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ABSTRACT

Roupakias, Demetrios c. Ph.D., The Uníversity of

Manitoba, February, 1978. The Duratiort of Meiosis

in Tritícal-e (X Triticosecale l^Iit.tmack) and Its

@:P991rg' Major Professor; P' J. Kaltsikes.

UtiLízing the developmental gradíents of the cereal inflo¡escence

and the synchronous meiotÍc devel-opment of the three anthers r,¡ithin

each fLoreÈ, the duration of meiosis (and its stages) and that of

pollen maturalion at 20"C and contÍnuous ílluminetion were determined

foï the following cereal species: (1) Tetraploid .,\'heat (Tritícum

*i¿uu i.); (2) hexaploid -yìrhèat (i:r it ic,:iûr egs-ujrgn l. an. Îiieil,);
(3) tetraploid, hexaploid, and octoploid triLicâle (X Tritiqosecale

Wittrnack) i and (4) Aiptoia ry. (¡ggþ cereale t.). Meíosis lasred

from 52.6 to 58.7 h ia the tetrapl-oíd, from 44.1 to 53.3 h in rhe

hexaploid, and 43.6 h in the octoploíd triticales. These estÍmates

are longer than oÈhers previously reported for hexaploid (34-37 h) and

octoploíd triticale QI-22 h) grown under the same conditions. poLi-en

maLuråÈíon took from L3.5 to 14.0 days in tetraploids, from 9.5 to 11.2

days in hexaploids, and from 10.2 to 10.9 days Ín octopLoids. Apart

from poesible genotypic differences, and subjective judgrnents ês to the

beginning of meiosis, the presenL estiÍ¡ates include the stage of nucleolar

fueion (average duration3 6.9 h in tetrêploids; 6.0 h in hexaploids and

8.0 h in ocÈoploid Lritfcales) ês part of meiotic prophase.
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the number of univale¡ts per pMC ranged from 0.37 to 1.89 ín

tetraploíds, from 0.67 to 4.89 in hexaploíds and from 2.78 to 5.21 in

òctoploid tritica.le€. Pairing failure occurred mostly among chromosomes

of the rye genome. Teloneric heterochromatin of rye chromosomes affect.ed

chromosome paíring in hexaploid triticale. Thus, in Rosner triti-cale,
plants lackíng most of the telomeÌic heteÌochromåtic banil on the short

arm of chromosone 6R(6RS) had eignificantly higher. chromosome pairing

than plants carryÍng the ÈelomerÍc ba¡rd.

In tetrâploid triticales the duratíon of meiosis and chromosome

pairing rrrere signifícant.ly affected by various chromosome cornbinaËions.

Lack of chro¡nosome 58 ín a tetïapLoid triticale increased. the d.uïation

of neiosis and resulted Ín poorer pairing. The orÍgín of the cytoplasm

(f¡om tetraploid or hexaploid. wheat) had no sígnificant effect on chron-

osome pairing oÌ meiotic duration of hexapl.oid tÌiticalês. No relation-
,ship could be denonstrated beÈl¡een the total duration of neiosis, or

that of zygotene plus pêchytene, and chromosome pairing ín any of the

ploidy levels (tetraploid, hexaploid, and ocropLoid) srudied.

The duration of rneiosís Ín several genotypes sharing the same AB,

D anal R genomes was from 32.8 to 44.5 h in rhe AABBDD; 44.I to 44.6 h in

the AABB; 46.4 to 51,.3 h in the AABBRR; 43.6 h in rhe AABBÐDRR; 44.5 h in

rhe aABBD; 51.6 to 52.7 h in rhe ABRR and 52.6 h in rhe RR genorype.

Addition of the.D genoÍie to the AABB and AABBRR genotypes result.ed Ín

(1) elongation of the sÈage of nucleolar fusÍon (2) shortening of the

conb ined duraÈÍon of zygotene and p¿chytene and (3) reductÍon of the

total durs.tÍon of ¡neiosis in AABBRR l,¡hile it had no effect on AABB.

AdditÍon of the R genome t.o AABB result.ed in the elongat.ion of the



xiii

totsL duration of'ìîeiosi.s ênd its stagee r.rhíle ít had no signifÍcant

effect when added to AABBDD. Thus the variaÈion observed in the dur:atlon

of meÍosis and its stages among the various cereêl genotypes studied wae

rìore Likely due to genes carried by the D anri R genomes rather than to

simple changes ín ploidy leveL or DNA conient.

No ccnstant difference in meiotic development between primary and

secondary florets rrrere found. The rå.Le of anther elongation was approx-

ínaÈe1y 0"02 nrn/h in all hexaploid, :Lnd octoploid triticales, O.0l n¡n/h

in tetraploÍd and hexaploíd whear and 0.03 n¡n/h in diploid rye. Alrhough,

on the average, the €tage of the meiocytes in an anther could be ascer-

tained t¡íth certain degree of accuracy by measuríng anther length, the

degree of overlapping between successíve meiotic stages mitigat.es against

the use of this criterion for neiotíc stêge determínâtions in biochenical

6tudies of meios is.
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FOREI^IORD

Thíe thesis has been !Ëitten in manuscript format. It consists

of a Lil-erature review, six manuscripts, a general discussion and a

aumnary. lfêÍuscrÍpt I, ttThe effect of wheat cytoplasm on meiosis of

hexaploid triticalert; Manuscript II, rrlndependence of durêtion of

neiosis end chromoeome pairing in hexaploid tTiticalerr; Manuscript

III, rrGenomic effects on the duratíon of meiosis in triticale and its

parenlal specíesrr and Manuscript V, rrThe effect of teloneric hetero-

chromatin on chromosome pairing of hexaploid triticaletr; have been

pubLiehed in the Canadian JournaL cenetlcs and 6yto1ogy. Manuscript

i'"' trTh,- meiotic cycLe of ietråploid tritical-ërti i.¡i11 be prêsenLed ai

the FiftlL {"1heåt GeneLícs Symposi'm. Manuscript VI rrAnther length and

meÍolic development in tfiticale and it.s parental speciesrr has been

publÍshed in z. PfLanzenzüchtg.
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INTRODUCTION

The €ynt.hetic ånphiploid tritícale (X lriticosecale hlj.ttmack) shows

a number of unpaired chromosomeg aÈ first meiotic metaphase (Müntzing,

1957; !treimarck, L974; Merker 1973a; Scoles and faltsíkes, 1974).

Darlington (1940) theorised that variation in the numb er and position

of chiasmata may be caused by differences in the time avail-ab1e for

chromosome pairíng and chiasma formation. PursuÍng the above suggestion

further Bennett et al. (1971) and Bennett ånd Kaltsikes (1973) studie¿

the duration of meiosis in }¡heaÈ, rye, and tritÍcale. They found titat

rye required a consíderably longer time in whích to complete meíosis

tha¡r either ¡{-hêâ.t or t: íiica!.e. Th,=y suggeêt"ed, iherefoi:e, i:haË in-

suffícient tÍme for normaL pairíng of rye chromosomes may be the cause

of meiotic abnormalitíes in tritícale.

larter and Hsam (1973) and Rímpau g al. (1973) repoïìred rhar. the

cytopLasm affected chromosome paiTing in triticale ênd rùheat - rye

addition lines" Furthermore KalÈsikes (L9l4a) noted rrit is possible

that. the cytoplasm affects the duration of meiosis and especially those

stages connected with paíringrr. By extension, therefore, it could also

affect chromosome pairing ¿nd meíot.ic iregularities.

BenneÈt et aL. (1974) utilÍzÍng several lúheat genotypes, concluded

that in wheêt no relationship existed between meiotic duration and the

1eve1 of chromosome pairing observed at MI. .In addition, on Èhe basis

of 'the differencea in paÍring observed bet!¡een diakineeÍs and MI in
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triticale, Lelley (I97 4) expreseed doubt.e as to Lhe influence of meiotic

duratÍon on chromosome pairÍng.

Bennett (Ig72, Lg73) found that Triticum monococcum had a shorter

duration of meíosis than Secale cereale; ênd Bennêtt and Smith (1972,

L973) found that hexapLoíd wheat and ocÈoploid triticaLe had sho¡ter

durat.ions of meiosíe than tetraploÍd wheat and hexaploid triticale,

lespectívely. They attributed these differences in neiotíc duratíon

to the amount of DNA content and the ploídy level per se.

Thomas ¿nd KaLtsíkes (1972), working with hexapLoid rritícale,

have shown thât the unpaired chromosomes observed as unÍvalents êt MI

moetly belonged to the rye genome. In addítion, Thomae and KaLtsÍkes

(I974b, 1976b) found that rye chromosomeg with large heterochromatic

bands at both telomeres fail to pair more often Èhan those which have

only one large telomeric band.

Eríckson (1948) working vith I,ilium esÈêblÍshed a high correlarion

betl¡eeB bud length and meiotic stage. This relationship has been ex-

tensively used to determine the meiotic stage of the meiocytes contained

within a bud by rneasuring the length of the.bud and checking it against

a standå-rd curve (HotLa and Stern, 1961a and b, 1963a and b).

I'IiÈh these findings in mind the present series of experíments t¡ere

conducted to investigate; (1) v¡hether the eource of cytoplasm affects

chrornosome pairing in trit.icale by affect.ing Èhe duration of meiosia;

(2) ttre relat.ionship beÈween durs.t.ion of meÍosis and chromosome pairing

by studying both events in several tritÍcales; (3) ttre vatiation in

the durâ.tion of meiosís !¡ithin a ploidy level and a species; (4) the

effect of the addition of a new genome on the duration of meÍoéis;



(5) ttte effect of t.elomeric heterochromatin on

(6) ttre relationship bett¡een anther length and

meíocytes included wíthin the anther.

chromosome pairing; and

meiotic stage of Èhe
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LTTER¿,TURE REVIEI^¡

1. Duration of MeÍos is

l.L DuratÍon of meiosis in cereals

Little was known about the duraiiorr of meiosis in cereals Èill

LÍndgren è3 EL. (1969) attempted Lo tíme me!-osís and irs stages in

barley. They found that the iotal duraËion of Lhe sÈages from pachytene

to quarteLs e¡as not more than three days and that the duxation of the

shortest stage lasted less than L h. More information on this topic,

however, t¡a€ obt.ained from the studies of the duration of meiosis in

cereai-s conduct.ed by Bennett et a1. (1971), Bennett and Finch (1971),

Ee¡lnett end Kal-tsiles (197-a) end Finch and Be:ì!:etr Q912). The;' ¡¡,rn¿

that, aÈ 20 t 1'C and continuous íl-lumination, meiosis lasted about 39 h

in barley, 5L h in rye, 42 h ín Triticurn pcoru, 30 h in tetïaploid

wheat, 24 h in hexaploid wheat, 37 h in hexaploid tríticale and 21 h in

octoploid tTiticale. Because of the differences found in the duration

of meiosÍs between rüheat, Ìye and tríticale Bennetl et al. (1971) and

Bennett and Kal"tsikes (1973) suggested that the meiotic abnormalities

observed in triticâle (Müntzing, 1939; OtMara, 1953; Riley and Miller,

1970; and Scoles and KaLtsikes, 1974) may be due to insufficient time

for normal- pairing and chiasma format.ion on the part of the rye chromo-

somes. They made this suggesÈion on the båsis of Darlingtonrs tíme-

lÍmit theory (Darlington, 1940) and their findings on the duration of

meloeis in cereal genoÈypes. They dirl not hoy¡ever, study both events
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(í.e. duration of meiosis and meiotic abnormalities) joÍntly in eeveral

t.ritícales to determine how they are related to each other. For this

purpose the present study was underÈaken.

L.2 ¡'actors affecting the dutation of meiosÍg

Due to the importance of .the neioÈic duration, a number of studies

have been conducted to clarify Èhe factors vrhích êffect it.. As a con-

sequence of these studies the importance of Dt\lA content., ploÍdy level,

genetic facfors and environmentêl conditÍons was realized.

1.2.1 ÐNA content

Bennett (Lg7I, :-:g73) found a signífícant positíve correlatÍon

(P¿ 0.001) beÈereen the durâtíon of meíosis and nuclear ÐNÂ cont.ent when

diploíd species alone (or tetrêploid specíes aLone) were compared.

Fìrruta et aL. (Lg7Ð reported no differences in ÐNA content per nucleus

anong the hexaploid wheat sÈïains they etudÍed. Furthermore,'no íntra-

specific variation ín DNA content. tas evident ín barley (Bennett ênd

Snith, 197L) and ín r:íce (Katayama, 1967). Bennert and SmÍth (1972)

and FuruÈa et al. (1974) consídered that Èhe DNA cont.ent of a cereal

nucleus was equal to the toÈaL DNA of the genomes contríbuting to it.

tlÍthin a p1oÍdy level thereforerall strains of a cereal species should

have equal anount s of ÐI'lA.

If (1) r¡ithin each ploidy level of r¿heat oi triticaLe all varieriee

have the same DNA conÈent, and (2) DNA content. is the major factor which

determlnes the duratlon of meiosís, then thete should not be signÍfícanÈ

differences in the duration of meiosis anong sÈrains ¡rithin a ploidy

leveL of a species. The data avaiLable, however, índicate thaÈ thi6 ls
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noL ålways the casd. Thus Bennett and SmiLh (1972) and Bennett and

Kaltsíkes (1973) reported ¡hat there was no difference in the duration

of neiosj.s between two rye varietÍes (í.e. prolífic, and petkus Spring).

In contrast, BennetL and Kal-tsikes (1973) found Èhât in hexaploid triri-
cale 6Ái-90 meíoais iasted longer than iu Rosner (Bennett and smilh, i972).

further investigation is warranted, therefore, for a better clarification
of the effect of the DNA content. on the duratíon of meiosis.

I.2.2 Ploidy leve1

Bennett and SÍìith (L972, 1973) observed that. ín related genotypes

the duraÈion of rneíosis was significantly reduced as the ploídy leve1

was íncreased; they âttríbuted thís faster rate of development entirely

to the ploidy leve1 g se. The question arising, however, is: ls the

increase i.n the rate of development which is observed when the ploidy

Lcvcl incre¿ses, al.:"ays ettï'rb-itab l- e .::c Èhe chaîge of the plciC¡,, le.rel

g, E, or to genetÍc factors Íntroduced by the new genome(s)? parÈ of

this study is addressed to this question.

L.2.3 Genetic factors

Bennett ând Snith (1973) and Bennett et al. (1974) found that in

hexaploid hrheat, addition o¡ subtraction of indívidual chromosomes had

significant effects on the duratíon of meiosis. ¡urthermore Klein

(1972) reported variation in the duration of meiosis even betÌr,een mutant

línes of Pisum sativum. These data Índicate thaÈ individual chromosomes

ot even individual genes have major effects on the duration of meiosis.

Further work, however, is needed for a beÈter cLarÍficatÍon of the

gerietic control of the dulation of meiosis
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1.2.4 Environmentål cond it ions

The effe¿t of temperature on the duratíon of rneioai€ is t'lìe only

envÍronmentai factor studied so far" Thue Sax (1938) obeerved that in

Tr.adescantia the duratiolì of meiosis was longer in !¡inter than in summer.

Furthermore Wilson (1959) and Bennett el "1" (1çrZ) found rhar Lhe

duration of meiosis decreased as the temperature increased. Thus, if

results on the duration of meiosis from differeut studÍes are to be

comparable they must be obtained under a constant. temperature.

L.3 Meiotíc developmenË ín cereals

In writing this thesie the víe\ù favored was that crossing over

follor,¡s and is dependent upon, chromoeome synapsis which ís Èhought to

occur during zygoLê.ne and pachytene.

1.3.1 Onset of meiosís

BennetÈ et aL. (1973) in describing the sequence of meiotic develop-

ment in one varieÈy of hexaploid wheat (Tritícum aestivum L.) adopted

the classicaL scheme of meÍosis. Thus they considered that meiosis began

when the single nucleolus st.arËed prot.ruding out of the nuclear surface,

tacitly aseumÍng that. nucLeolar fusíon (NF) occurs prior to leptotene.

In cont.rast, Darvey (1972), Darvey et al. (1973), snd Thomas and Kaltsikes

(1976a) concluded that nucleoLar fugion occurs duïíng leptotene in hexa-

ploid wheat and in rye ( S,e,cqle cere.ale L. ).

Taylor (1959) repeåtedLy demonstrat.ed rhat the replication of DNA

occurs only dtrring the premeÍotic interphåse. ¡'rom his data, however,

DNA synthesis aeems to ext.end Lhroughout. prei.eptotene whÍle Callan and

Taylor (1968) thought that it ext.ended even Ínro Leptotene. In cereals
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it l.ras been Bhown that DNA synthesis ía almost complete by the time of

nucleolar fueion (about L.5 nucLeolí per nucLeus; Thomas and Kâltsikes,

1977a). It. is reasonabLe therefore.t.o adopt rhe j.dea Èhat nucleolar

fusion coincide€ vith the oneet of meÍosis in cereal genoLypes.

7,3.2 Synaptonemal complex forma!íon

Moens (1968, 1969) reported that the synapÈonernal complex Ís firs!

vieible as short aegmentg duríng the zygotene stage of meiotic prophase.

The dogma thät the eomplex appears only during the zygoÈene and pachytene

is so well accepted that its presence is c.onsídered sufficient to ident-

ify these stages. There are indications, however, that the formatícn

of the synaptonemal compLex starts much earlier than zygotene. Thus

studiee conducted Èy Gre1l and Chandley (1965), Koch er aL. (1967) and

Gre1l (L969) índicated that., in Drosophila melano€aste:r ÐNA synrhesis,

genetíc exchange, end eynaptonemai compiex fornation were paraiiei

events. Furthernore direct evidence has been reportqd recently which

shows that syÍraptonemal complex formation occurs simultaneously wíth

DNA synÈhesis (Day and Grell, 1976). In this study, hor,¡ever, the class-

Íca1 theory of the time of complex formation is adopted because Lhe

reports thêt the synaptonemal complex appeare prior to the onset of

classical meiotic prophase are few and deal mostly with Drosophila

oocytes.

