by their wheat D homoeologues on plant dry mat ter and root
char ac ter is tics in hexaploid triticales ‘Presto’ and ‘Rhino’, ex pressed in the LSD units. 

Times of har vest: I - white, II - hatched, III – black. (con tin ued)



Gen er ally, the high est dif fer en ti a tion was no ticed for har vest the 1st and the 2nd, the
3rd har vest re sults de parted less from the con trols.

The two-fac to rial anal y sis of vari ance, per formed for har vest 2nd and 3rd, showed, 
that the dif fer ences be tween lines were shaped mainly by the in ter ac tion be tween
homoeology group of ex changed chro mo somes and va ri etal back ground (Ta ble 2).

Plant dry mat ter (PM): At the seed ling stage, in crease of plant dry mat ter was fre -
quent in the sub sti tu tion lines, but at the fol low ing har vests it dropped down be low
the con trol level. Among the disomic sub sti tu tions, only the 2D(2R) of ‘Rhino’ sig -
nif i cantly and sta ble in creased plant dry mat ter when com pared to the triticale stan -
dard with the com plete rye ge nome (115% at the 3rd har vest). For all other disomic
sub sti tu tions, with ex cep tion of the 1D(1R) ones and the ‘Presto’ 3D(3R), sig nif i -
cant de creases of adult plant dry mat ter were re corded. The low est re sult was that
for 5D(5R) in ‘Rhino’ (27% of the con trol at the 3rd har vest). Both
rye-monosomic-wheat-disomic sub sti tu tions in the homoeology groups 4 and 7
were highly ben e fi cial for plant vig our (146% and 135% of con trols, re spec tively).

The pro por tion of roots in to tal plant dry mat ter (RM/PM) changed in ‘Rhino’
from 25.5% at the 1st har vest to 18.9% at the 3rd har vest. The cor re spond ing re sults
for ‘Presto’ were 27.1% and 18.8%. Among the sub sti tu tion lines, the changes
ranged from 19.6% - 29.1% at the 1st har vest to 14.6% - 24.4% at the 3rd one. The
ma jor ity of the sub sti tu tion lines were sim i lar to the con trols. The re tar da tion ef -
fects of sub sti tu tions on dry mat ter of roots were smaller than on shoots in adult
plants of ‘Rhino’ 5D(5R) and ‘Presto’ 6D(6R). An op po site re la tion ship was re -
corded in early growth stages of the lines ‘Presto’ 2D(2R) and ‘Rhino’ 3D(3R), and 
in adult plants of ‘Rhino’ 1D(1R). 

Sem i nal roots dry mat ter (SDM) of the disomic sub sti tu tion lines was gen er ally
in creased at the seed ling stage (to 105%-170% of the con trols). The in creases were
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Ta ble 2
Per cent age con tri bu tion of homology group of ex changed chro mo somes (chro mo some), 

va ri etal back ground (set) and their in ter ac tion to to tal vari ance

Variance components Set Chromosome  Interaction Error

Traits ¯                          Harvest  ® 2 3 2 3 2 3 2 3

PM - plant dry matter 21 0 21 7 55 92 3 1

RM - total roots dry matter 0 0 1 0 95 97 4 3

SDM - seminal roots dry matter 0 5 0 3 85 91 15 1

SL - seminal roots length 0 0 98 2

SR - seminal root radius 0 15 80 5

SN - seminal roots number 0 0 0 2 67 29 33 69

ADM - adventitious roots dry matter 0 6 19 0 76 79 4 15

AL - adventitious roots length 0 45 53 2

AN - adventitious roots number 27 0 44 0 29 91 0 9

AR - adventitious root radius 19 17 51 13

RM/PM - ratio 3 0 0 15 73 73 24 12

ADM/RM - ratio 0 39 75 0 19 56 6 5



sig nif i cant for ‘Presto’ 3D(3R), 5D(5R) and ‘Rhino’ 2D(2R), only the mass of
‘Rhino’ 5D(5R) sem i nal roots was sig nif i cantly be low the con trol level. At the fol -
low ing stages, the sub sti tu tion ef fects on sem i nal roots turned to be dis tinctly neg a -
tive in ‘Presto’ 2D(2R), 4D(4R), 5D(5R) and 6D(6R). In ‘Rhino’, all disomic
sub sti tu tion ef fects were in sig nif i cant. The monosomic-disomic sub sti tu tion
4D”(4R’) of ‘Rhino’ showed a sta ble pos i tive ef fect at all times of har vest.