1.3.3 Synchronous development of meÍocytes

l.lithÍn an anther or among anthers of the same floret meiocytes show

a high degree of synchronous development. This has been observed in

Antírrhinum majus (Ernst., 1938), in Rlbug!:g violacea (Taylor; 1953),
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ín Tradescantia paludoel (Steinitz, 1944), in Endyrnion nonscríptus

(iiilson, 1959), in barley (Bennerr and FÍnch, 1971) and Ín whear, rye

and t"iticale (Bennet.t g! gl., 1971; Bennett ênd Kaltsikes, Lg73).

Thís attri.bute has been extensively used in timing meiosis and i.ts

stages Ín cereal genotypee (Bennett, 1971).

1.3.4 Synchronous divísion of tapetal cel1s during meiosis

Iijirna (1962) reported that during the first meíoric prophase,

tapetal nuclei ehovr one or more highly eynchronous dívisions. Two syn-

chronoue tapetal divisions (SfO) have been reported by Tayi.or and

Macl'laster (1954) in l,iliu¡n longífLorurn, by. Tayloi (1950) in Tredescantia

paludosa and Bennett et a1. (1971) in rye. One STD was observed in

wheat, tritÍcale and barLey (Bennett et al. 1971; Bennett and Finch,

197r).

The importênce of the s¡rnchroni zed dÍvision of the tapetal celLs

for normal meiosis Ís not clear yet. Thus Taylor (1950) suggs5ted that

maínt.enance of the synchronÍzed mitosis of the tapetal layer is necessêry

for normal meiosÍs. In contrêst, Ito and Stern (1967) showed that the

tâ.petum does not play a direct role in ¡neÍotic development. Lately,

however, it has been noted by líhyte (1975) Ëhar rhere is lirtle doubt

that the tapetlxn is of great importance to the development of the meio-

cytes, while Christensen and Horner (1974) suggested that an asaociation

of eporogenous iells with Lhe têpetum is essenÈial for vÍable pollen to

develop Ín grasses. I\rther work however is needed for better under-

standing of the importance of Èhe tåpetum Èo no¡mal development of the

meiocytes.
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1.3.5 
^nther 

Length and meioLíc 6Lage

Erickson (1948) working v¡Íth LilÍum estabLished a high correlatíon

bethreen bud length a.nd the stêge of the meiocyLes included therein.

Dennett. e,! af. (1973) also observed a constant. ïate of increase ín anther

length duríng neiosís of wheat. VasÍ1 (i967), however, doubred the idea

thêt the stage of the meíocytes of a bud can be determined by measuring

Ít6 length and checking Ít agaínst a sLandard curve, The questÍon which

arises here is: Is the sÈage of the meíocytes r¡Tithin an anttrer of a

cereal genotype díiectly related to the êntherrs length? If so, could

this relationship be used for a precise determination of the stage of

the meiocytes included raTithin an ânther by simply measuring the length

of the anther? To thÍs effect part of thís study was undertaken.
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2. Meiotic Abnor¡nal it ies

Meíotic abnormalities have been observeri in triticaLe from the very

early cl'tological. studies (Levítsky and Benetzkâja, 1931; 1,índscha.u and

Oehler, 1935; Münt.zing, 1939, 1957; otMara, 1953). The genomic origin
of the chromosr.rmes involved has been ínvestígated by several workers

ruho concl'uded that the unpaired chromosomes belonged either predominânily

to rye (Müntz ing, L957; tarrer er a1., 1968; Sanchez-Monge, 195g; peiïirz,

1970; Tsuchíya, I97Oi ShkurÍna and Khvosrova, l97:-i Thomas and Kaltsikes,

1972, 1974b and 1976b; Leiley, 1975b) or to L'hear and rye (Larrer and

Shigenaga, 1971; Snigenaga g1 gl. 1971; Merker, 1973b, and Weimarck, 1974).

A numb et of theories have been advanced over the years regarding

the causes of the abno¡malities in tríticale. Kaltsikes (]1g74a) claesi-

fied these Ëheories in three major gïoups: Genolypic theories (inbreed_

i-ng de:ire€sict, deler-s-ricus genee, êencrns ratíc and pioidy barríer);

CytologÍcaL theories (allocycly and precocious chromosome separation);

ênd CytopLasmic effect theor Íes.

2.1 Genotypic Theor ies

Trítlcale of all pLoidy levels have â combination of chromosomes

from two or more genomes of the wheat complement (er¡,¡) and the rye

genome chromosomes. Therefore when wheat and rye chromosomês are

presenÈ in t.he same nucleus severaL situations may arise: (1) genes of

the wheat genome(s) may affect pairing of the rye chromosomes; (2) genes

of.the rye chromosomes may affect pêiring of the wheat chromosomes;

(3) interaction betl¡een genes of e¡heêt and rye chromosomes may affect

the pairing of both h'heat. and rye chromosomes and (4) the relative
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number of wheat and Tye genomes íncluded in t.he same nucleue (genome

raÈio) may affect. pairing of both rùheat and rye chromosomes. one or

more casea for each of these aituaEíons have been report.ed in the liter-

ature. They will be reviewed one by one.

2.1.1 llheat genee affectíng rye chromoeomes

Krolow (1966) suggeeted that neioÈic abnormalitiee in octoploid

triticale may be related to genes carried on the D genome chromosomes

which may have an effect on chiasma formation in the rye genome.

Kaltsikee (L974a) however thought that these genes may not necessarily

reside.on the D genone chro¡nosomes. Thus Riley and Miller (1970) at

the octoploid level and Lelley (1976b) iq the combinat.ion NulLisomic

5A/TetraeomÍc 58 ABDRR found that the 58 system of \¿heat affects the

pairing of rye chromosomes. In contraat, aLthough Thomas and Kaltsikes

(1971) coneídered Èhat the 5¡L systcm may have an effecr 04 the pairíng

of rye chromosome setarthe ance€ttal affínitÍes of which have been
î

rüeakened by isolation, they doubted Èhe importance of the 58" systern

for the pairÍng failure found in dísomic triticales.

Darvey and Larter (1973) reported a doeage effect of chromosome 18

on meÍoÈic stabilíLy of trÍticale. ftrrthermore, Thomas and Kaltsikes

(1977b) foun¿l that chromosomes LB and 68 inhibited chromosome pairing

in some hexaploid triticales. Both LB and 68 are involved in the fo¡m-

ation of nucleoLi in hexaploid triticale. Thus Thomas and Kaltsikes

(1977b) suggested thât Èhe size and position of !¡heat nucleoli may

interfere h'ith the pairing of rye chromosomes.



15

2.L.2 Rye genes affecr-i¡ìg wheat ch::omosomes

The possibility that ïye genes may affect pairing of v/heat chromo_

aones wäs first suggested by pierit? (1966). Following this suggesÈion,

however, Ríley et a1. (1973) har¡e shown that Èhe dosage of the rye

chrornosone 5Rs, when êdded to v¡heåt, influences ì-he homoeologous pairing
of wheat chromosomes. In additíon Lelley (1976a) reported that genes

of the rye genome induced homoeologous pairing in r,¡heat chromosomes by

suppressing the acËíon of the gene on 5BL. These data indicate that
when rye and rl'heat chromosomes are together in the sarne nucleus then

rye genes affect paíring of wheaÈ chromosomes. Fuïther work, however,

may reveal more about the effect. of indÍvidual rye chromosomes or even

particular genea on pairíng of wheat chromosomes.

2.I.3 Interaction between wheat and rye genes

Riley (L960) obse¡:ved that thÊ addítío¡, of sirrgle pairs of rye

chromosomeg to the full- complement of wheat chromosomes resulted Ín a

less regular meÍosis. He êt.tlibuted this effecL to disorganizing inter_
actÍons beth'een the v¡heêt and rye chromosomes. Kaltsikes (1974a) sug_

gest.ed Lhat ínteraction between wheat and ïye genes mêy contr-ibute to

meiotÍc abnormalitíes in triticale. In addítion, Lel1ey (1974) found

that interactÍons betlseen wheat. and rye genomes affected chrornosome

pairing in several tritÍcale genotypes. Finally Lell_ey (I975a) proposed

that the system which polygenícally contïols the pairing of chromosomes

Ín rye (Rees, 1955; Rees. and Thompson, 1956) is ¿lso funcÈÍonal in

Èriticale. He concluded therefore that. the a.ctual meíotic behavior of
eech triticaLe plant depends on the åctuar combÍnation of controrring
genee wlthin the rye genome. These genes may produce t.heir effect either
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di-reclly or ín interaction with the tu-heat genone.

2.1"4 Genome ratio

It- hss been ment-ionecl befcre that. chromosome pairing in tritice]-e

was affected even by a síngle chromosome. Therefore, a whole geno¡ne may

al-so affecl chromosome paíring in tríticale. Thus,Müntzing (f957),

based on the observation that the octoploid triticales r^rere more un-

stable than the hexaploid, suggested that. the ratio of wheat to ïye

genomea, rvhich ís highest Ín octopLoid Ëritícale, may be related to the

meíotic instabiLity of triticalee. FurthermorerMiller aird Riley (1972)

found that reduction of Lhe dose of wÏ¡eat genomes in trit.icale increased

the homoeologous pairing betr,reen rye chromosomes, and simultaneously the

i.ncreased relative number of rye genomes promoted homoeologous paÍring

ín the \¿heat complement.

FioiÌ Lhe dei¡i repÒi:ied so får it becomes cle¿i thåï, meiotic irreg-"-

laritíes in triticale are of genet.ic origín. Further work, however, is

needêd for a bet.t.er understanding of the genetic control of meiotic dis-

turbances in tr iticale.

2.2 CytoLo9icat theories

Darlington (1940) theo¡ized that meiotic abnormalities observed in

higher organi-ams may be clue to insufficient time for chromosome paÍring.

Stutz (1962) suggested that the asynchronous meiotic rhyt.hm of the

psrent.al chromosc¡meg I.¡a6 the princípal factor contríbuting to meiotÍc

abnormalÍties in tritíca1e. Follolring Èhese theories, Bennett êt. al.
(1971) and Bennet.t and Ks.lt.sikes (1973) proposed thar ineufficient. time

for pairing of the rye chromosomes during meíosis in t.riticale níght be
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the cause of the meiotíc abnormalítíes. In conirast, Bennett eL al.
(1974) found that €mong several wheet genotypes there r¡¡as n<.¡ di.fference

ín duration of meiosis although they dísplayed signifÍcant differences

ín chromogome pairing. In addition, T,arter er al. (1963), TsuchÍya

(1970) and LeIIey (1974) found rhar meioi:ic pairing was reduc.eC as

neiosis progressed from d iplot ene-d Íakines is to first metaphase and

suggest.ed desynapsis âs the cause of the unívalents in triLicale. Thus

the concept of insufficíent time for normal pairing of the rye chromo-

somes in triticale is now in doubt. Further work, however, is needed

to determine just hot¡ Èhese two variables (i.e. duration of meiosis and

chromosome paíring) are related to each other.

Recent studies of meiosis with the Giemsa staining technique have

inrplicated heterochromatin among the causes of meiotic abnormalitÍes.

Thomas and Kal-tsikes (1972) have sho$n that iÈ is the rye chromosones

that do not pair ín ÈritÍcal.e. Furthermore Thomas amd Kaltsíkes (I97Ab,

1976b) reported that arnong the rye chromosomes those with heterochromatin

at both teLomeres fail Èo pair more often than those which have hetero-

chromatin at one telomere onLy. In addition, Merker (1976) concluded

thêt tei.omeric heÈerochromatin êffects a.t least the pairing of Lhe

chiomosomes rvhích carry it. This re1âtionship bettdeen heterochïomatin

and chromosome pairing has aLso been observed in organisms other than

triticalê. Thus Miklos and Nankivell (1976) found thât, in Australían

grasshoppers, the higher the smount of heterochromat in, either centric

or telocentric, the lower the chiasrna frequency. In addition pathak

and Hsu (1976) working !,rith Mus did not find complete pairÍng of hetero-

chromat.ic telomeres durÍng early stages of meiotÍc prophase. More work
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ia needed, however, for a beiter understanding of the effect of hetero-

chromat.in on chromoeome pairing.

2.3 CyÈoplasmic Theories

The effect of the cytoplasm on univalent formatíon was first suggested

by Sisodia and McGÍnnis (1970). Thomaa and Kalrsíkes (1972) ¡6¡¡¡¿ ¡¡.a
trit.ícale, the t¡heat parent of which was the extracted ¡útBB component of

hexaploid wheat, had a more regular meiosis than durum x rye triticaLe.
Larter and Hsam (1973) reported that triticale genotypes had a more stable

melo€is if the nucleus was placed in hexaploicl wheat cytoplasm rather

than in tetraploid l¡heaÈ cytoplasm. Rimpau et al. (L973) also reported

that ín additíon lines, the source of cytopl.asm (wheat or rye) affected

chromosome pairing. In conrrast, Kíss and fréfás (1973) and Lelley (Ig75a)

díd not find eignificant dífferences in the number of univalents per pMC,

even betr.Jeen lines carrying wheaÈ or lye cytoplasm. SimiiarLy, Me;ker

(1973a) in reciprocal cïosses betl,'een six different hexaploid triticales
having three types of cytoplasm, could not find a significant effect of

the cyÈoplasm on Èhe meÍotic irregulariÈies. Finally, Chen et al. (1975)

euggested that ÈeÈraploid ancl hexaploid wheat may have a comnon donor of

cytoplasm. Thus the data tepotted so far on the effect of cytoplasm on

chromosome pairing are contradictory and more work is needed to determine

just how these two variables (í.e. source of cytoplasm and chromosome

pairing) are related to each other.

2.4 EnvironmenÈal Effects

Although chromosome pairlng aeems to be genetically controlledrthe

effect of the ext.ernå.l environment. can not. be overlooked. A number of
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studies conducred by Bennerr and Rees (t970), Fedak (1973) ênd Dhesi

et ¿r1,. (1975) have shown ihat higher rateg of phosphate and potash

íncreased the chiaema frequency in desynaptic stocks of rye, barley and

pearl miL1-et" Larter et aL. (1968) reported that primary tritícale
strains had more univalenÈs at 28'C than at 15oC. The opposite obser-

vat.ion hol¡ever, has been reported by Boyd et a1.. (1970). Bayliss arrd

Riley (1972) reported that wheat plants nullisomic for chromosome 5D

showed varying degrees of asynapsis at. the high and lov¡ temperatures.

Sirnilar resul-ts have been reported by Henderson (tg62), Tzhar (1975),

Utkhete and Jain (1974) and Luomajoki (Ig77). Lately l^Ihyre (1975)

atÈrí.buted the effect of envirorunenLal conditions on meíotic abnormal_

Íties to physíologicaL, morphological and bíochemical factors which may

gove'rn the degree lc l¡hich t-he genotype is perrnitted to express itself
in the produetion of normal or abnormal gametes. Therefore, íf meioËic

in€tability of various trÍticale strains ís to be compared, the lriti-
cales must be gro$n under constant enviromental conditions.
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Abs!ract

The inteIrelat íonsh ips among source of cytoplasm, chromosome

paírÍng and the duration of meiosis were sÈudied ín eight combinations

of hexaploid triticale (X TritigoqecaLe l^Iittrnack) grort'n at 20oC under

cont.inuoua illuminat.ion. The number of paired chromosome arms and uni-

valente per pollen mother cel1 at MI ranged from 32.32 and 4.89 to

37.26 and, 1.37, respectively. Meíosis lasted from 44.14 to 49.35 hours.

A eÍgnifícant poeitive correlatíon (r = 0.92) was found between total
duraÈíon of meiosía and the combined duratÍon of zygot.ene and pachytene,

the stages durÍng which chromosome pairing is thought Èo occur. The

origin of the cytoplasm (fron tetraploÍd or hexaploid rüheat. ) had no

significant effect on chromogome pairing or meiotic duration. No rela-

tÍonship was found between total duråtion of meioais, or that of zygotene

and pachytene, and chromosotre pairing. It was concluCed that Lack of

sufficient tíme for hornologues to pair cannot account for the presence

of rye chromosomes as univalents in Èriticale.

Introduction

The synthetic amphiploid ÈrÍticale (X ÎrÍticosecale !,littmack)

shorûs a number of unpaired chromosomes at firsÈ meiotic metaphase

(Kêlt.sikes, L974). Chromosome pairing can be affected by chromosome

homologies, genetic fectors and the cellular environmenÈ during meiosÍs

(Hoasain and Moore, 1975). These in turn can al"so be influenced by the

external environment (Bennett and Rees, 1970; Bennett eL aI., IgTZi

BêylÍss and Riley, 1972; Utkhede and Jein, !974; Í.zhar, 1975). Varíous
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inve€tigaÈors therefore have tried to st.udy the relationshÍp between

these factors and u'ivalency in triticale. Thus, following Darlingtonre
(1940) theory that vâriat.ion in the number and position of chiasmata may

be caueed by differences in the time available for chromosome pairing

and chiasma format íon, Bennett et al. (1971), Bennett and Snith (Ig7Z),

and Bennett and Kaltsíkes (1973) studied the duration of meiosis and íts
conetituent stages in wheat, rye and triticale. They found that rye

required a considerably longer time in whíc.h to complete meíosis than

either trÍticale or wheat. They suggested, therefore, that insufficient
tine for normal pairing of rye chromosomes in the triticale nucleus, may

be the cause of the partial faiLure of chromosome paÍring which is evi-
denced as unívalents at MI.

The cyÈopLasm, as Èhe major eomponent of Èhe cellular envirorunent,

has been shown to affect univalency in Èriticale and wheat-rye additÍon

lines (Larter and llsam, 1973; Rimpau et al., 1973). Kaltsikes (1974)

noted trit is possible Èhat the cytoprasm affects the duration of meiosis

and especially those stages connected nith pairing[. By inferencer

therefore, it could also affect chromosome pairing and meiotic abnormal-

i t íes.

The presenÈ study I,ras undertaken to investigate the rela.tionship be_

trùeen the source of cytoplasm, duration.of meiosis, ànd chromosorne pairing
ln trÍticale.

Måt.eria1s and Methods

Seeds of four pairs of txiticale lines, each pair genotypicalLy

ldentical but differing Ín the source of Èheir cytopLasm, were kindly
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supplied by Dr. E. N. Larrer (faUte I). Due to the ourbreedÍng of the
rye parent there vras a possibility that the lines of each pair nere not
strictly identÍcal !,'ith respect to the genotype. To ellminate this
poesÍble source of error, the rines of each pair were crossed reciprocarry
to produce F1 combinations whÍch constitut.ed the materÍal ut.ij.ized ín
this study.

Seede of all genotypes were ge¡minated on moist fílter paper, at
room temperature. Root-típs ¡rere collected and, one day lêter, the
aeêdlings were transplant.ed, one per 9 cm pot, and grown in the green_

house. When leadíng tíl1ers were judged to be about a r,reek prÍor to the
onset of meioais they were transferred to ê groÌrth cabinet maÍntained at
2o ! 7oç, 7L.5 ! o.oz rêrative humidiry, and conrínuous írlumínarion.
Root-tip chromogome counts were obtaíned by standard procedures.

Squash preparations of ?MCrs were made ín acet.ocarmine (2%) by

standard procedureg' chromosome armo, pq.Íred and confiþurations at Mr, lagging
chromosomes,at first and second anaphase and micronuclei at the quarteÈ

stagè were scored in eight euploid planÈs per line utilizing 25 pMcrs in
each plant.

The duïation of meiosis â.nd its stêges lrere estÍmated firstly, by

the removal and fixation, êt sêrnpling time, of three spikelets on one

side of the spike axis and secondlyr'by the anther sampling method.

Both methods have been previously described (Bennett. et al., 1971 ;
Bennett and Snírh, 19 72 ).

ITelve stages of meiosis r¡ere identified as follows: (1) Nucleolar
fuoion, consídered lo begin when the average number of nucleoli per pMc

was 1.5' (Sr), (2) Lepotene (S2), (3) Zygotene to synchronous tapet.al

Ì
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divieion (sTD), (s3), (+) sro Lo end of zygorene (s*), (5) pachyrene

(S5), (6) D iplorene-D iak ines is (SU), (7) Mr (S7), (B) ¿r ro dyads

(su), (9) lra,ls (sn), (r0) Mrr (s10), (u) Arr ro quarrers (s11),

and (12) Quartets (S.o). To reduce the error of estimåt.ion each meioticT¿

stage was further subdivided into early, mid and laie substages.

The exaninatíon of a spike yielded information on the progress of

PMCrs lhrough melosis in a given ii¡ce interval. If, for example, in 13

hours (h) a spikelet had progressed from mid-pachyrene to the beginning

of anaphase I1 (AII), then the follor,ring equêtion was ser up:

1/2s5 + 36 * 57 + sB + s9 + SfO = 13

Analogous equations rùere seL up for the other intervâls studied. As a

result. a systern of Linear equ¿tions ,tJere cbteined fcr each line as

follows :

bl1S1 * b12S2 * .*bU2SIZ=Y=meíoricínrerval

bjttl * oj2t2 * '* b51zs1z = Y¡

The value of the coeffÍcient (b.) varied betr¿een zero (0) and one (1),

depending on the part of the meíotic stage estinared ¡o be included ín

the interval.

The above system of equations can be represented in a matrix

notation as follows:

[¡] tsl = tvl

the solut i.on vector being:

ô = tu' Bl-1 [u ]'[y]
\úhere B repre6ents the måtrix of coefficients (b), S the vector of
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unknoh¡ns (i.e. duraÈion of the varioue meiocíc etages), and y the observed

time interval-s. A computer program written by Lee and Kaltsikes (1972)

rdas utílized to obtaín e€timatea of the duration of the varLous meíotic

stages and lhe standard errors associated hrith them.

Results

Developmenlal Gradients Along the Inflorescence

As ín the other cereals (Bennett êt a1., 1971), exarninat ion of

several whole epikes eho$red that the míddle splkelets were more advanced

Í,tith respect to neiosis than tho€e above or below them. The difference

in melotic development beÈween euccessive spÍkelets (on the same síde

of the spike) was about 2-3 h for spikelêts in the ¡niddle of the spike,

5-6 h for those inmediately above or below the middlerand 10-12 h for

those at the apex and base of the spike. Furthermore, the neiotlc stage

of a spikelet was almost intermedÍate to those which were just above and

below it., but on Èhe oppoeite side of the spike. Best results were

obtained frorn epikeleÈs sampled around the middLe of the spike, close

to the spÍkelet of the most advanced meiosis buÈ not includíng it. If
the oldest. spikeleÈ r,'aE to be included, there wouLd be a danger of

under-est imat. ing the duration of a particular meíotic int.erval. This

¡¡ould be due to the possibility that the two spikelets irunediately above

and below the oldest spíkelet, but on the opposite eide, could be ât a

stage earli.er than the oldesÈ one. On the basis of out fÍnding6, Ít
would have been assumed that the oldest spikelet rüas in a stage simÍlar

to that of the trùo sampled spikelets, when in effect, it would have been

at a låter stage.
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Tn alj- genotypes examÍr'red, one synchronous divieion of tapetal

nucLei was observed. rt yielded binuc.r.eate tapel-.al cerls and occurred

êl early zygotene (?ablee II, III)" Necxotic meiocytes, with a peak

arou¡¡d the synchronous Laperêi. dj-visÍon, were observeci in a1l genotypes.

Hor.¡ever, ArAO6xr 43,{¿ 4x and ArAU6x were character.Ízed by a hígher numb er:

of necrotic meÍocyLes and an asynchronous development of neiocytes among

ånÈhers of the sarne floret, and wíthin reiocytes of the same anther.

ArAr4x and ArAU4x had a lolr degree of asynchrony, while ArAr6x, ArAr4x

and ArAU6x shol¡ed the híghest degree of synchrony. In all línes,

asynchrony !¡as Í¡ore pronounced after MI so that anthers containing å.

níxture of meiocytes at AI, TI and dyacls v¡ere not rare. However, only

d.ata ftom florets in which all three. anthers contained pMCrs with a

hí.gh degree of synchron-y r^¡ere used for r_iming meiosís.

Duxaqiglql Meios ig

I.Iithin eêch of, Èhe four pairs of cËosses examined (Tables II and

rrr), no aignificant differences i.n the total duraLion of meiosis were

found (AfA2 r = 0"387; A3A4t = 0,025; ArAur = o.743; ATABt = 0.1sg).

llowever, there Ìrere sígnificant dÍfferences among pairs of gerÌotypes

(Pé0"01). As far as the índ.ividuaL meiotic st.ages are concerned highly

significant differences were found only at leptotene of A3A4 and A'AU

(Pf0.01), ând at SID to pachyrene sr.age of A5A6 (p<0"01). The durarion

of quartet.s and pollen maturation was essentially the same in aII four

pairs examined- Hexaproid lrheat cyt.oprêsm induced a some!¿hat ahorter

durat.ion of meiosis in genotypes ArA, and A,AO while it had no effect
on genot.ype€ArA. and A,AU. First prophase account.ed for e minimum of
82.887. (A5A66x) and a maximum of 86.887" (A3A44x) of rotal meiotic
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duration. there ¡¡as a Linear correlatíon between the total duration of
meio€is and the combÍned duration of zygotene and pachytene (Fig. I),
the atages during which pairing is thought to take place. These stages

combined rook from 40.967. (A5A66x) to 47.8% (A3A46x) of toral meÍoric

duration.

No consiatent differences were found between the duratíon of the

combíned stageg zygotene + pachyÈene and the source of cytoplasm ín the

preêent materiale- Thus, although in ArAr6x zygoÈene + pachytene lasted

longer than Ín their counteïparta having the tetraproÍd r¡heat cyLoplasm,

.the situation ¡¿as reve¡sed in ArAO6x and Ay'r6x (Tablee II and III).
rt can be concluded therefore that, in tritical-e, cytoplasm derived from

either tetraploíd or hexapJ-oid !¡heaÈ hâs no consistent differential
effects on the duration of meíosis and its constitueni sLages.

Meíot,íc Chtomosome Pairing

In all combínations studied no signíficant differences t¡ere fôund

betr¿een genotypically identical lines, irrespective of the cytoplasmíc

source, regardÍng number of chromosome arms paired and unÍvalents per

?MC, laggards at AI (exception A/6r P = 0.05) and AII, and micronucleÍ

per quarÈer (exception 4546, P = 0.05) (fabte tV). Analysis of the

differences arnong pairs shor,¡eal that some of the dífferences were highly

significant- Thus, combination AfAZ had significantly more paired arms

and fewer univalenÈs per PMC, thari the rest of the lÍnes examined.

these signÍficant differencea ! ere not accompênied by different. durations

of total meiosís or zygotene + pachytene. For example, although paírs

ArA, and A'AU differed by more than two chromosome arms paired per pMC

their meiotÍc duration rùas essentialLy the same- Over a1l lines, no

significa.nt correlation ¡¡as found between duration of ¡neiosis and



Figure i. The relá.tionship bètr¡een duralion of meiÕsís and of zygotene

and pachytene in eight triticale combinations (numbers refer

to the order of the lines ín Table lV).
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mean numb er of unÍvalents per pMC at MI (fig. Il). Therefore, the time

available for pairing doea not. eeem to be limiting to the paíring process.

Ðisc_uss Íon

Nr{:leolar Fusion and_the Begínning of Meíosís

Prior to proceeding r¡rith the díscussion of the present findings, it
ís important to establísh Èhe morphological critería which indicate the

onset of meiosís. .Bennett g gl., (1973) reported that Ín the hexapi.oid

r,Jheat variety Chinese Spring, leptotene begå.n at about the time of the

eynchronous LapetaL divisÍon; at 20oC unrìer continuous illumination,

this dÍvision occurs approximaÈely 10 hours after nucj-eolar fusÍon

(Roupakias and Kaltsikes, unpublished). At that r-ime each meiocyLe

carries one nucleolus which protrudes 1/3 to t/2 of the way out of the

n'.¡cl-ear surface, Therefore, according to Bennett et q!" (i973) ¡u.:leola¡:

fusion occurs prior to the beginníng of meiosis. In contrast, Darvey

(1972), Darvey et al. (1973) and Thomas and Kâltsikes (f976) concluded

that nucleolar fusíon occurs during leptoÈene of hexaploid wheat.

Taylor (1959) reported that ÐNA synthe€is extends into preleptotene

whÍ1e Callan and Taylor (1968) thought that it extends even into lepLo-

Lene. Bennett et af. (1973) ïeported that DNA synthesis was completed

approximately tr,¡o hours before Èhe onset of ra'hat they calred leptotene.

Thomas and KaLtsikes (1977) found Èhê¡ DNA synthesís was almost completed

by the tíme of nucLeolar fusion. Therefore, considerÍng that DNA syn_

thesis ext.ends into preleptotene and leptotene and, tha.t at the time of

nucleolar fusion DNA was alrnost doubled, nucleolar fusion can reasonably

be consídered as Lhe earliest part of meÍosis constÍtuting a part of



Fígure 2. The

per

the

relat.ionshÍp betvreen duraLíon of meiosis and univaLents

PMC in eight triticale comtrinatíons (nurnbers refer to

order of the lines as gíven in îable IV).
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preleptotene or even leptotene itself"

l.¡urt',her¡,"tor e, the nu¡Ttber of nucleoli per pl,{C ca¡t be ascerLaíned

objectively while the proirusÍon of.tïre nucleolus ca¡r be ciranged by

differences in the squashing technique ernployed for the stuCy clf the

meiocytes. HoÌ,¡ever, to facílitate comparisons h¡it.h other studies we

fol.Lor¡ed the cr:iteria used by Bennett e;t .e!" (1973) (i"e" leptotene

begíns when the nucleolue starts io projecr out of the nuclear surface)

and retained Lhe stage of nucleolar fusÍon a.s â stâge distÍnct from

leptotene.

Thonas and Kalteikes (1976) reported that nucleol¿rr fusion occurred

35-45 h prior to MI in pentapl"oid t.ríticaLe hybrids. Theír results are

in full agreement with the results of the present study (Table If and

ITI).

r¡-q P'.ï3!SL9! M" i *lj.
Bennett and Kältsikes (1973), in a study of the duïat.ion of meíosis

in a prímary hexaploíd triticale (6A190), found Lhat first prophase lasted

29.5 h, I'hÍle Bennerr and Smirh (1972) obtained a value of 26.5 h in
another hexaploíd triticale (Rosner). The results of the present stud.y

indicate that in hexaploid triticale first proplìase can last rron 30.27

to 37.33 h (nucleolar fusion excluded). rf nucleolar fusíon e¿ere to be

included, first prophase would last from 36"5g to 42.76 h. The differ_
ences reported in these three studies are probably due to the different
genotypes used" rt is also possible that i:he generation of the materiâl

studied may have an effect on the duïation of meÍosis. F1 crosses were

uLilized in thís study, while in the previous studies ¿dvanced generêtion

lines ¡uere used. Tarkowsltj. -et al. (1974) found that the number of
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univalents in octoploid x hexaploid tïítÍcare hybri.ds ¡.¡as reducecl froln

fl to F6. If ihe hypothesis of a Longer meiosis being associated v¿ith

better pairing ia correct, an increase in the durâtion of meiosis would

be expected ae a line becomes stabilized. The opposite nas reported in
the aforeinentioned studi-es. Therefore, the different dur:ations of meÍosis

obtêined n¡ith the various hexaproid triticale are possibly due to the
dlfferent genotypes studíed, rather than Lo sorÌle being more stabilized
than others.

The Effecl of tire Cytoplasm on Meiosís

T,artêr ánd Hsa¡n (1973) reported that triticale genorypes had a nrore

sËable meiosis r,r¡hen the nucleus was placed in hexaploid wheat cytoplasm

thên ín tet-raploid rTheêË cytoplasm. Rimpau er al. (1973) also reported

an effect of r,¡heat or rye cytopl"asm on ch¡omosone pairing in additíon
línes" Furthermoïe, ttre finding of Thornas and Kaltsikes (1972), ¡¡a¡
triticale, the wheat parent of which was the extracted A-A.BB component

of hexaploÍd *heat' had a more regular meiosis than durum x rye triÈícare,
may have been due to the ínfluence of the cytoplasm. Kaltsikes (1974)

theorized Èhat the cytoplasm probably acts by affecting the duration of
meíosis and especía1ly those stå.ges connected r.¡ith pairing. HÕrvever,

euch an effect was not found in the present study. The cytoplasm did

not affêct the du¡ation of meiosis. Therefore, if the cytoplasm affecÈs.

chromogome pairing, it must do so through another inechanism.

ThÍs study, honever, showed no signific¿nt differences in the number

of univalents and chromosome arms paired peï pMC, number of laggards aÈ

AI and AII, and number of micronucl"ei per quartet l¿hen identical genotypes

rvere placed in dJ.fferent cytoplasms (fa¡le ¡V). It could be arguecl here
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thåt both Èetraploid and hexaploid wheat had ê common donor of cytoplasm

(Chen et aL., 1975). Therefore, both lines of each pair examined were

similar ánd accordingly no differences were expected. Kíss and Trefas

(1973) and leli.ey (1975) díd nor fínd significanr differences in the

number of univaLents per PMC, even beÈween lÍnes carrying wheat or tye

cytoplaem. Larter and Hsam (1973), who studied material derived from

the game parents as in the present study, reported a significant differ-
ence in the number of unívalents per pMC. In the present study the

dÍfferences rdere not eígnificant, but in both studies the genotypes

ranked in the sane order, the d.ifference beíng more pronounced within
paire of lines (Table IV). Sínce chromosome pairing is genetically

controlled, thè indívidual outbreeding rye plants used in the crosses

rnay have conËributad, Ëo Èhe. triticale, different genes for chromosome

pairing thus accountíng for the dífferences observed betÌ¡een the tt¿o

studies. lelley (1975) proposed thar rhe system which polygenícally

controls the pairing of chromosome in rye (Rees, 1955; Rees and Thompson,

1956) is also functional in tritícale. In otherrüorda, the meiotic

behavÍor of a tTit.icale plant Ís highly dependent on the rye genome

invoLved, which may differ genotypically from planÈ to plant.

The init.ial premise of Èhis study was that the improved pairing of

trít.icale hrith hexapLoid y¡heat cytoplasm, as reported by Larter and Hsam

(Lg73), might be due to an effect of the cytoplasm on lhe duratÍon of

meiosiê. The prernise was based on the suggestion of Bennett et al.
(1971) and Bennett and Kaltsikes (1973) tt¡at the rye chromosomes of

triticaLe do not have suffÍcient time in which to properly pair, since

rye requires considerably mo¡e Èíme to comprete meiosÍs ths.n either wheat
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or tríticale: The present reeuiLs clearly show t.hat, for the materials

studi.ed, there r¡as no relat.ionship betv¡een rlurat.ion of meiosis and

chromosome paíring (Table IV, Fig. 2), indicating that perhaps these rrro

characteristícs of meiosis are independently determined by factors prob-

ably other Lhan the cytoplasm. Thus, the hypothesis of insufficient
time for normal pairing of rye chromosomes as a cause of meiotic dis_

turbances in triticale cannot account for the present results. Bennett

e-t al. (1974) in a.sLudy of the duration of meíosis in wheat genotypes

wiÈh or without homoeologous meiotic chromosome pairing noted rrsome

doubt must be cast upon the idea that the time available for paíring is
limiting to the paitíng processfl. IeLley (1974) also expressed doubts

as to this hypothesíe when, exlending pïevious obseïvations (see

KaLtsikes, i974 tor references), he proposed desynapsis as a cause of

unívalency ín tr íL icale.

F\rrther studies utilizing various other triticale genotypes of

advanced. generations and of dífferent degrees of stability may provide

a better means of ÈesÈing the possible relationshíp betr,¡een duration of

meiosis and meioÈic instability of triticale. The results of a study

related to thís quest.ion l¡í1I be reported elsewhere.
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tÞs¡¡e!.!