The sem i nal roots length (SL) dif fer ences were more dis tinct when com pared to
those of SDM. The in crease at the seed ling stage ranged be tween 106% - 183% of
the con trols, the dif fer ences were sig nif i cant for ‘Presto’ 1D(1R), 3D(3R), 5D(5R)
and ‘Rhino’ 2D(2R), 3D(3R). At the sec ond har vest, the sig nif i cant neg a tive sub -
sti tu tion ef fects on sem i nal roots were ob served in al most all ‘Presto’ lines, with
ex cep tion of 3D(3R). In ‘Rhino’, the dif fer ences were in sig nif i cant with ex cep tion
of 5D(5R). 

The sem i nal roots ra dius (SR) of seed lings of all disomic sub sti tu tion lines was
sig nif i cantly de creased when com pared to the con trol cultivars. The most thin sem -
i nal roots had ‘Rhino’ 5D(5R) and ‘Presto’ 1D(1R) (54% and 58% of the con trols,
re spec tively). The high est val ues of root thick ness among the disomic sub sti tu tions 
were re corded for seed lings of 3D(3R) in the ‘Presto’ set (79%), and 6D(6R) in the
‘Rhino’ set (91% of the con trol). At the 2nd har vest, the sem i nal root ra dius had
grown dis tinctly and reached at least the con trol level in all disomic sub sti tu tion
lines, with ex cep tion of ‘Rhino’ 2D(2R). The most strik ing was a sem i nal root
thick ness in crease, up to 174% of the con trol, in ‘Presto’ 6D(6R). 

Sem i nal roots num ber (SN) was the char ac ter least in flu enced by the sub sti tu -
tions; small but sig nif i cant ef fects were re corded only for the 1st har vest and were
pos i tive in ‘Presto’ (2D(2R), 5D(5R), 6D(6R)) and neg a tive in ‘Rhino’ 5D(5R). 

The ad ven ti tious roots dry mat ter (ADM) of the ‘Presto’ set was gen er ally sim i -
lar to the con trol. The 3D(3R) sub sti tu tion was sig nif i cantly pos i tive. The same
sub sti tu tion of the ‘Rhino’ set was among the three most neg a tive ones (to gether
with 1D(1R) and 5D(5R)). 

 The pro por tion of ad ven ti tious roots dry mat ter in the to tal roots dry mat ter
(ADM/RM), was less de pend ent on plant vig our. This pa ram e ter changed in
‘Rhino’ from 14.8% in seed lings, through 56.4% at the 2nd har vest to 73.3% at
shoot ing. The cor re spond ing val ues for ‘Presto’ were much dif fer ent: 26.6%,
43.9% and 46.2%. In the ‘Presto’ set of sub sti tu tions, the ADM/RM in di ces were
fre quently higher than in the con trol and they were fre quently grow ing at sub se -
quent har vests; sig nif i cant in creases were found in the 3D(3R), 4D(4R) and
5D(5R). For the ‘Rhino’ set op po sitely, an in creas ing neg a tive in flu ence on
ADM/RM was re corded for all the lines, ex cept for 6D(6R) and 4D”(7R’).

Ad ven ti tious roots length (AL) was highly vari able and not nec es sar ily par al lel
to their dry mat ter. In the ‘Presto’ set, the sub sti tu tions’ ef fects at the seed ling stage
were pre dom i nantly neg a tive (from 45% to 86% of the con trol) ex cept for the
1D(1R) line (150%). At the next har vest, the fre quency and mag ni tude of the neg a -
tive ef fects gen er ally rose (ex tremes: 31% in 5D(5R), 87% in 6D(6R)), sig nif i cant
de creases were re corded for the 2D(2R), 4D(4R) and 5D(5R). In the ‘Rhino’
disomics set the ef fects were pos i tive (from 4% in 5D(5R) to 219% in 2D(2R) on
seed lings and from 20% in 5D(5R) to 137% in 2D(2R) at the 2nd har vest). The ef -
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fects of ‘Rhino’ 4D”(4R’) and 4D”(7R’) disomic-monosomic sub sti tu tions on ad -
ven ti tious roots length were dis tinctly pos i tive at both times of har vest.

Ad ven ti tious roots ra dius (AR) of seed lings was much thin ner than in the com -
plete triticale in all disomic sub sti tu tion lines. The pa ram e ter, in re la tion to the con -
trols, ranged be tween 27% (3D(3R)) and 62% (5D(5R)) for the ‘Presto’ set and
be tween 29% 5D(5R)) and 78% (3D(3R)) for the ‘Rhino’ set. At the 2nd har vest, the 
AR in ‘Rhino’ lines grew dis tinctly and reached the con trol level. In the ‘Presto’
set, a sig nif i cant de crease of root thick ness was main tained in the 6D(6R) line and
sig nif i cant in creases above the ‘Presto’ level were re corded in the lines 3D(3R)
(123%) and 4D(4R) (116%).