The durati-on of meiosio, its stages, and pollen maturatio¡ì at 2O"C

were deiet:mj.iled in eix hexapl,.-,id tritÍcêles (X Triticosecá.le l,iiLtmack)

which diÍfered ín the number of univalents per pollen mother cell at

netêphase I (o"67 to 2"43). Meíosis lasred from 46.5 to 53"3 h; these

estimates are longer than others previously reported for hexaploid

triticale (34 - 37 h) grown under the så:ne conditions. The quartet

etage i.asted from 7.1 to 8.0 h r.rhile pollen maturatÍon *_ook from 9.5

to 11.2 days" Apart from possible genotypic differcnces, and subjective

judgenents ås Lo the beginning of meiosis, the present estimatês incrude

the ståge of nugleolar fusion (average dur.aÈíon 6.0 h) as part of meíotÍc

prophase" A strong positÍve correlatÍon (r = 0.91) was found between

total duïation of meiosis and that of zy¡¡otene plus pachytene, the stages

during rv'hich chromosorne ç¡airing is thought to occur. -t'hese tv¡o sLagès

combined accounted for approximateLy 467. of the total duration of meiosis;

even in the triticale Í¡ith the shorÈest meiotic duration these two stages

last.ed longer than in rye (Secaþ fflg j,. ). As no relarÍonship could

be demonstrat.ed bet$¡een the toËaL duration of meiosis, or of zygoLene

pl-us pachytene, and Èhe number of univaLents per pMC, Ít is concl-uded

that time is not a limiLing factor for chromosonre pairing in tïiticâle.

Introduct iog

Several t.heories have been edvanced (Kaltsikes, 1974) to explain

the occurrence of univalents in triticale (X TrÍ!icogecale Wittmack),

the amphidiploid of wheat and rye. one of these attribuÈed the presence
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of univêients at first metaphase (MI) of triticale to the lack of
eufficient time for pairing of the rye chromosomes rvhich requÍre a

Longer duratío' of zygotene and pachytene Lhan that found in meiosis of
triticale (Bennett et al., 1971; Bennett a¡rci KalteÍkes, 1973). Recently,

hovever, Bennett et aI. (1914) utilizing several wheat genotypes, con-

cluded that in ¡rheat no relati.nship existed betv¡een meiotÍc duration

and Lhe level of chromosome paÍring observed ât Mr. on the basis of the

differences in pairing observed between diakínesis and Mt in Lriticêre,
Lelley (1974) expressed doubts as to the influence of meiotic duratíon

on chromosome pairing. Roupakias ênd Kâltsikes (1977) exa,l,irred four

pairs of Fl hybríds berween triticale strains thêt were genotypically

identical but whích díffered in the origin of their cytoplasm and con_

cl-uded that no relationshíp existed be*.r¡een the duration of zygorene +

pachytene (Z + p), or t.oËal meiotic duration, anC chromosome pairing.

To ovêrcome the difficulties posed by the examination of Fl hybrids,

vhich nornally show a high degree of meiotic insrability, the present

study Ì'¡as underLaken. rt utilizes advanced generaLion t.ríticales which

exhibiË higher levels of chromosome pairing than those found in Fl

hybr id s.

Materiêls and Melhods

The following materials \^/ere

(a) Itexapl<,id triticale: (1) cv.

X Secalq cereale L.); (3) 65-4 (T.

X S. cereale, U.M. access. 0D289);

cv. ProLific); (5) R621-5 (Rescue

used:

Rosner; (2) 64600 (Triricum turgidurn t.
turgicum var. durum cv. Stewart 63

(4) 341-5 (Prelude (AABB) X S. cereale

(¡¡¡¡) x protific); (6) 6A301 (Tharcher
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(¿egs) x Prolific). (b) Terraploíd whear: T. turgidum var. durum cv.

ster¡arr 63. (c) oiplora rye: secale cereale ooãln. ...Ill'ru
wheaÈs desÍgnated ae prelude (AABB), Reecue (AABB), and Tharcher (eeS¡ )

were described by Kêlrsike" g e!. (1969). The conditions of gror,rrh and

the methodology used I'ere ident.ical to thoee of a previous study

(Roupakias and Kalteikes , !977).

. Chromosome arms paíréd and configuralions at. first metaphase,

laggard chromosomes at fírst (et) and second anaphase (¿ft) and mícro_

nuclei at the quartet stage were scored in eight euploid planÈs per

strain (exceptions for AII l¡ere: Rosner, four plants; R621-5, seven

plants; and at AI: R62l--5, síx planrs) urilizÍng 25 pMCrs in each plant.
The numbers of plants, spÍkes and anthers examined per strain are given

in Tables I, II, end III. The differences amÕng means for the various

attríbutes studied were tested by either the t.-ÈesÈ or the analysÍs of
varíance foLLowed by Duncants new multiple range t.eet.

Results

MeÍoÈíc DeveloDment

In all genotypes exanined various degrees of asynchrony of meiot.ic

deveLopment were observed among anthers of the same floret or even

!¡ithin anLhers. Asynchrony increased in the forlowing order among the

strains exarnined: Stewå.rt 63, 6A600, Rosner, 0D2g9, 6A30I, R6ZI-5, 341_5

and 65-4; asynchrony was easily discernible in ånthers containing

meiocytes at stages past. Mr, probably on accÕunr of the short durat.ion

of those "tag"". Extreme cases such as the co-existence of MI, dyado

(DY), MII and TII in the eane anther, were observed in the 34I-5 and
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65-4 triEicales" Among the anLhers of Lhe sa¡le fLoret the most frequent

type of asynchronl' observed v¡aa tvro anthere conÈaining meiocytes at MI

and the thírd ai diakineois or AI. Hch,ever, exEleme cases such as one

anlher at MI, thê second at I'I and the third at Dy_MII (rye); MI, MII,

MI/AI (steruarr 63); an"J MI, TI/Dy, AI/TI (6A600) were occasionally

observed.

One synchronous division of têpetal nuclei producing binucleate

celle was observed in all genotypes examined, including rye; it took

place at earl]' zygotene in tt:iLicale, åt eaï1y to nìid_zygotene in wheat,

and aL the beginning of zygotene in rye (Tables I, II, and III).
Durat io¡r*gf Meioels

The toLal duraLion of meiosis, excluding nucleolar fusion (NF),

veried betrveen 40.0 h (341-5) and 47.7 h (Rosner). Lrírh NF includ.ed, it
ranged between 46.5 h (341-5) and 53.3 h (Rosner) (Tabtes I and II).
First prophase occupj_erJ frorn 84.30% (341-5) to 86"73"1 (6A600) of rhe

total duratíon of meiosís, while zygotene plus pachytene (Z + p), stages

where paíring is thought to occur, accouni:ed for from 45.37"L (34I_5) xo

46-34L (6A600) (tabl.s r and rr). A highly signíficant linear correrarion

was found between the duration of Z + p and total duration of meiosis
,(Fis. 1) (r' = 0.99, p zo.ot).

Sígníficant. differences were found bet!¡een paÍrs of strains as

fcllows:

Total durat.ion of meiosis: Roanex vs. 34L-5, 6A600 vs. 341_5 and 34I_5

vs. 64301, all sÍgnifícanr at p¿-0.05.

DuraÈion of fÍrst prophase: Rosner vs. 65-4 (p40.05), Rosner vs. 34I-5

(P<0.01), Rosner vs. R621-5 (p.<0.02), 6A600 vs. 65-4 (p<0.05), 6A600
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Figure 1. The relationship bet-v¡een the total

thêÈ of zygotene plu6 pachytene in

triticale.

duration of mei.os i.s and

six straíns of hexaplo íd
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vs. 34]--5 (P#0"0I), 6A600 .¡s. 62I-5 (p4A.OZ), 65.,h vs. 341_5 (p<0"05),

and 341-5 vs" 6^301 (p¿ 0.01).

Duration of Z +p: Rosrìer vs. 65-4 (p4_0"05), Rosner vs. 34I_5 (p<0"01),

Rosner vs. R62I-5 (p<-0.05), 6A600 vs. 341,-5 (p:.0"02), and 341_5 vs.

6A3 01 (PZ 0.05 ).

statistical analysis revealed no sígnificant dífferences in duration

of meiotic stages after MI, amont rvheat, rye, anci the triticale (65_4)

deríved from then (Tables II and III). However, meiosís took longer in
r:-ye thên Èritícale and Ín both it l-asted signíficantly longer (p=0.001)

than in wheat (Tabl.es II and III). First prophase was significantly
l-onger in rye than in trirÍcale (p<0.01), or !¡hear (p<0.001), and aiso

in triticale as compared Ëo v¡heat (p<0"001). The durå.tion of Z + p was

sígnificantly l-cnger in triticale than in either wheat (f<0.001) or rye
(PÉ 0.01)"

Meiotic A.bnormal it ies

Analysis of 'ariance re'ealed. significant differences in meíotic

abnormalÍtíes among the trÍticales studied (unívâlents p=0.01; paired

arms PÉ0.001; AI p= 0.001; AII p<0.001; and micronuclei p=0.01, Table

IV). Furthel analysis using Ðuncanrs method revealecl signÍficant

differences (P<0.05) betv¡een t-he following pairs:

1. Univalents: Rosner vs. the resÈ of the straíns; 6A600 vs. 65_4 ¿nd

341-5; 65-4 vs- R621-5 and 6A301; 341-5 vs. R62t-5 and 6A301.

2. Paired arms: Rosner vs. 6A600, 341-5 and 6A301; 6A600 vs. 65-4,

341-5 end R621-5; 65-4 ve. 341-5 and 6A301; 341_5 vs. R621_5 and 6A301;

and R62I-5 vs. 64301.

No sÍgnificanE correlêtion was est.åblished between t.he duration of



T
ab

le
 I

V

M
ei

oÈ
ic

 c
ha

ra
ct

er
is

tic
s 

of
 h

ex
ap

l-o
Íd

 Ë
ri.

tic
al

e,
 t

eE
ra

pl
oÍ

d 
w

he
at

 a
nd

 d
íp

lo
id

 r
ye

M
at

er
iå

l-

T
rit

ic
al

e
R

os
ne

r

6A
60

0

65
-4

34
1-

5

F
.ó

2r
-5

6i
\3

01

ï^
rh

ea
t

S
te

vr
ar

! 
63

R
ye 0D

 2
89

D
ur

at
io

n 
(h

ou
rs

 )
Z

yg
o 

te
ne

P
ac

lìy
te

ne

¿
+

,o

24
.I

,,)
 

"1

21
. 

1

2?
 .7

23
.3

18
, 

7

20
 -

7

T
ot

al
ne

io
st

s

M
ei

ot
ic

 a
bn

or
gq

lit
ie

s
U

ni
va

Le
nt

s
pe

r 
ar

m
s 

La
gg

ar
d 

ch
ro

r¡
os

om
es

 
M

ic
ro

nu
cl

ei
P

M
C

 
pa

ire
d 

A
I 

A
II 

pe
r 

qu
ar

re
È

52
. 

O

49
,8

46
.5

49
.5

51
. 

3

43
. 
I

52
.9

l-,
62

10
.1

1

0.
67

t0
.1

2
2 

.3
2!

0 
. 
14

2 
,4

3t
0 

.2
I

r.
 0

61
0.

 t
 2

1.
 0

61
0.

 t
 6

0.
 l_

01
0 

. 
0s

0.
12

10
.0

8

35
.8

71
0.

30

37
 .

7 
2!

O
 .

26

36
 .

 3
7 

t0
 .

35

33
.4

4t
0.

45

36
 .

43
!O

 .
27

37
 .6

3t
0 

.2
3

27
 ,

32
!O

 .
 L

I

12
. 
8L

t0
. 

11

0.
 1

6t
0 

.4
0

1.
 3

5!
0.

 3
6

0.
52

10
.1

3

0.
35

10
.0

9

0.
03

!0
.0

3

0,
 0

31
0.

 0
2

2.
35

!0
.8

7

0.
 4

3i
0.

 l_
0

2 
.O

Ll
o.

22

0 
.9

9!
0.

27
1.

 0
91

0.
 1

7

o 
.5

7 
!0

.7
6

0 
. 
00

10
. 

00

0.
04

10
. 

03

1.
 4

61
0.

58

0.
23

!0
.0

i
1,

07
10

,1
4

\.7
7 

!0
.2

4
0.

96
10

.1
8

0.
48

10
. 

r_
0

0.
 0

01
0.

 0
0

0.
 0

21
0.

01

-!



58

eíther meiosis ot Z + P, and unívalenta per pMC (Figs. 2 and 3).

Furthermore, although the tritícale (Í.e. 341-5) ¡¡ith the highest number

of univalenrs per PMc had the shortest duration of leptotene or leptotene

+ NF (Tables I, II and IV), no significant correlaÈÍon was found betteen

the duration of leptorene (r2 = 0.50) or leprorene + NF (r2 = 0.40) and

univalents per PMC.

Discuss ion

AscerÈaining the beginning of meiosis and some of its sÈages ís a

subjective matter. The present authors have attempted to overcome thie

subjectÍve bías ín ts¡o tüêys. Firstl-y, by considering nucleoLar fusion

(N¡), a well-defíned and objectÍvely ascertainabl e stage, as the bêgin-

ning of meíosÍs. The reasons for thÍs choice were gíven in Roupakias

ênd Kalt.síkes (1977). Secondly, by including in the present sLudy

materÍals (Rosner and Stewêrt 63) l¡hich had already been the subject of

si¡nilar ínvestigations (Bennett and Smith, 1972; Bennett and Kaltsikes,

1973). The combinatíon of these two factors ai.lo¡{s confident compari-

60ne âmong the strain€ used by the present authors r,¡iÈh the strêins used

by others.

The p¡esent results agree quíte ¡rell- ¡.¡ith those of a prevíous study

(Roupakias and Kaltsikes, 1977) in that Ín both studies first prophase

(NF excluded) lasted from 32.7 h (34I-5) to 39.9 h (Rosner). Bennert and

Snlth (1972) found that under the same environmenLal conditÍons this
interval. Lasted 26.5 h in Rosner which is approximately tr.¡o-thirds of

the duration found in the plesent study. If meiotic timing studÍes s.re

to be comparable they shoüld yiel-d esÈimates of duraÈion Èhat. are not as



Figure 2. The relaL j.crìship bei-rveerr
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triticale.
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Figure 3. The relstionehip between the duration of zygotene plus

pachytene and number of univalenLe per PMC in six hexaploid
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¡ridel"y different aa those indícat.ed above. Fortunately, the unambiguous

landmark of the synchronous tapetal divisíon (StÐ) can help Ín deciding

whether ihe two studies yielded comparable resulls. Bennett ånd smith
(L972) pl.aced STD at the beginning of leptotene and gave the time

required for ¡he ínterval S1'D to MI as 26.5 h. Our study showed STD to
be concuxrent vith early zygotene; meiocytes took 26.5 h to progress from

this point to Mr- The difference found Ín the duration of first prophase

between the two studies, therefore, can be attïibuted. to the subjecti-ve

determi.nâtion of the beginning of meiosis. It. is 1ikê1y that this
difference in judgernent is linÍted to the study of Rosner only, since

for Stewart 63 both studíes place STD as occurring concurrently with
zygotene. rn addiÈion, for triticare 65-4, which hâs Lhe same v¡heat:

parent as 54190 (Sre.+¡arr 63), both Bennerr and Kûltsikes (1973) and rhe

present study pl-ace STD as taking place concurrently vJith early zygotene.

¡lrthermore, BenneLt and Kaltsikes (1973) and the present. study agree on

the occì,frence of only one STD ín rye, concuffently with zygotenê. This

indicates a consisrent appricatíon df subjective morphorogical críteria
for the determinat.íon of meiotic stages. rt can also be stressed that
in all other hexaploÍd triticales studied SID was found to occur during
early zygotene, making it unlikely that. Rosner rvould be very much

different in this respect.

rn any caser the difference betïreen the t!,ro estimates of the duratÍon
of first meiotic prophase in Rosner does not affect the main thrust. of
tliis investigation, vrhich Ì{as to clet.ermíne the relationship between the

duration of Z + p and chromosome pairÍng in tritícale. This study wês

undertêken to te6t the hypothesis propoeed by Bennett and co_workers
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(Bennerr g gl., 1971; Benneft and Smirh, 1972; Bennert ånd Kalrsíkes,

1973) that aome rye chromosomes do not pair ín triticâle because,

¡elative to the sheat chromosome complement, they do not have sufficienÈ
tine in r,rhich to do so. If this premise is accepÈed Ëhen the followÍng
should hold true: (1) There should be a posÍtive correlation betrveen the

duratÍon of those stages durÍng r¡hích chromosome paiïing is Èhought to be

taking place (zygotene and pachytene) and the i.evel of paíring. (2) fn
triticale hybrids, whích have a meiotic duration equal to Èhat of their
pêrents ' there should be no more meiotic abnormalÍties than in theÍr.parents-
(3) There should be Little variaÈion Ìrith ïespect to paÍring among pMCrs

of a single anther.

å'lL of these corolr-aries can be tested. Neither the present st'dy
(figs. 2 and 3) nor a prevíous one (Roupakias and Kaltsikes, 1977) showed

a conaistent Ìelationship bet!¡êen the duration of meiosis, or that of Ëhe

comb ined stages of zygotene and pachytene, ênd Ëhe leve1 of chromosorne

paíring. ltrthermore, ín a hybrid betrüeen Rosner and 6A600, which had a

meiotic duratÍon si¡nilar to the pêrents (present authors, unpublished)

2.3 and 5.6 t i¡nes more univalents weïe observed in the hybrid than in
Losner and 64600, respecÈivety. Increased univalency, relative to the

paxents, has been reported many times in tríticale hybrids (Larter and

Hsarn, 1973; Merker, 1973; RoupakÍas and Kaltsikes, l-977).

Not all PMCrs showed the same level of chromosome paiïing, since

some of thern had no univalents, whir.e others had more than four, arthough

the t i¡ne they spend in z + p shourd be Èhe same for all. Furthermore,

the present study has shown that the acLual durêtíon of Z + p (fable fV)

wae longer in hexaploid triticale than in rye. Therefore, the hypothesis
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that the duratíon of Z + p determines the amount of rye chromo€ome pair_
ing in triticale does not seem to account for all the knovm facts of
univalency in triticêle. It ie possíble, however, that the rluration of
earlier stages (i.e. leptotene) may affect chromosome pairing because

the trilicare r'¡íth the shortest. leptotene håd more un'valents than the
others (Tables I, II, and IV). However, no significant corelation l¡as

detected between duraLion of lepioLene, or leptotene + NF, and unívalents
per Pl'lc. rt becomes necessary, therefore, to exarnine factors other tlìan
duratíon of meiosie and its stages as causes for thís phenomenon.

In esÈabLíshed tritÍcale strains the mean number of univalents is
rarely more than four and in moat cases ít is between one and two (Scoles

and KaLtsikes, 1974), indicatíng i_hat on the average only a few chromo_

somes fail to pair in trit.Ícale. It is also kno¡,¡n that the måjority of
the chromosones that faíl to pair belong to tlìe rye genome (Thomas and

Kaltsikes, 1974, !916). Furthermore, anong the rye chromosomes, those

trith promÍnent Giem€a-staíning bånds aÈ both Èelomeres are more 1ÍkeLy

to be seen ae univaLents thên those having a band åt only one of the
telomeres- T,oss of mogt, or the entire telomeric band of chromosome

arms 6RS (Kaltsikes and Roupakias , i1976) and 7Rl (Merker, 1976) irnproved

pairÍng Ín triticale. AddiÈionali.y, Miklos and Nankivell (f976) have

shov¡n that in grasshoppers the arnount of heterochromatin v¡as Ínversely
correlated wÍth chiasma frequency. The above observations inplicate
heterochromatin in the contïol of chromosorne pairing even though the
precise mechanism of its actÍon remarne unlcnown (see Thomas and Kar-tsikes
(i974) tot e hyporhesis on rhis subject).

- The possÍbility arso exi.st.s th.È geneÈic factors on certain whea..
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or rye chromosoines acL or Íntet:û.ct t.o regulate chromosome pairin8 in
trlticale (Lelley, 1975). It was mentioned above thar tlÌere h¡as

variatíon wí-th respec¿ to the number of univalente per pMC vrithin an

anther althougtr ai-l carry the sane chromosome comprenent. rt could well
be l-hat these pMCts are not in contact with the tapetum and, therefore,

do not recei.ve fr:om, or thïough it, the factor(s) necessary for ncrmal

pïogressíon through meiosis (Chrístensen and Horner, 1974). It could

al-so be Èhat co¡npetition may e:(ist among meiocytes for precursors needed

for the formatíon of the synaptonemal complex, reunion of the breaks

that occur during crossing-over, oï enzJrmes which affecL chromosome move_

ment and homoLogue recogniLion. Such a proLein, present only ín meioËic

cella, and rrÍth a functional imporLance in chrornosome pairing and recom_

bination, has been xeported by Hotta and Stern (1971). Furrher biochem_

ical studiês in varíous LïiLicales may, therefoïìe, result in a better
undergtanding of the cause of the meíotíc abnormalitíes.
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IN TRITICALE A}iI' ITS PAREÌ\ITAL SPECIES
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4bsrrac!

The effect of the D and R genomes on the durat.ion of nteiosie and

its stages lrâs studied ir¡ the following riìateïial"s: I" ÄÂBBDD (ifigrryl
ae_s ! i.Lu_4 L. ern. Thell. ); 2. AABB (exrracred from AABBDD); 3. A¿,BBRR

and AABBDDRR (X Triticosecale Wittmack); 4. AABtsD; 5" ABRR; and

6. RR (Secglg ggreqþ t.). cenomes AB, D and R were rlìe same imespec_

tive of the materiar in which ihey were found. At 20'c and conLinuous

illumínaLion meiosis lasted 32.8 xo 44.5 h in .he AABBÐÐ; e|.I Lo 44.6 h

Ín rhe AABB; 46.4 to 51.3 h in Èhe A^BBRR; 43.6 h in rhe AABBDDRR;

44.5 h Ín the AABBD; 5L.6 ro 52.7 h in rhe ABRR and 52.6 h in the RR

genotype. AdditÍon of the D genome to the AABB and AABBRR geno¿ypes

resulted in (1) elongation of the stage of nucl-ec1ar fusion (2) shorten_

ing of the cornbíned duration of zygotene aad pachytene and (3) reductíc¡n

of Èhe total dur¿tíon or- ¡neiosis in T{ABBR-R whiie it had no efrect on AÄ'''.
Addition of the R genome to AABB resulted in the elongatiÒn of Lhe total
duratÍon of meiosis and its stages while it had no significant effect
¡vhen added to A¿.BBDD. IÈ was concluded that the variation observed in
the duration of meiosis and íts stages among the varíous cereal genoLypes

studíed !Ías more likely due t.o genes carried by the D and R genomes

rather than to simple changes in p1oídy level or Dl{A content.

Introduct i_9!

with respect- to ¿he duration of meiosis at 20'c the various forms

of LritÍcnle (X tliricgsg:ale t^litrmack) and rheir wheat (fríticum t.)
and rye (!.""1" L.) parents can be ar-ranged as follows: octoploid triticâ.le
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Ql-22 ù, hexaploÍd wheat (24 h), rerraploid lrhear. (31-37 h), hexaploid

trlticale (34-47 h) and rye (47-51 h) (Bennerr g g!., 1971, Benneft and

Kalt'íkes, 1973; Roupakias and Kaltsikee, 1977a, b). Bennett and Smith

(1972) at.tributed these differences in meiotic duration to the amount of

nuclear DNA and the ploidy leveL of the strain involved. Roupakias and

KaLtsikes (1977a, b) reported eigníficênt differences among hexaploÍd

tríÈicalê strains (i.e. sane pi.oidy level and most likeLy same DNA con-

tent) which indicated that genetic factors may have a major effect on

the duration of meiosis, rùhile Bennerr g.¡g gl. (1974), in a srudy of

euploid and aneuploid r¡heat genotypes, found that índÍvidual chromosomes

(í.e. 58) have major effect€ on the durarion of meiosís. Law g! g!.
(1976) found thêt the extreme earliness observed in chinese spring hexa-

pLoid wheat was due to chromosome 5D. It is possible, therefore, that

the much ehorter duration of meiosis in hexaploíd Î,heat and octoploid

tritical.e straÍns was induced by the D genome acting directly or inter_

acting wi.th genes canied by the A, B and R genomes.

The present study was undertaken to ínvestigate the possible effect(s)
of the D and R genomes on the durêtion of meiosÍs and its constituent

stages. It utilized genetically rel-ated tetxaploíd and hexaploid wheat

strêins, one ryê strain and the triÈicales derived from them.

MaterÍals and Methods

The materials used in this study (genomic formula in brackets) were:

1. Diploid rye: Secale cereale I,. rprolificr (RR).

2. Tetraploid trhear.: TriÈicum turgidum !. (l) tpreluder (A¿BB);

(2) tRescuet (AABB); (3) rTharcherr (AABB).



3. Hexapl.oid wheat3 1,. aes!ivum L.em. The1L.: (1) ,prelucle,

(¿¿as¡o ); (2) 'chinese SpriDgr (AAtsBDD ).
4. Ocroploid rriricale: (l) SA73 (hexaploid prelu<le X prolific);

(2) 8A74 (hexaploÍd Rescrre X prolific); (3) gA599 (hexaploicl Tharcheï

X Prolific ).

5. Hybrids of hexaploíd triticâle X prolific: (f) Rosner X

Prolj.f ic (ABRR); (2) 6A299 (retraploid prelude X protific) X prolific
(asnn)" Meiotic exarnination of these hybrÍds sho!¡ed rhat Rosner and

64299 contributed arl 7 chromosomes of the R genome arthough 2R ín Rosner

Lacks the termínal heterochromaÈic bands (present authors, unpublishecl).

6" Hybrids of tetraploid h/heat Stewart 63 X hexaploid wheat:

(1) Stewart 63 X Rescue (AABBD); (2) Stewarr 63 X Tharcheï (AABBD).

The tetraploiC !¡heats dcsigneteC as FreluCe (aAnf), Rescue (AABB)

and Thatche¡ (AABB)' have been extracted from their hexapÌoid count.erpert
(Kaltsikes et al., 1969). The duraÈion of meiosis of the hexaploíd

trit j.cale straíns derived from the extracted telraploíd wheaLs (prelude

Rescue, and Thatcher) r,ras reported by Roupakias and KalLsikes (Ig77b).

The conditions of growth and Lhe methodology used have been given pre_

vÍous1y (Roupakias and l(altsikes, I977a). Although this study deals

with events taking place in the meiocytes, the tâpetum ¡nas also studied

because the synchrcnous division of its cells (STD), v¡hich occurs con_

currently hritlÌ meiosisr provides â convenient and unamb iguous landmark

thåÈ can be used Ín comparing meÍotic duratÍon data reporLed by different
résearchers (see d iscus s ion ).

The number of plånts, spikes and €.nÈhers exanined for the determin-

ation of the rneiotic duraÈion are given in Tables I, II, and III. The



t-test was uaed to calculate differ:ences among meâns of the varíous

attributes stud ied.

3"""Lr9

Meiotic Development

rn each floret of the genotypes studíed rhere were tr'ee anthers.

Within individual anthers, and anong anthera of each floret, as¡rnchrony

of âpproximately 1-2 h was observed (see also RoupakÍas and KaltsÍkes,
I977a, b) wíth the excepLion of the hybrids Rosneï X prolific and

6A299 X Prolific which showed. a higher degree of asynchrony (l_3 h)"
One STD, which resulted in binucleate tapetal cells,was observed

ín all genotypes Ír..,estigated. It' ¡¡as concurïent hrith: (a) early
zygotene in Prolific rye and in both of its hybrida, Rosner x prolifíc
and 64299 X Proiífic; (b) eariy- Èc mid_zytotene in âii Le.rapioid
wheêts and in the hybrids SteÌr/art 63 X Rescue (65) and Stelrart 63 X

Thatcher (6x); (c) mid- ro l-are-leproLene in ocropl_oid triricale (gA74,

8473, 8A599); and (d) mid-leptorene in hexaploid whear prelude (6¡) and

Chinese Spring (Tables I, II and III). one STD r,r.h ich occurred while
PMCrs ryere at zygotene Ín prolific rye and early_ to mid_zygotene in
tetraploid n'heêt was also reported by BennetL and Kaltsikes (1973) and

Roupakias and KaltsÍkes (I977b), respectively. Bennerr and Smith (1972)

also reported one STD in hexaploid h,heat and octoploid triticales. IL
occuEed lrlìile pl'lc t s k¡ere at : the begÍnning of leptotene in Chinese

spring; the beginning of zygotene in Holdfast. end early lepÈot.ene Ín

the octoploid triÈÍcale s trains.
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Durîêt Í_o.Lgf lfe ioe is

Secale cereale cv. rprolr'.ficr: The total duration (whicir Ínclrrdee

the period of nucleolar fusion (NF). to TII unless oLlìerraríse indicatecl)

of nreiosís in Prolific rye was 52.6 h (îable I). First prophase and

zygoterle + pachyrene (Z + p) occupied gS.4"L (44.) h) and 37.67" (19.8 h)
of totaL meiotíc duration respectively. These results are in full agree_

ment r,!'ith those reported by Roupakias and Kaltsikès (1977b) for 0D2g9 rye
(dífferences for z + p and total duration of meiosis h,ere nor. significant).
Bennett and KalLsikes (1973) aLso repoïted a totê1 d.urat ion of meiosis in
Prolífic rye equal to 51.2 (NF excluded) and rhêr of Z + p equal to 19.4

h. There is a close agreement between the tv¡o studies. The clifferences

observed r,Jere restricted mainly t.o stages following MI, i.e., stâges

I'hích have no effect c¡ chromcsorne pairing. BenpetL and Kaltsíkes (1973)

found a duration of 10.2 h for all meiotíc atâges between MI end TII
incLusive, which in the present sludy wa€ found to be 7.7 h. Quârtets
Lasted abouË 8.5 h in both sÈudie€ but pollen matuïation was found to

require four.days iess in the present study (Table I).
Tetrap_þ.lllheat: The toLal duration of meiosís in the tetïaploid

hTheats ranged between 44.f and 44-6 hi the first prophasc between 37.0 h

(i.e. 83.07. of the roral durarion of meiosís) and 37.3 n (54.6%); and rhe

duration of Z + P bet\^reen 18.S h (43.67.) and f9.6 h (44.4Ð (Table l)"
The differences observed â'nong the tetraproids rrere not stêtisticâlly
eignificant. The duratíon of the quarÈet sÈåge ranged between 7.3 and

8.0 h; the differences being significant onLy for the pair, prelude and

Rescue (P=0.05). Somewhat great.er differences anong the three tetra_
ploids exa'nined ¡¡ere observed for the d.uratron of polren maturation.
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It ranged beÈr^'een 9.9 (neecue) and 11.2 days (Itelude). The differences
were eígnificant for the pairs, prelude and Rescue (p20.001) and Rescue

and Tharcher (P20.01) (taute ¡).

Hexaploi4 wheat: Exåmination of a lirnited number of spikes in
Prelude, Rescue and Thatcher showed that the duration of meiogis was

essen¿ialIy Ídentical in these Èhree cultivars- This fact coupled with
the sÍmílarities ín meiotic duration ín (I) their extracted AABB counter-

Pårts (Tab1e I) and (2) the hybrids of Srewaït 163 wirh hexaploid Rescue

and Thatcher (fa¡1e ltf) led us to exanníne in detail only one of these

thtee culÈivars, namely preLude- The results reported (Tab1ê II),
however, are considered to appLy to all three hexaploid cul-tivars.

The tot.al duratíon of meiosis in hexaploid prelude was 44.5 h or
approxinately the same as in tetrêploid prelude (Tables I and II)
(difference.not signíficant). Hor,rever, the triro genotypes differed sÍgnif_
Ícantry (P<0-001) ín rhe durarion of NF and of z + p. NF êfid quarrets

lasted longer iu hexaploÍd than in tetraploid ,nu"a, }'nrr" Z + p and

pollen matu¡atíon lasted longer in tetraploíd than. in hexaploÍd wheaÈ.

Bennett an<t smith (1972) reported a much shorter duration of ¡neiosis

(24.0 h, NF excluded) for Chinese Spríng. Because of the magnitude of
the difference (12 h) between the th'o hexaploid l¡heats, prelude and

Chinese Spring, rue decided to reinvestÍgate Chinese Spring.

l{ith NF excluded, our estÍmate of the durat ion of meiosis in chinese

.Spring becomes 27.5 h (Table II) ae compared Èo rhe 24 h reporred by

Bennett et å1. (L971). The difference can be attributed to the subjective

criteria used to ascertain the beginnÍng of meÍosis; it is not considêred

lerge enough to indicate a real difference beÈn,,een the trdo eatimates.
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The difference, however, ín the duration of meiosi€ betvreen chinese

Spring and Prelude (6x), ¿s obtained in the present. study, wa.s signif_
icant (P<0.001.) for the total duration of meiosis, Z + p and pollen

maturation and for the quarÈeÈ stage (p20.01).

OctopLoid TríticaLe: The lon number of euptoid plants obtained in
the 8473 triticale díd not allow a detailed study of the duration of
mei.osis. Ho!¡ever, the few spikes that Lrere examined indicated that
8473 was essentÍally símilar to BA74 and gA599. rn both of these octo-
ploids the total. duration of meiosÍs was about 43.6 h., Z + p lasted

16.6 h or 38.17. of the total duration of meíosisrand the quartet stage

lasted about 8.0 h (Table II). pollen marurarion lasred 10.2 days ín

8474 and 10.9 days in 84599 (difference was eignificanË ar p=0.05).

NF took longer in octoploid Èriticale gA74 and gA599 than in hexa-

ploid triticale R621-5 and 6A3 01 whÍch had rhe sane A, B and. R genomes

(difference was signÍficant at p<0.0r). z + p and totar duration of
meÍosis rùere shorter in ocÈoploid than in hexaploid tÌiticale (p¿0.00L),

¡¡hiLe there was no significant difference in the duration of quartet and

pollen maturat ion stages.

No Bignificant differences ¡¡ere found in the total duraÈion of
meiosis, durat.ion of Z +?, and duration of NF betteen hexapl-oid wheats

and the octoploid ttitÍcalê strains derived from thern, even though the

totai. duration of meÍosís was slightly sho¡ter in the ttiticales than

in their ¡¡heaÈ parent. A similar situatíon has been repotÈed by Bennett

and smith (1972) fo¡ chinese spring and two octopr.oid trÍticar.e sÈrains

derived from it.

Hexaploid TrÍticale Rosner X prolific (enRR); The total duration
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of meÍoBis. ddrêlion oî Z + p, leDtotene) ånd quattet atâge6 v¡ere not

ei-gnÍficaniiy differenL froín the corresporìCing stages of the Ro6ner

parenr' (Tables rrr and rv)- T'he only signÍficant difference observed

beÈweeiì Ros:rer anri its hybrirJ e¡ith prolífic was in the duration of
pollen maturarion (p€ 0.0I) r¡hich iasted 9.5 and 10.3 days, respêcrive_
ly. converseLy, â signÍfícant difference betv¡een the liybri.I Rosner x
Prolífic and the rye pâ.rent. l¡as obser.¿ed for the following stages:

z + P (p=0"05); leptorene (p-<0.001) and pollen marurarion (p<0"001).
The hybrid Rosner X prolific, therefoì:ê, resembles mor:e its triticale
than its rye parent.

Hexaploíd 6A299 X þliflg, The parenrage of hexaploid tïiticâle
*rrrm-, ;;.",;""".,,0r"0 by Roupakias and

Kaltsikes (1977b) (Tabl-e Iv)" Since exa,¡ination of rhe f ir¡¡r few spikee

shoÌred meiotic durêtions si¡¡ir.ar ro 341-5, 6A299 was ,ot srudied furLher.
No stet.istícaL1y sígnif icanr_ differencee were found between 6A299

X Prolífic and 341-5 in the total durat.ion of meiosis, durâtion of Z +p,
quarêt stage and po1Len maturaLion, although dífferences of 6.3 h, 1"3 h,
1"3 h and 0.4 h respectively, were observed. The lack of significance
was probably due to Large standal-d errors associaled wÍLh the estimates
of meiotic parameters in the hybrid (Table III and IV). Howeveï, a highly
significant difference belv¡een the lìybrid 6y299 x prorific and 341_5

triticaLe was observed in the. dut:ation of leptotene (p<0.001), while
there was no signifi_cant differencer, bet!¡èen prolific and the hybrid.
WiÈh respect to leptorene and the re€t of the stages, the hybrid 6A299

X Prolific resemblee, thelefore, it.s rye rêther than Íts tïitÍcå.le
ParenÈ (Tables I, III arÌd IV).
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Steqalt Í3 X Resgue (6x) anci Stewart 63 X jtharcher (6x)

82

: TÌìe

tÍme elapsed from the begínning of NF to srD wås 19 h ín stewart 63

(Roupakías and Kaltsikes, Lg77b), 19 h in the hybrids Stev¿art 63 X

hexaploid v¡heat (Tabie III), and 1.4.g h in prelude hexaploid wheat

(faUte ll). Ho\,rever, the duration of the period from Lhe stage of
meio€is where STD occuri:ed to MI v¡a6 17.6 h in Stewart 63, 1B.5 h i.n

the hybrids and 22"2 h in hexaploid prelude" STD took place during

early- to mid-zygotene in Ste\,rart 63, early zygotene in the hybríds

and Late lepÈotene in hexaploid prelude. The hybrids telraploid X

hexaploid wheat, therefcre, resembled more the t.etraploid than the

hexaploÍd parent.