Ad ven ti tious roots num ber (AN) was much dif fer en ti ated, un like the sem i nal
roots num ber. The most nu mer ous sig nif i cant dif fer ences were found for the first
two har vests. In the first one, the range of vari a tion was from 43% to 143% of the
con trols. Neg a tive ef fects were stated for the 3D(3R), 4D(4R) and 5D(5R) of the
‘Presto’ set and 5D(5R) of the ‘Rhino’ set, the pos i tive ef fects were re corded for the 
‘Presto’ 1D(1R), 6D(6R) and the ‘Rhino’ 4D’’(7R’). Fre quency and mag ni tude of
ef fects on ad ven ti tious roots num ber in creased at the 2nd har vest (the range from
34% to 159% of the con trols) and next dropped down at the at the 3rd har vest, when
only the ‘Presto’ 4D(4R) and ‘Rhino’ 5D(5R) main tained sig nif i cance of de creases 
noted at the ear lier stages.

DISCUSSION

Dif fer en ti a tion of the stud ied pa ram e ters among the in ves ti gated sub sti tu tion
lines was caused by over lap ping and in ter ac tion ef fects of chro mo some
homoeology group, va ri etal back ground and growth stage of the plant. Sim i larly to
the re sults ob tained on the wheat ad di tion lines, the homoeology group – va ri etal
back ground in ter ac tion was the main fac tor shap ing dif fer ences be tween the lines,
how ever more vari a tion was de pend ent on chro mo some homoeology group or va -
ri ety of or i gin. Re ac tions of root mass to the sub sti tu tions was gen er ally less in -
tense, in com par i son to the re spec tive re ac tions of plant mass. Root length showed
the high est dif fer ences with the con trols among the stud ied pa ram e ters. Thus, the
ear lier opin ions have been con firmed on the value of root length in char ac ter iza tion
of plant root sys tem (Paponov et al.,1999; Lawlor, 2002). 

The ma jor ity of ef fects of the sub sti tu tions were neg a tive, caus ing de crease of
mass, length and num ber pa ram e ters, in re la tion to the con trols with the com plete
rye ge nome. Disomic sub sti tu tion is a kind of change, which breaks coadaptation of 
genes within a ge nome, there fore some de crease of growth rate and plant mass is
usu ally ob served, even at higher ploidy lev els, where other un changed com plete
genomes ex ert a buff er ing ef fect. 

Among the stud ied lines, the ‘Rhino’ 2D(2R) sub sti tu tion is worth dis cuss ing in
this con text as the only disomic line in creas ing sig nif i cantly to tal plant mass. The
root mass, length and num ber pa ram e ters ex ceeded or were close to the con trol. In
the ‘Presto’ set, tol er a tion of the same sub sti tu tion was poor and root growth was
more re tarded than that of the shoot.
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The 2D(2R) sub sti tu tion is well known to spring triticale breed ers. In the eight -
ies, the 2D(2R) sub sti tuted triticales pre vailed among the lines bred in CIMMYT,
Mex ico (Ortiz-Monasterio et al., 1993). Photoperiod in sen si tiv ity, ear li ness, better
grain plump ness and fer til ity were their main ad van tages, but on mar ginal ar eas
they per formed worse than the lines with a com plete rye ge nome. The Rhino
cultivar, com ing from this gene pool, con tains the com plete set of rye chro mo -
somes, but has 2D(2R) sub sti tuted lines among the an ces tors (Ammar Karim, per -
sonal com mu ni ca tion). There fore, the ob served pos i tive ef fects of the 2D(2R) can
not be safely at trib uted only to the nat u ral prop er ties of un changed 2D, the in flu -
ence of ar ti fi cial se lec tion for coadaptation with the back ground chro mo somes of
‘Rhino’ is highly prob a ble.