Direct and Interactive Effects of the AB and R Genomes

A highly significênr difference (p20.001) between prolific rye
and Prelude tetraploíd wheat. r'as found in the tot.al duration of neiosis
(Tabl'e r), whereas no sígníficant dífference Lras detected. between the

såme genotypes in the duration of Z + p (fabte f). ht1en the wheat

(AABB ) and rye (RR) genomes were combined in the triticale nucleus,

however, both totar duratíon of meiosis and duration of z + p íncreased

(teUle fV). Backcrossíng the hexaploid triticale (female) to prolific
rye (male) gêve rise to the ABRR genotypes whích included the full rye
genome (RR) and half of the v¡heat complement (AB). As far as the dura_

tion of meiÕtic prophase and its constituent stages is concerned the

hybrid Rosner X Prolifíc resembled more it€ triticale while 6A299 X

Prolific resembled more its rye pêrent (Tables I, III and IV).

Tlìe Effec.r of the _D cgno_Ir¡g

Rernoval of the D genome from Èhree hexaploid r,rlÌeat varieties
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(Prelude, Thatcher and Reecue) resulted in the elongatÍon of Z + p
(fíg. 1) (difference was significant beÈween 6x and 4x prelude and 6x

and 4x Reecue, P¿ï-oor; not eígnifícant bet!¡een 6x and 4x Thatcher).
Hovrever, it had no significant effect on the total duration of meiosis
(fíg. 2). SubstitutÍng the R genome for the D genome of hexaploid ÌrheaÈ

resulted in an íncreased duration of both Z + p (significant in all
cases, P¿!0.01) and total duration of meÍosis (Rescue and Thâ.tcher

significant P20.01; prelude nor significant) (nigs. 1 and 2).
AddiËion of the R genome to the complement of hexêploid wheat

(AABBDD) had no major effect on eÍther the total duratfon of meio€Ís or
duratíon of Z + p (Figs. 1 and 2)-

Addition of the R genome to that of tetraplold wheat (¿e¡B) result_
ed Ín the elongation of both toÈaL duratíon of meíosis (sígnificant in
Rescue and Thatcher but not in prelude) anð Z + p (significanÈ in Rescue

but not ín Tharcher and prelude) (fige. 1 and 2). When borh D and R

genomes were added to AABB, boÈh z + p and total duration of meiosis

became shorter (Z + p sig¡ìificant ín prelude and Rescue p20.001,

ThaÈcher not sígnÍficånt, Èotal duration not significant) (Figs. I and

2).

Finally, additÍon of the D genome to the complement of hexapLoÍd

tríticale (AABBRR) resulted in the shortening of the duration of Z + p

(P<0'001) as well as of rhe rorar durarion of meÍosis (significant ín

Rescue, P<0.01 and Thatcher, p<0.001, prelude not signifÍcant) (figs.
1 end 2).



Figure 1. The duration of the coxìbined stages zygote¡ìe + pachytene of

meÍosis (hours) in various combínaLions of the same AB, D

and P, genomee. Prelude, Rescue and Thatcher, all hexaploid

wheat cultivars, provided the basic genonic complement

(AABBDD) from r¿hich oLhers were derived. The diploíd culti-

var Prolific Ì,'as .Lhe donor of the R genome.
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Figure 2. I'he duration of ineioeis (houre)

of the 6ame AB, D and R genomes.

in var i.ous coml¡ i¡lat iona

Iegend as in Fig. 1.
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qig"qgg i."

In the process of meiosis there are sorne unambiguous landmarks

eithcr in the surroundíng tapeial layer or ir, the meiocyies Liret¡rseives,

i.e. Ml and er;ages of seconcl meiotic division, which could be used for
testing the cún€istency of the method used i.n tirning meioais. The sLage

for meiocytes during r,rhich the tapetal cells undergo synchronized d j-ví_

eion (stD) varíes from species to species but it is constant r,rithin a
varieÈy" The::efore, only comparisons arnong estlmates of meiotic duratiorr
of the sa.:¡e meteriaL studied by different ínvestigatora could give an

indicatíon about Lhe consistency of the method. Bennett el al. (1971),

in a study of Chinese Spring hexaploíd wheåt, reported thê.L meiocytes
required 24 h to progress from Lhe stage in whj-ch they r,,¡ere h/hile the
tapetaL cells r,reïe undergoing SlD, to TII, wlÌile we obtained a value
oi 23 h for che same in¡erval (fa¡1e ¡f). Borh Bennerr ând Sïnarh

(L972) and Roupakias ancl Kai.tsílces (Ig77b) esrimared the durarion of
the interv¿l STD to MI in Rogner tritÍcale as 26.5 h. Bènnetl ênd

Kaltsikes (f973) found a total duration of meiosÍs in protific rye
equal to 51-0 h, ra'hich is not very different from the results of the
presenÈ study (tabi.e I). The agreement of the results reported by

different investigators strenglhens our belief thaL Lhe method used

for meiotic tíming provides consistent results.

In producing the strains of each ploídy level studied by combining

the D, R, or both genomes with the same tetraploid compLement (AABB),

three major changes occurred in the nucleus: (1) ttre level of ploÍdy
increased; (2) the amount- of DNA increased; and (3) additional genetic
factors carried by the D and R genornes were inÈroduced. The possible
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effect(s) of these chânges on the duration of meiosj.s and ítB stages

will be tiiscussed one by onc.

Increase o{ Pl o Ídy Lei.ei

The r:esults of Lhe present study indíca.te that hexaploid wheat and

ôctoploid trilicale, compared with terraploid v¡heat and hexaploid triti_
cêl e4respec t Ívely , had a shorter duïation of Z + p (Tables I, II and IV).
Can Lhie faster ra.Le cf meioti.c development be ettribut.ed entirely to
the change in the ploidy level per se as suggested by Bennett and Smíth
(1972) arrd Bennet.r and Kaltsikes (Igl3)? If r.he ploidy level as such

had a <íirect effec! on the duratÍon of meiosis lhen:

1. An increase in this level should always affect Èhe duration of
meioois in the sar¡e dlrection. llovrever, increasing t.he ploidy level of
tetrâploid wheet (AABB) by the addition of the R genome resulted in the
elonger,ion of the dlrrâ.tion of Z + p, vhi_le addition of the ¡ genome to
Èhe same genotype (AABB) ¡esulted in the reduction of the duration of
these stêges (?ables I, II, and IV, Fig. I). Furthermore, the R genome

lengthened the duration of meiosis when added to the same tetraploid
r,¡heat but had no significant effect. when added to hexaploÍd wheat (Fig.
2).

2. F, hybrids between genotypes of different ploidy levels should

be different from their parents in the duraLion of meiosís and iLs stages.
On the contrary, the Rosner X prolific hybrid (ABRIì) resembled the Rosner

parent' the 64299 X ProlifÍc hybrid (ABRR) resembled the prolific païenr,
while Èhe teÈrapl.id x hexapl.id wheat hybríds (AABBD) resembled their
tetraploid parenr (Tables I, II, III and IV).

3. If increases in the ploidy level shorten t.he neioÈic cycle
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(Bennect and Srnith, I97Z), tley should also álfect, in the sarne way,
the duration of the mÍt.otic cycLe. However, as Berìnett et al. (1975)
poínted out, studíes of the duration of ¡¡ritosis ehor^¡ed that the ce1l
cycle in polyploids is longer (Evans et g!., 1970), the s alre as (yang

and Dodson' 1970), or shorter (cupta, 1969) than in relâted diploids.
Kaltsikes (1973) and Kêltsikes er al. (1975) reporred rhar rhe durarion
of the mitoE.ic cycle in the tríploid endosperm of the 6A190 hexaploid
triticêle vas about 4_5 h during the first 5 to 6 endosperm Civisions;
8-10 h during the next 3 endosperm divisions; and about Ig_24 h there_
after, while the mitotic cycle of diploid cer-ls of the same rine v¡as

12 h (Kaltsikes, 1971). Similar ¡:esult.s obtained. by Bennett et a1.
(L975) 1ed then to suggest that factors other than ploidy level, i.e.
clevelopmental condÍtions, ha.¡e najor effects on the miLotic cycle even
vzithín the sa,ne tissue lrhere ploidy lever and DNA content are simÍlar.
Ca1"Lan (1973) staÈed that ÍLhe enormous våriation observed in the
durat.ion of the S-phase in cells of the same organism at diffeïent
deveLopmental stages is due to large differences in t.he number of in_
itiaÈion poinls operative for replication rather than to gross divers_
it.y ín replication rate.rr Therefore, factors such as differentíal
coÍling which increase or decrease the numb er of iniÈiation poínts
affect the duration of the cell cycle, irrespectÍve of the ploidy leveL
ênd Dl\¡A conLenÈ" Horarever, when such factors aïe nonexistent or are
weak, ploídy level and DNA content 1Íkely exert an influence on the
duration of the eell cycle. The shorter duratíon of Z + p, therefore,
i.n hexaploid wheat and octoploid rriticale as compared to tetraploid
wheat ând hexaploÍd tr Ít icale,\r espect ively, cannot be rì,holly attributed
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to simple changee in the ploidy level.

Increase of D¡lA Content

RouPakiês and Kaltsikes (!977a, b) reported €ignificant differences
ín the duratÍon of meiosis among hexaploíd triticale strains. Bennett
'and Smith (1972) found differences in meíotic development bètlreen the
hexapLoid vrheats Chinese Spríng and Holdfast, åt leaat wiÈh rèspect ro
the btage of meioeis during wh i-ch STD occurred. However, nore pro_

nounced differences berween ChÍnese Spring and prelude hexaploid wheat.

¡¡ere found in the preeent study (table rt). Bennert and smith (1972)

suggested that the diffe¡encee ín the duration of meiosis among strains
within a ploidy level ¡¡er e due to DNA content. Gonsidering rhat the

DNA cont.ent of a ceieal nucleus Ís equal to the total DNA of the genomes

contributíng to it (Bennett and SmÍth, 1972; KaltsÍkes, unpublished),

then straÍns of the same genomic constitution should not vary greatly
Ín thís re€pect. Therefore, the dífferences observed in the duratÍon
of meÍosis within hexapi-oid wheat and Èritícale straÍns can not. be ex-

plained on the bssis of DNA content alone. HoÌùever, smalL differences
in DNA contenÈ among the triticales cannot be rul.ed out since poly-
rnorphism for Gíemsa banding of rye chromosomea in trÍticale has been

found (I^le Ína¡ck, 1975; present authors, unpublished; cusLafson, unpub-

llshed). It. Ís considered uni.ikely, however, that there were differ-
ences of such a magnitude as to influence the duration of meiosis.

Furthermore, Nagl (1974) reporÈed an increase Ín the nuclear DNA con_

tent in the genera Anacyclus and Anthenis by the additÍon of het.ero-

clìromat tn withour .l]î[." r"rã"-*r.o. ic cer I cyc re.

rt could, however, be argued that there r¡as ê sÍgnificant. difference
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ín the DNA content among the varioua triticale straina examined. This
does not seem to be true, because triticale strains derived from v¡heaL

parenta havÍng the same duration of meiosis and, therefore, DNA conLent,
and a co¡¡¡non diploÍd rye (prolific) should have the same aInount of DNA

in thêir nucleug. significant differences in the duration of meiosis
were obsefved, however, among hexaploid triticåles; such a case r.ras not
observed ín the octoploíd ttiticêle h,íth genetically related or identí_
cal parents (Table lI; Bennett and Snith, 1972). Another indication
that DNA content alone may have lÍttre effect on the duration of meiosis
i6 that there was no difference between F, hlbrids (hexaploid triticale
X ProlifÍc) and one or both of their parenta (Tables I, III and IV).
Such ê situation has also been reported wíth tespect to the mitotic
cvcle bv Taaaka (1966), colrins (1968) and cupra (1969). rr seems Lhar

the corlelation between ÐI\IA content and duratÍon of rneiosis mêy not be

one of cause - and - effect buÈ ís rather d.ue to some oËher unkno¡m

factots.

Introductjon of Nerr Genetic Factors

Bennett (1976) reported that, in additÍon to DNA content. and pLoidy
level, the duration of meiosis ia also affect.ed by genotypic and environ_
menÈal factors. Bennett et al. (1974) found that the meiotic duration in
the hexapl0id vrheat chinese sprÍng was affected by addition or subtråc-
tíon of individual chromosomes. Each of the Ð and R genomes consists of
seven chrornosome pairs. Addition of whole genome(s), therefore, to
Èetraploid wheat is more likely to affect. the duration of meíosis and

its stages than the addition of an individual chromosome. Thus the

ehorter durêt ion of Z + p in hexaploid r^,heat (I¿¡SDD ) and its longer
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durai:ion in hexaploíd tríticale (A.ÀDBRR) compared Èo theÍr common tetra_
ploid wheat complement (aaBe) (flg. l) was more likeJ_y due to genetic
factors introduced by the D or 1ì €¡enomee than to sirnple changes in
ploidy leveJ" and DNA content. Such factors may êct directly or ín
interactíon vith genes carrÍed by the A and B genomes. Similarly, the
elongat.ion of the duration of meíosis when the R genome was added to
tetraploid wheat and the lack of a significant effecL L,hen it was added

to hexaploid wheat (Fig. 2) Índicate that rhe Ð genome, rarher Lhan the
ploidy level, *." 

"h" 
cause of the shorter duration of z + p in hexaploid

r¡heêt ênd octoploid tï i t icale.

The differences observed in Lhe duration of meiosis betvreen octo_
ploid tritical-e strains studíed by BenneËt and Smith (1972) a¡¿ those of
thc presenÈ study we:e due Èo the wheat parent" Chinese Spring, the
parent of Bennetirs octopl0id Èrit.icale, had a much shoïtêr duratioa of
meiosis rhan prelude (6x), Rescue (6¡) and Thatchêr (6x), the whear

parents of the octoploid triticales used in this study (Table II).
Normal rye popurations, because of their outbïeediug behaviour,

produce pollen graíns which differ genotypicalry from one another. trrïrren

rye gametes from one vaTiety unite with gametes from one vrheat parent
to produce triticale, it is likely Èhat the resulting genotypes are not
completely ídenLical. Thus.in each case the constitueni_ genes can acL

and interact Ín different ways. These actions and interactions may

explain some of the differences observed anong the hexapl0id triticale
etrains studied. It is likely that the lack of differences arnong the
octopi.oid strains studied was due to the presence of the D genome wl.r ich
may have suppressed any differential activÍty of the genes introduced
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by the R geûome.

In general ít can be conclucled that the differences observed in
the durêtion of meíosís and its stages between an<i wíLhin the various
ploidy 1eve1-s of Lhe cereals exarnined in the present study are more

likely due to genetíc factors carried by the D and R genornes than to
símple changes of ploídy level and DNA content-

Acknowledgment

Fícancial as€istance from the N¿ti-ona1 Research Council of Canada

and the International Development Research Centre, OLt.alara, is graLefully
acknowledged.



95

3g!:=on=€

¡ennett, 14. D. I975. The cell in sporogenesis ald spore developnent.

In Cell dívisío¡r in higher planrs. 4L!!g! ¡y M" ì4. yeoman.

Academic Press Nely york. pp. 161_198.

Bennett, M. D., Chapman, V. and Ril.ey, R. IglI. The duratíon of meiosis
in pollen molher cells of Ìr,heat, ïye and trj.ticale. proc" R. Soc.

London, Ser. B. 17 8 t259_27 5.

Bennet, M. D. and *I', ,. u. 7972, The effects of polyploidy on

meíot.ic duratíon and pollen development íir cereal anthers. proc.

R" Soc. London, Seï. B. lg1,:gl_107.

BenneÈt, M. D. and Kaltsikes, p. J. !973. The duration of meiosis in
a diploid rye' ê tetraploíd wheat and the hexaploid tritícale
derÍved from them. Can. J. Cenet. Cytol. 15;67I_619.

Bennet!' M" Ð., Dover, G. Â. an<ì Riiey, p.. 1.g74. Meio--ic durarion in
wheat genotypes with ox vrithout homoeorogous meiotíc chromosone

pairing. Proc. R. Soc. i,ondorr, Ser. B. 1SZ:l_91_207.

Bennett' M. D., S'rnith, J. B. and Barclay, r. Lg75. Early seed develop_

ment in the triticeee. phílos. Trans. R. Soc. London, Ser. B.

272:199-22 t- .

Callan, 1I. G. 1973. DNA replication in the chromosomes of eukaryotes

Ci:ld Spring Harbor, Synp. Qual-itat. BioI. 3g:195_203.

Collins, G. B. 1968. DNA synthesis in two species of Nicotiana and

theÍr hybrid. HerediÈy, 59:13_17.

Evans, G. M., Rees, H., Snell, C. L. and Sun, S. 1970. The relation
betwêen nuclear DNA snount ând the durêtion of the mitotic cycle.
Chromosornes Today, 3 :24-37.



96

Guptâ, S" ts. 3,969. Duxation of mitoÈic cycle ând regulation of D¡¡A

replication of Nicotiena plumÞagi!ifolia and a hybríd derivative
of N. .tabacu! slìovJing chromosome instability. Can. J. Cenet.

Cyr"ol. 2:I33-Ir+?-.

Kaltsikes, P. J. I)7L. The miLotic cycle in an anphiploid (triticale)
and íts parenLal species. Can. J. ceneL. CyÈÒ1. 13:656_662.

Kaltsikes, P. J. 1973. Early seed development in hexaploid rriticale.
Can. J. Bot. 5I:229L-23A0.

Kaltsikes, p. J., Evans, L. E. and Laïter, E. N. 1969. Morphological

and meiot.ic characterístics of the extïacted AABB Èetraploid com_

ponent of cÕnmon wheat. Can. J. Genet. Cvtol. II:65_iI.
Kaltsikes, p. J., Roupakias, D. G. and Thomas, J. B. Ig75. Endospenn

ebnormalities in Tr it iclr¡.l_ gegal e conbinatioris. T. X Trl,ticosecaLe
and its parenraL specíes. Can. J. Bot. 53:2050_2067.

Lêrd r c" H., hlorland, A. J. and Giorgí, B. l'976. The genetic control of
ear-emergence tfune by chromosomes 5A and 5D of wheat. Heredíty,
36:49-58.

Nagl, W. 1974. Role of heterochronatin in the control of cell cycle
duratíon. ¡latrure (London), 249 ?53*54.

Roupakias, D. G. and xaltsikes, p]. I977a. The effecL of Lhe wl.reat

cytoplasm on the meiosis of hexaploíd triLicale. Can, J. Genet.

Cytol. 19: 39-49.

Roupakias, D. G. and Keltsíkes, p. J. tg77b. rndependence of duration
' of meiosis and chromosome pairing in hexaploÍd tritÍcale. Can. J.

cenet. CytoL. 19:345-354"

Tanaka, R. 1966. DNA replicati.on Ín Chrysanthemum ljneale. Ch.



97

níppgnicum and rheír F, hybríd. Bor. Mag. 79:44j_455.

Weimarck, A. 1975. üeterochromatin polymorphisrn in the rye karyotype
as detected by tiìe Giemsa C-banding teclìn j.que. ereditâs, 79:

293-300.

Yang, D" P. and Dodson, E" o" rg7o. The a¡nounts of nuclear DNA and

the duration of DNA synthetic period (S) in related diploi.d and

autotetraploid species of oats. Chromsoma, 31:309_310.



!"f__4\qscRrPr rv

I,TIE MEIOTIC CYC]"E OF TETRAPLOTD TRITIC,ALE



99

Abstrac t

Tte duration of meiosís, chromosome pairing and fertility were

sÈudied in Ëhree tetraploÍd triticales (X Triticosecal_e l"Jittnâck)

having eleven chromosome pairs in corunon (lR to 7R, lA, 28, 6A and

78) and differíng wíth respect to the other three (Trc 4x2 carries
38, 48, 58; Trc 4x3 carríes 3A, 4A, 58; and Trc 4x5 carries 38, 4A,

and 5A). Beginning wiÈh nucleolar fusion and ending at telophase

II, neiosis Lasted fron 52.6 to 5g.7h, while the ntrmber of paired

chronosome arms and univalents per pMC ranged from 2I.3g xo 25.g2

and fron 1.89 to 0.37, respectÍvely. The d.uration of meiosis and

chromosome paírÍng were si.gníficantly affected by various chromosome

co'binatíons, Lack of chromosome 58 in a tetraploid tritícale increased

the duraËion of meiosis and resulted in reduced pairing. The ploidy
leve1 (ie. Èetraploíd or hexaploid) had no significant effect on Èhe

duraÈion of meÍosis v¡hich Ín turn had no díscernible effect on

chromosone palring. pairing failure occurrêd nostly among chrouosomes

of Ëhe rye genome. Seed fertÍlíty ranged. ftom lO.6Z to 472. No

relationshlp between ueiotic abnormal-ities and fertility l.ras detected.
IÈ was concluded that the ploidy level and the duratÍon of those

melotic stages following nucleolar fusion are not related to chromosome

pairlng.
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Introduct ion

Triticale (X Tritícosecale Wíttmack), t.he amphiploid combining

representêliveg of the genera lllticum L. and Secale L., can be

obtained relat.ively easily at t.he octoploid (hexaploid e¿heat x diploid
rye) or the hexaploid levels (tetraploid wheat x dÍploid rye) by cros_
eing, embryo cultu¡e and colchícine treatment. of the resulting hybrid
(Kaltsikes, 1974). Attempts to produce t.etraploÍd triticale, however,

had been uneuccessful (Kiss, 1965; Larter et al. 196g) until Krolow
obLained it by croseíng hexaploid rriri".1;;iploid rye and selfing
the resulting hybrÍd (Krol.ow, 1973, !974). ALI of Krolov¡rs retraploid
tritícales have the full complement of the rye parenË but contâÍn
various combinations of A- and B-genome chromosomee (Gustafson and

Krolow, i-977), In our continuÍng study of the meíotic cycle Ín
triÈicaLe (Roupakias and Kaltsíkes, !977a, b, c) we have studied the
effects of the varíous genomes and the level of ploidy (6x or gx) on

the meíotic cell cycle. This study rÍas undertaken to study the effect(s)
of (1) various chromosome combinat ions and (2) the tetraploid level of
ploidy on the meiotÍc cycle.

Materials and Method s

The three tetraploid ttiticales, Trc 4x2, Trc 4x3 and Trc 4x5,
Ìùere obtained fron the F, generation of a cross bettùeen a hexaploid
tritÍcale (T. turgidum x S. cereale) and S. cereale (Krolow, 1973).
All trÍÈfcales studied had the full rye complement and seven paÍrs of
wheat. chromosomes. Trc 4x2 carries lA, 28, 38, 48, 58, 6A, and 78;
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Trc 4x3 carries lA, 28, 3A, 4A, 58, 6A, and 7! , while rrírÍcâle Trc

4x5 carríes 14, 28, 38, 4A,5A, 6A, and 78 (Gustafson and Krolow, 1977).

The conditions of growth and the nethodology used have been previously

described (Roupakias and Kalrsikes, L977a).

lvreíotic chromr,some configurations at first Detaphase (Mr) were scored

i.n I50 ?MCrs of lrc 4x2, 194 pMCrs of Trc 4x3 and 200 pMCrs of Trc 4x5

from. seven pJ-ants per strain. Laggaral chromosomes at first anaphase (AI)

¡øere scored in 200 cel"1s from four plants whilê eicronuclei at the

quartet stage Lrere scored in 200 ce11s from three plants of each strain
(exceptions . for AI were: Ixc 4x2, 75 cells from three plants; and fsr
uicro¿uclei: bc 4x2,100 cells from.three plants).

lhe Giemsa sËaining techníque used for the study of the dÍstribution
of terurinal heterochroDatin in rod bivalênts and unÍvalents has been

previously described (Roupakias and Kaltsikes, Ig77d,). The nr¡mbers of
planEs, spikes and anthers examined per stralÊ are given in Table I.
Fertility ¡¿as calcuLated as the percentage of primary and secondary

florets having seeds at maturity. The t-test was used for stâtistical
analysís.

Resul-ts and Discussion

Meíotic Development

Each floret of Èhe triticales exanined had three anthers.

Iüithin individual anthers, as ¡¡el1 as among anthets of each floret,
aéynchrony of l-2h was observed in tr^ro of the trÍtical-es, Trc 4x3

and Trc 4x5. Roupakias and KalÈsikes (1977 a, b, c) also reported

.a slmÍJ.ar degree of as¡mchrony 1n triticales of other ploldy 1evels.

The thlrd strain, Trc 4x2, however, shor{red a higher degree of asynchrony
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(S-10h); anlhers havlng nreíocytes ât paclìyirenr:, dípJ-oLene, Ì,li ¿lnd AI;
nucleolar fusiorr, early leptotene and nid,llc Leptotcne; or early, mid_

and 1aÈe pachytene were ofcen observecl. This hígh clegree of asynchrony

nacle iË lnpossi.ble to tine the duration of indivj.clu¿rl_ neiotic srages

in thi-s strain. Therefore, only the inhervar-s from nucleclar fusion
(NF) to synchronous tapetal divisj_on (STD), STD to MI and MI to TII
were rorrghly estioâted (Tab1e I). The cause of the unexpectedly high asyn_

chrony observed in Trc 4x2 triticale remains unkûowÍr.

. One synchronous division of tapetal nuclei producing binucleate
cells r¿as observed in a1l ietraploid Ëritical-es. It occurred con_

currently ra'ith early zygoËene in l.rc 4x3 and Trc 4x2 arrð. h,ith early_
xtiddle zygotene in Tïc 4x5 (Table r). One synchronous divisÍon of
Eapetål nuclei ¡¿as also observed in hexâploid and oci:oploid Èriticale
(Bennett et a1., 197i; Bennett and Ka1Ësíkes, I973i Roupakias âìd Ka1r.:sikes,

!917 a, 1., c).

Duration of Meiosis

The total duration of meiosís, excl-qding nucleolar fusion, was

45.8h in Trc 4x3 and 51.7h ín Trc 4x5. tr{ith nucleolar fusion íncludecl

ít r¿as 52,6h in Trc 4x3, 55h Ín Trc 4x2 end 5g.7h in Trc 4x5 (Table I).
First prophase occupied 85.55i! of Èhe total duïation of meiosis in
Trc 4x3, 87.397" in Trc 4x5 a¡d g7,27% in Trc 4x2; zygotene plus

pachytene (Z + p) accounted for 4I.g37. in Trc 4x3, 4L.g2./" in Trc 4x2

anå 44.63"t! of totâl meioÈic duration ín Trc 4x5 (Tables I and II),
The duration of nucleorar fusion in Trc 4x3 Lras not sÍgníficantly

different from that r"n Trc 4x5. These tlaro triticales, hcwever,

were slgniflcautly dlfferenL (p<0.001) lrith respect to the duration of
Leptotene' zygotene, pachytene, flrst prophase and total duratÍon of
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xûeiosis. No sfgnificant dÍfferences beiween these tr,rro trlticales hrere

deiecteC jn the duratiol of rne1otic stages follchrÍng first moËaphase.

The duratÍon of quârtets and porlen naturåtion was sirnÍrar in all
tetrapl.oíd tríricales (g.0 hours and 14.0 days, respectively, Table l).

Benrìett, Dover and Riley (i974) reported thât vrheat plants
nullisomic for chromosone 58 had a longer duraËion of meiosis than

euploid plants. Trc 4x5, which lacks chromosome 58 (Gustafson and

Krolow, 1977), hað a longer durâtion of meíosis than Trc 4x3, most 1íkely
due to the abserrce of 58.

Al-L three tetraploid triticales studied were produced by erossi.ng
a hexaploid triiicale (T. turgídum x S. cereale) to dÍploid rye
(S. cereaLe) and self-pollinaËing the resulting hybrid. For hexaploíd
trlticale 64.600 (r. turgidum x s. cereaLe) Roupaki.,s and Kalrsíkes
(1977 b) reported the follo\,7ing: total duration of meiosis, 52.0h;
firsc prophase, 45.lh; r-epÈoEene, !2,4hi z + p, 24.1h; and Mr ro Trt in_
clusive, 6.9h. i{hiLe the duration of the same stages in S. cereale cv,
Proliflc lasted 52.6, q4.9, 17.6, 19,g and 7.7h respectÍveIy (Roupakías

and Kaltsikes, 1977 c). There \,,rere no sígnificaRt differences in Ehe

total duration of meiosís, duration of first prophase and duration of MI _

TII anong hexaploid triticale, tetråp1oid. triticâle (Trc 4x3) and

diploid rye. The duration of Z * p lasted significantly longer in l)
hexaploid tríticale than in boÈh tetraploÍd ÈritÍcâle and diploid rye and

in 2) tetraploid triticale than in rye. The opposÍte, however, hras true
for the duration of leptotene; rye had a sÍgnifÍcantly longer leprotene
than both terraploid and hexaploid trlticaLe, Bennert and SmÍth (1972)

reporÈed that the hlgher the ploidy level, the shorter the duration
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of üeiosis' The results of this study, however, indlcate that the duratio'
of meÍosis in a tctraplcr.d Ëriclcale v¡as not l.nger than that of the hexaproid
rrltÍcale deríved from the same r¡rheat ancr rye parents. sínilar resulËs
¡¡ere also previously reported (Roupakias and Kaltsikes, 1977c). The

signifícantl.:r' longcr meíotic duraticn of Trc 4x5 ::elatíve to 6A600

ís probably due Ëo Ëhe absence of 58 rather thân to i.ts tetraploid
ploidy level.

The t-tesE revealed signifícantly diffeïent numbers of univalents,
open bivalenÈs and closed bivalents per pMC among the triticales
studied (Table rr). No reLationship was discernible between the

drrration of meiosÍs or duration of Z + p and univalenÈs per pMC

(Table II). Roupakias anci Kaltsikes (!977 a, b and unpublishe<i

data) also found no relatíonship betÞ¡een the duratÍon of meÍosis

and univalents per pMC in hexaploid and octoploid tríticale.
Most of the univalents and open bivalents observed in all

tetrapLoid triticåles belonged to the rye genoure (Table III;
Figs. l, 2, 3). Rye chromosomes having both Èeromeres heterochromatic
I^7ere moïe often observed as univalenEs than rye chronosomes wÍth one

tel.neric band. Furthermore, the hetèrochromaËic tel.mere was

unpaired in open bívalents of rye chromosomes having only one

tel"omeric band (Table III; Figs. l, Z, 3). SiüÍl,ar behavior of
rye chromosomes has also been reported in hexaploid triticales
(lhonâs and KalÈsÍkes, Lg74, 1976), indicatíng thar rhere probably

ls a conrnon basis for pâirlng fallure of rye chromosomes in tritÍcale
of alJ. ploidy Levels.

The results of thts study, together r,7lth these dealing wlth hexaploid
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Table III
Dfstributíon of terminal heterochromatic band.s in rod bi.valents

and univ¿ìlerrts of three teLr¿ploiJ triLÍcales

Type of chromosome
associâtion

_ TrÍt Ícale

Trc4x2 Trc4x3 Tr:c4x5

Rod bivalents

Chromosones with
2 terminal bands

I Èerminal bancl
heterochrotrlatin free

I teruÍnal band
heterochroÐatin paired

0 Èerminal bands

Z banded/rotal

Z 2 terninal/banded
Z I terminâL free/banded
Z I ter¡riinal paÍred/banded

507834

7I

5

t4

88.7

27 .4

57 .3

4.0

70

2

13

92. 4

4s .3

45 .9

1.2

t00

11

76

67 .9

31. 1

62 .1

6.8

Univâlents

2 Èermínal bands

I tenninal band

0 terninal bands

Z banded/rora1

Z 2 terminal/bande<l

Z 1 terminal/banded

24

14

!2

76.0

63.2

36, 8

62

32

2

97 ,9

66. 0

34. 0

52

58

J4

7 6.4

1t.3
52.7

No. of ceLls exanined 75 103 66



Figure 1.

Figure 2.

Fígure 3.

Fígure 4.

Figure Letgends

First neiotic metaphâse (after Gierosa staínjng) o{ lrrc AxZ

with four rye univalents, three rye open br'-valerìts and nine

closed bíva1ents.

First meiotj-c metaphase (after Giernsa staining) of Trc 422

rnríth two rye unívalents having heterochronaiic ba¡rds on both

telomeres.

with four rye open bívalents and ten closed bivalents,

First meiotic metaphase (stained \,¡ít]n 27" acetocarnine, but

noÈ heated) oi Trc 4x5 wiËh the unil,ålenËs alreai.y evenly

dístributed to the po1es.
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ãnd octoploid trítfcales (lìoupakías and Kålisilces , 1977 a, b, c, and

uDpublíshed data) clearll, indicaËc that there ls rìe relatlcnship
berr,r'een the duration of neiosis (measurecl fron the ti'e of nucleolar
fusion onr¿arcis) ancl chronosone pairing. lt is entirely possjble,

however, thai e\¡ents relatíng to the dur¿ltion of stages pricr to the
onset of :leiosis, such as duration of DNA synthesis or e\¡en earlier,
rnay have an effect on chromosome pairing. Thus, synaptonemal

conplexes have been observed in oocytes of Dîosophil,a as early as

premeiotic DNA synthesis (Day and cre1l, 1976). If events related
to chronosome pairing traditionally thouglìr, to occur in neioti.c
prophase, can be shown to take place as early as neiotic inteïphâse,
then the duration of all the stages of meíotic development must

be ascertai.ned.

MeiotÍca11y, the most stable triticales studied so far are the
tetr:aploids (Table Iv). K¡olor,¡ (i973) reporteci the occurrence of only
2.52 aneuploids in the progeny of tetraploid triticales as compared

to 8,7"1 reporËed for hexaploid. (Scoles ând Kaltsikes, fgTL) arú, 34,4"1

for octoploid ÈriÈicales (I,iei¡rarck, 1973). Aneuploidy is the result
of pairing failure, lågging chromosomes and r'eiotic elimination of
chromosomes in micronuclei. Therefore, Èhe lorver frequency of anerrpioÍds

found in the progeny of tetraploid triticales lras due either to the
low frequencv of aneuploiil gaDetes or to the inviabilÍty of such
gauetes or zygotes. The former afternative is favored because
(l) there was hÍgher frequecy of meiocytes rrithout univarents in
the tetraploÍd as cornpared to the hexaploid and octoploid triticales
(Table IV) and (2) the rel-ative number of micronuclei per univalent
rùas loLrer in tetraploÍds (0.25) than in hexapJ.oids (0.91) or octoploids
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(0.95) (Table II, p.oupakias and Kal.tsikes, I97t a, b, ancl unpublished
Cata) . It seens, therefore, that J.n tetrê.p"t.o j,d f ri.ticale the un j_*

valents of ¡lI r,Jere more often Íncluded in the Dìicrospori.c nucleus
than those of hexaploicl and octoploid LritÍ.caies. It was frequently
obscrved that ín tetraplcid trítical-es Êhe univalents r,¡ere already even_

1y distributed and at the poles r,¿hire the bivaients vrere still ar the
netaphase plate (Fig. 4) thereb¡, ensuring their inclusion in the
daughter: nuclei. Contrastingly, in hexaploíd and octoploid triticales
the unÍvålents are often late ín arriving at the plate and consequently
are not included in tiìe dauglìter nuclei,

Anong the teËraploid tritícares studi-ed, there was variation in
chromosome pairing. Trc 4x2 had the besÈ paíring, even though it
showed the híghest degree of as¡,.nchrony among neio-:l¡tes of the sarne

anther. Of the mei.ocyÈes exâmined, 96Z had no univalents (Iig. 3) while
llZ ha<i only two univalents per pMC (Fig, 2). Thís nay indicaLe
that chromosone pairing and deveJ-oprnent of meiocytes are controrled
by genes carried on differenË chromosones. Tre 4x2 cliffers fror¡ Trc
4x3 in that Ëhe former has chromosomes 38 and 48 r^rhile the latLer has

chromosomes 3A and 4A. Kempanna and Riley (1962) reported that
chromosome 38 pr:omotes chromosone pairing. The better pâÍring of Trc
4x2 as compared to Trc 4x3, therefore, lras probabl.), due to chromosome

38. Trc 4x5 ü¡as the most unstable among Lhe tetraploid triticales
studled. This triticale differs fr<¡m Trc 4x2 and Trc 4x3 in that
it had chro¡nosomes 38, 4A, and 5A as compared to 38, 48, and 58 for
Trc 4x2 and 34, 4A, and 58 for Trc 4x3. ¡,urthermore, it had a longer
duratlon of meíosis than l¡oth Trc 4x2 and Trc 4x3. The absence, there_
fore, of chronosone 58 ln Trc 4x5.even though 1t resulted fn the
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elongatlon of neiosis, dfd not result fn betrer pairlng of the rye
chromosornes (Table III). Thonas and Kaltsikes (1971) constdered also
unJ-lkely that Èhe 5BL systen ln the dlsonLc staËe was supra_optimal
the pairlng of homologous rye chromosornes and thus responsible for
paÍring fallure in Èrtricale as proposed by Riley and Mi11er (1970).
The hÍgher nunber of univalents observed in thls strain may be due
to Ehe action and inÈeraction of genes carried by specific chromo_
somes. It seems, therefore, that there are "good,, and ,,bad,l

chronosone combinatíons l¡hich could be included i.n the nucleus of a
tetraplold triticale. Thus, other chromosome combÍnatlons nay result
in rneiotically better tríticaLes.