No such stip u la tion is nec es sary in the case of ‘Presto’ 3D(3R) sub sti tu tion. It is
an other one which ex erted no neg a tive ef fect on plant and root mass, how ever the
in crease was sig nif i cant only at the seed ling stage. The ad ven ti tious roots growth in 
‘Presto’ 3D(3R) was in tense and the re sult ing ADM/RM ra tio showed a par tic u -
larly dis tinct trend of in crease. In ‘Rhino’, the same sub sti tu tion was dis tinctly del -
e te ri ous. The in flu ence of 3D(3R) on sem i nal roots was de pend ent on va ri etal
back ground. In the ‘Presto’ sub sti tu tion the sem i nal roots grew much slower than
the ad ven ti tious ones, in ‘Rhino’ 3D(3R) the op po site re la tion ship was stated. In
this con text, the 3R rye chro mo some seems less in ter est ing than af ter the ear lier
(own and for eign) stud ies on wheat ad di tion lines (Oracka and £apiñski, 2005).
The ‘Presto’ 3D(3R) sub sti tu tion seems much prom is ing for triticale breed ers.
A work on im prove ment of its coadaptation with back ground of other chro mo -
somes could yield with new cultivars con tain ing this chro mo somal change.

It is not ex cluded, that some 1D(1R) ex changes could be also ap pli ca ble in
triticale breed ing. If not to con sider seed ling root pa ram e ters, no sig nif i cant de -
creases were stated. The RM/PM pro por tion was de creased in adult plants of
‘Rhino’ 1D(1R), but the plant mass was at the con trol level. 

Pos i tive ef fects of the D(R) sub sti tu tions on plant mass and root sys tem size pa -
ram e ters were met fre quently at the seed ling stage of other in ves ti gated lines, with
ex cep tion of ‘Rhino’ 5D(5R) and ‘Presto’ 4D(4R). In tense de vel op ment of sem i nal 
roots at early growth stages makes the young plant more re sis tant to drought stress
con di tions. Lon ger and thin ner roots, re corded in seed lings of al most all the stud ied 
sub sti tu tion lines, are con sid ered a trait fa cil i tat ing up take of nu tri ents in ce re als
(Chapin,1980; Horst et al., 1996). These pos i tive ef fects of the sub sti tu tions dis ap -
peared in the more ad vanced stages, with ex cep tion of the ‘Rhino’ 2D(2R). The
worst and most dra mat i cally changed pa ram e ters of sem i nal roots length and thick -
ness were re corded at the 2nd har vest in the ‘Presto’ 6D(6R). 

Among the stud ied sub sti tu tions, 5D(5R) and 4D(4R) seem to be the most dif fi -
cult for triticale breed ing ap pli ca tions, if not to con sider the 7D(7R) ones, which
were ab sent as not able to sur vive. The 5D(5R) sub sti tu tion was ex tremely del e te ri -
ous in ‘Rhino’, how ever the to tal root growth was less re tarded than that of shoots.
The neg a tive in flu ence was par tic u larly in tense on the ad ven ti tious roots, as shows
the low est ADM/RM ra tio. 

In the ‘Presto’ 4D(4R) sub sti tu tion, the mass, length and num ber pa ram e ters
were also sig nif i cantly lower than in the con trol, but the ADM/RM pro por tion was
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sig nif i cantly higher. The re sults for 5D(5R) and 7D(7R) fit well to ear lier re sults on 
plant and root size for hexaploid wheat disomic ad di tion lines. In an ad di tion set,
genic con tent ef fect of a do nor chro mo some over laps with an ef fect of in creased
dos age of chro mo somes in a homoeology group within a polyploid. An ideal sub -
sti tu tion set is free of the dos age in flu ences, but a re sult is shaped by dif fer ences in
genic con tent of both the re placed and re plac ing chro mo somes. Joint anal y sis of
ad di tion and sub sti tu tion sets gives more chances to ex tract the genic ef fects, which 
are po ten tially use ful in breed ing. How ever, the sit u a tion is far from the ideal, be -
cause of ad di tional ef fects of in ter ac tion with va ri ety or spe cies back ground or
struc tural dif fer ences of chro mo somes par tic i pat ing in a sub sti tu tion. The 5R and
7R ad di tions were best tol er ated in wheat back ground, which sug gests that these
chro mo somes car ried genes caus ing sta ble pos i tive ef fects. The same way of ex pla -
na tion does not work for the 4D(4R) disomic sub sti tu tions, be cause the 4R disomic
ad di tion in wheat was the least tol er a ble. The lack of the disomic sub sti tu tion in the
‘Rhino’ set and low vig our in the ‘Presto’ set could sug gest rather good tol er a tion
of the 4R disomic ad di tion, which was not the case. The di lemma of poor tol er a tion
of 4R ad di tion to gether with poor tol er a tion of disomic 4D(4R) sub sti tu tion may be 
re lated to the large 4R/7R intragenomic translocation, which pro duces an ad di -
tional ef fect of dis turbed dos age of some genes. On the other hand, the other part ner 
of the same re cip ro cal translocation – rye 7R, showed a pre dict able re la tion ship be -
tween the ad di tion and the 7D(7R) sub sti tu tion. 

The ge netic di ver sity of do nor and ac cep tor stocks must sig nif i cantly re strict pre -
ci sion of com par i son be tween the ef fects of sub sti tu tions and those of ad di tions
within the same groups of homoeology; only the value of 5R and 7R could be mu tu -
ally con firmed. More pre cise con clu sions could be drawn only when the wheat ad -
di tion and triticale sub sti tu tion stocks are pro duced from the same ge no types of
wheat and rye.

Im prove ment of large disomic alien introgressions (like the sub sti tu tions of
whole chro mo somes or their arms) is pos si ble with ap pli ca tion of ad di tional chro -
mo some en gi neer ing. Use ful ness of the 1RS.1BL translocation, widely dis trib uted
in hexaploid wheat, has been im proved re cently through in duced pre cise
intergenomic re com bi na tion of small chro mo some frag ments car ry ing trou ble -
some rye genes, which de creased bak ing prop er ties of flour. At the same time, the
transgressive ef fect of the main body of the alien chro mo some arm has been main -
tained (Lukaszewski, 2000). The method is ap pli ca ble to those chro mo some pairs,
which main tained homoeology, pres ence of translocations ham pers chro mo some
con ju ga tion and se verely re stricts chances for suc cess. 

Large translocations on the sub sti tuted chro mo somes bring a bur den of lack ing
genes or dis turbed gene ra tios in the ge nome. The R-ge nome of rye is deeply re con -
structed through at least six intragenomic interchromosomal ex changes (Devos et
al. 1993), while the D-ge nome of bread wheat has main tained con ser va tive gene
or der. Only the 1R chro mo some has main tained full synteny with its com mon chro -
mo somal an ces tor. Other rye chomosomes par tic i pat ing in the sub sti tu tions are not
syntenic and the 4R and 7R are those most re struc tured; the re cip ro cal translocation 
be tween these chro mo somes is the larg est one in the rye ge nome (it may ex plain
why the 7R chro mo some could be re placed by a pair of 4D ones in the 4D’’(7R’)
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sub sti tu tion line.) Con trolled res to ra tion of the an ces tral gene or der in rye chro mo -
somes other than 1R is a chal lenge for cytogeneticists. It may be easy for the chro -
mo somes 3R and 5R, car ry ing sin gle transocations, but dif fi cult for 7R re sult ing
from three chro mo somal in ter changes.

The re sults for both 4D’’(4R’) and 4D’’(7R’) disomic-monosomic sub sti tu tions
in di cated a high level of heterotic ef fects be tween the re lated chro mo somes, which
could not take part in a com plete disomic sub sti tu tion. The disomic sub sti tu tions of
4R or 7R were lack ing some nec es sary rye genes and pres ence of ad di tional sin gle
homoeologous rye chro mo somes was suf fi cient for com pen sa tion. The heterotic
ef fect of homoeologous chro mo somes was high enough to over come also the neg a -
tive ef fect of trisomy. The dif fer ence of one compensing chromosme proved to be
very im por tant and made the disomic-monosomic sub sti tuted karyo types in com pa -
ra ble in con text of anal y sis of the re mained euploid disomic sub sti tu tions.

CONCLUSIONS

The com par i son of ef fects of the same sub sti tu tions in the two in ves ti gated sets
re vealed highly sig nif i cant dif fer ences re lated to va ri etal or i gin of the stud ied lines. 
These in ter ac tion dif fer ences were ob served mainly in three groups of homoeology 
(2, 3 and 6). Thus, it may be ex pected, that much more of such im por tant vari a tion
could be dis cov ered in triticale af ter pro duc tion of new sets of wheat-rye sub sti tu -
tion lines on dif fer ent ge netic back grounds (A sim i lar con clu sion was pos si ble also
in re la tion to var i ous sets of wheat-rye ad di tion lines, in ves ti gated ear lier by the au -
thors).

The 5R and 7R rye chro mo somes re vealed their high rel e vance for triticale in the
sub sti tu tion lines, they were also the best tol er ated in wheat disomic ad di tion lines,
there fore they seem to be the most in ter est ing can di dates for fur ther chro mo some
en gi neer ing.

High heterotic ef fects were found in the monosomic-disomic sub sti tu tion lines
be tween the homoeologous chro mo somes 4D and 4R, and be tween 4D and 7R. 
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