The fertÍlity of tetraploid ËriÈicales ranged from L0.6"Á (0.2
kerneLs/spikeLet ) for Trc 4x3 to 477" (O.g kernels./;p iker". ) ;; 

-

Ttc 4x2 (Table V) which was Lohrer than Ëhat reported for hexapl-oÍd
and octcplold tri¡icale (Merker, Lg73 b; Kalrsikês et ai., 1975; hreirnarck,
1973). There was no relatÍonshÍp between meíoËic abnormalíties and
fertilÍÈy (Tables II and V). The sane result has been reported for
hexapJ-oid and octopLoid Èrirlcåles (l.le iurarck, 1973; Merker, 1971,
1973 a; Hsau and Larter, 1973).
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Plants carying (++) or lacking (__) most of the telomeric hetero_
chrontåiic l-,anrj on the sirorl arm of chro¡rrosome 6R {6iìS¡ !q"ru isolåted
frorn a single-plani progeny of Rosner trÍt.icale 1x Tritícosecale tlittmack)
hecerozygous for this band' chromosome paíring at first meíotic ¡netaphase

was significantly higher in __ than in ++ or +_ plånts. The charrges in
chro¡nosome paíríng were iikely due to the 6RS telo¡neric heterochromaLín

whích affected Lhe pairing not. only of the arm cârryj.ng it but of otheï
chrorncsomes as l¡el1.

ï_qtroduct ion

A¡ncng the reproducÈíve abnormalities of triticale (X Triticcsecale
ï,tittnack) Èhe incomplete chromosome pairing observe.J 

". rr;;;
metâphaee has been the subject of several studies (Kaltsikes, 1974;
scoles and Kal"tsikesr L974; and, Gustafson, 1976). Thomas and Kâltsikes
(1972) have shohrn thar iÈ is the rye chromoeomes that do not pêir, and

thêt anong Èhe rye chromosomes those rarith het.erochromai in at both
tel0meres fåil to pair more often than those rrhich have heterochromaLin
åÈ one telomere only (Thomas and Kaltsikes, Ig74, 19: 6).

. To further st_udy the Ínfl_uence of particular telomeric heterochromat_
lc bands on chromosome paÍring, isogenic or nearly isogenic lines are
required h'hich eíther have or lack these particular bands. The present
report deals h'ith the isolâÈion and study of such lines in which the
Large heterochromat. ic band on the short arm of chromosome 6R of Rosne::

ttiticale was either present. or absent on one or both homologues.
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¡la.,eri als and MeLhods

The hexaploid rriticale c¡rltivar Rosner .was 11sed. Seeds were

Ë,errni.t¡ar-ed .irr ¡-reLri díslres arrd o.¡e roí.,t_i-ilr per sced was coLl ected for
chromc.¡some countins b], conventional methods" Th^ rest of the ::oot_típs
r,rere stained for heterochromatin so that the presence or absence of
partícular telomeric bands could be es¿ablished.

The Giemsa st.å.ining technÍque used for the study of mitosis was the
eame as that descríbed by custafson et al. (1976), except foï modifica_
tions ín ETOÌÌ t.reaÈment, ai.r drying time and the temperature of the
2 x SSC solution. The slides l¡ere inrnersed in 957. ETOH for 105 min. anC

Ilrere then transferred into âbsolute ETOH fqr 15 mí_n. SubsequenLly, the
slides rvers allorçe,Ì to air_dry ovexnighL at room temperature. Slides in
fresh solution of 2 x SSC \^¡ere pj-aced in an oven so that the tempeïâLure
of itìe solutíon reacheii 5ù-52 "c ¡¿itiiin 30 nrin., lrhereupon ic ,¿as main-
talned at this level for another 1.5 h.

For the study of meiosís plants were grown in the greenhouse until
leading tillers were judged to be approxímately one week prior t.o first
meiotic metaphase (t41). They were then trênsfeïred inLo a growth cabinet
and maintained at 20 1 1.C *ith continuous illuminaËion. Spikelets close
to MI tüere fixed in 3:1 acetic alcohol. I^Iithin t h after fixêti.on one

of the anthers of each floret was examined so that those florets l,trith
ånthers havÍng meiocytes at Ml could be selected; the remâ.ining two

anthers of these flo¡ets were mêintained in the fÍxêtive under refrÍger_
êtion for 1-3 days. Anthers rùere macerated and squashed in 45% acetÍc
acid on subbed slides, frozen with COz and Lhe coverslip flipped off.
The same procedure å.s for mitosis was foLlowed for heÈerochtomatin
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stafning except thêr Lhe temfrerature of the 2 x ssc sol.utíon wae allowed
to reach 54-56'C.

10ta1 (çheat and rye) meiotic cr*omosome pair'ng at Mr was del-ermíned
from aceto-carmine squa.shes, while pairing of rye clrromosomes and the
identificaiion of indívidual chr:omosomes present as urìÍvalents r4,ere

obtained following Giemsa staÍning. unpaired 1R and 7R chromosomes were
easiLy identified and thus scored separately fïon the ot-her rye anrl ¡¿heat

chromosomes. The t-Lesl was used for statisticat analysis.

Reeults and Ðiscussion

thc Isolatíon of the l_ines

In Rosner, chromosome 6R usually hae six intîrstitial heterochro_
matic bands on the long arm and one large terminal band on the short arm
(¡"ig. i), tiiroÈic analysis of a large number of pianrs resuired in rhe
ídentification of one plant, monosomic for an unidenLified l./heat chromo_

somerÍn which most of the large termÍnal bênd was missing from one of
the 6R chromosomes (Fig. 2). This plant. ezas designated as +_ to indicare
Èhe presence (+.) and absence (-) of the telomeric band on the homologues

of 6R and was subsequently selfed to produce the types ++, +_, and __ in
the monosomic and ++ and -- in the disomic condition.

Chromosome PaÍr ins

No signíficant dÍffere¡.rces in Èhe number of univalents per pMC ra,ere

found at rlr of acetccarmine squashe€ of ++ and -- monoeomic or disomíc
plants (Table I). In both caseg, holrever, t.here were significantly
(rnonosomic, Pá0.001; CÍsomic p¿O.OZ) nore closed bivålents in the _-



Figure legend s

Figure 1" Mítotic metaphase of a Rosner plant nronosomic for an

unidenLif ie.J '¡lireat chror¡tosome. Both 6R chrourc¡someg have l-ire eni:ire

telomeric barrd on the short arm (ar::o¡¡heads poínt at cent-romere)"

Fí,gure 2" Mitotic meÈaphase of a Rosner plånt- heterozygous for the

pr:esence of telomeric hetêrochromatin on the short arm of chromosome

6R (arrowheaCs point at centromere)" Figure 3. First ¡neioLíc meLa-

phase of Rosner $rith thc tr,¡o unpaired l-R chromosomes (arrowheads

point at centro¡nere)" The two univalents ïeïe ídent.ífied as 1R

bacause (1) ttrey had Large bands on both telorneres in coni:rast to 7R

whÍch Ín Rosner tri.lícale has a big termínal band on the long arm and

a smal!. one on the short arm (Figs. I and 4): (2) the¡. '¡ere subterm-

inal (in colìtrast to 3R); and (3) typical 2R chromosomes are absent

from Rosner. Figure. 4. First ¡neiotic rrÌetaphasê of Rosne-r r^riüì Lhe

Èr{o unpaired 7R chromosomes (arrowheads point êt centromere).
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type thån in the ++ type. Thj.s resulted Ín significantly higher number

of chromogome arms being paired per pMC in the _- than in the ++ type in
both di.somic (p4 O.OZ) and monosomic (p40.001) plante. MonosomÍc planrs
heterozygous +- and homozygous ++ for the presence of the band did not
differ in their chromosonal paÍring; both of these, hotever, had eigni_
fÍcantly (P¿0.001) fewer chromosome arma paíred when cornpared to the
homozygous -- (fable f). Thi.s euggests that the presence of the teloneric
heterochromåt.in, even in one of the homologues, reduced chromosome pairÍng.
The Loes, therefãre, of the terminal heterochromatic band was accompanied

by an Írnprovement. in chromosome pairing by appïoximately one chromosome

arm in monosomic plants and by 0.6 chromogome arms in disomic plants
(tab1e r).

The ímprovement in chronosome pairing in plants of the -- type could
be due to the better pairing of chromosome 6R and/or of other chromosomes.

Giemsê staining of meÍocytes of dÍsomic plante revealed that __ plånÈs

had signÍficantly (p<0.001) more rye chromosomes present as closed þiy¿-
lentg. than did ++ plants (fa¡te t). In -- pi.ants the Èrùo 6Rs were present.

as a closed bívaLent ín about 637. of the meiocyt.es. This probably accounts
for the higher number of rye closed bívalents observed in this type since
l,elley (personal conrnunication) found that, in a rye genotype, 6R formed

closed bivaLents in only 30% of the meiocytes. It is unl.ikely that the
nagnitude of the difference in closed bÍvarent frequency found between

the rye parent of Rosnex tritÍcale and Lelleyrs rye (637" vs. 307") x¡as

wholly due to genotypic differences betwee¡r the two lines. It could,
however, &ccount for some of the difference.

No data for the pafríng configurations of 6R in ++ plants have been
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obtaÍned becar¡ee of rhe diff j-culty ín distínguishing 6R bivalenrs fr:orn

those of the otlìer rye chromosomes" In both the ++ ¿nd __ plants 6R

did not frequently appear aa a univalent. rn __ plants, Lherefore, the
short arm of 6R may be paíred more frequently, resulting in more 6R

cJ-osed bÍval.ents a¡ìd significantly more chromosome arms being paired
per pMC (iaUte r).

In disomics the Loss of the largest part of the Lerminal hetero_
chromaiic band of 6RS wa" accompanied by ên additional 0.60 (37.04-
36.44, Table I) chro*osome arms beíng paired, ra,hich v¿as approximately
tÌ{o thírds of the better pairing found ín rye chrornosomes of __ plants
(8.76-7"99 = 0.77, Table I). Thie indicares eirher an overesÈimarion
of 6R closed bivalents or that chromosomes other than 6R were also
êffecÈed. The latter explanatioa is favoured because dífferent rye
chro¡nos<¡mes dÍd not appe¿r as unÍvaLents la/ith equal frequencies. Most
of the univaLents observed Ín both +.{. and __ plants were other than 6R

(aige. 3 and 4), and predomi.nantly LR and 7R (Table II). In the ++

type, 56% of the univalents v¡ere fR and 1g% were 7R while in the __

plants the siLuation was reversed v,rith 7R accounting for 457. of the
univalents and lR for 30%. The total frequency of all other unívalenta
(rye and ¡+heat) remained the same irrespective of the presence or
absence of the 6RS telomeric band (Table II). It is possible, Lhere_
fore, thêt other rye chromosomes may also have been affected by the
renoval of the telomeríc heterochromatÍn from chromosome 6R.

Thê telomeric het erochromaÈ j.n of 6RS Ís not unique iu Íts effect
on chromosome pairÍng. Thus, Merker (1976), worklng vrith Ì\rhat appeêra

Èo be chromosome 7R of hexaptoid t_ritlcale, concluded thêt telomeric
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heterochro¡nat in affecrs at least the pai.ring of tlte chronDrr.:mes which
carry it" our resuite, however, indicate thst telorÌer j,c het erochromat j-n

of 6R" affected the pairing of other rye chromosomes as v¡ei1 (i.e. lR
and 7R)"

' Alternatively, the hígher frequency of rR and 7R u'ir¡arent chromo-

somes may have been due to ihe facÈ ihet they are the only chromosomeg

in Rosner that hêve a large telomeric het erochrcrnat ic band on the long
ar¡n (fig. 1). The long arm j,s usually mc::e ofren invol\.ed in pairing
and chiasma fotmêtion than the short arm. Thu.s, if heterochïomatin does

indeed ínhíbit pairing iL follor.¿s tha.L these two chromosomes (i.e. 1lì,
7R) r,¡out d appeár as univalents more often than other rye chronosomes.

InterstÍtial heterochronìaÈ in of rye and wheat chromoso¡nes rnay also
affect clromosome Þairing. ì.fiklos ånd Nankivell (Ig7Ð, ir, a sLu<iy of
tiuee síb1írrg specíes of .A,usrralian grasshoppers (ê!f-"".!gll9fæ ar:r:glig,
A. lPegics:* and A. gi1rilis) found rhaÈ rhe higher rhe amounr of heÈero-
chronatin, either centric or Ëelomeric, the lower the chiasma frequency
and, therefore, the nurnb er of chromosome arms paired per pl,fC. Thus,

heterochromaÈin affected chromosome pairing irrespecÈÍve of its relative
posÍtion along the chromosome. The precÍse mechanÍsm of this effect
remains obscure (see Thomas and KalÈsikes, 1974 for a plausi.ble explana_
tlon). Furi:her work, however, mainly lrith stocks having artificially
¡educed telomeric heterochromatin may result i¡t a better understênding

of its effects on chromosome paÍring.
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ANTHER LENGTH AND MEIOTIC DDVEI,OPMENT

I¡ù TRITIC¡lLÐ AÌtÐ ITS P.Ê.F.EN'.[,AL SFECIES
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Introduct íon

In cereals each fLoret hae three anlhers which contain pollen motheï
ceLls that proceed eynchronously through meiosis. ThÍs synchronous

deveLopment hae been ueed in determiníng the durltion of meiosis of
eeveral cereal genotypes and of the amphidiploid ttíticale (X Tritico_
secal-e l.¡ittnack) (Bennett, Chapman, and Riley, 1971; Bennett and

Kaltsikes, 1973; Bennett, Dover and Riley, 1974; Roupakias and Kaltsikes,
I977a, b, an¿ c). Thè triticaLe genoËypes invarÍably shor¿ a numbe¡ of
univalents at firsÈ meiotic metaph¿ae, the causes of which have been the
subject of extensive studies (Thomas and Kaltsíkes, 1974a and b; Lelley,
1974; KalÈsikes, 1974). These studies, which r¡ere mosrly cyrologÍcal,
h¿ve so far failed to identífy the real causes of univalency which rnay

be biochemical in nature (Roupakias and Kaltsikes, 1977b; Bennett,
peisonal co¡rnunicaÈion). A biochemical study of developíng mèíocyi'Ês

will requíre l-arge numbers at particular meíotic stages obtained from
intact ênthers and fLorets. Erickson (194g) establ.ished a high correla_
tion betÌareen bud length and meiotic stage of Liliurn, and HoËta and Steïn
(1961a a¡rd b, 1963a and b) used it extensively in biochernícal studies.
lle report in Èhis paper the results of resea¡ch úrhÍch utilized several
genotypes of tríticale, and their parents, to study the possible relation-
ship between anther rength and meiotic devel0pment as a prerude to further
blochemical and ultrasÈrucÈural stud ies.

Må.terla1s and Methods

The ¡nateriai.s used are given in Table I. TheÍr pedÍgree has been
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previously descrÍbed by Roupakias and KalÈsikes (1977b and c). plants
were grolJn ín the greenhouse unÈÍl the ]-eading tillers were judged to
be approximat.ely one week prior to the onset of meiosie. They were

then transferred to a gro!¡th cabinet and maintained at 20 t f C, ZI.SO t
o'62L teLatíve humidíty and continuous ir.lumination. spikelets from the
middle part of the spikes, estÍmêted to be at the êppropriat.e meiotic
stêges, were fixed in 1:3 acetíc alcohol. Anther length (length of
longest loculus) was measured by using a millímetric scale under a

atereo microscope. At. least 10 anthers from different spikelets trere
ueed per each 1Íne and per meíotic 6tage. Squaeh preparations in aceto_
carmíne (Z%) by €tandard procedures, were used to det.ermíne the ¡neÍotíc
etage of both prÍrnary and secondary florets. The estiration of the
dÍfference observed ín the devêlopment of meiocytes betlreen primary and

secondary fLorets ¡ras based on Èhe duïation of meíoÈic sÈages reported
by RoupakÍas and Kaltsikes (1977b and c). AnalysÍs of variance and the
t-teet comparison€ rdere used to determíne the significance of differences
Ín anther length among Lhe vêrÍou€ neÍotic stages within a line and of
the sa¡ne meiotic stage among the lines examined.

Results

Anther lensth

Analysis of variance and t_têst comparisons revealed significant
differences in anther Length at va¡ious meiotÍc stages s¡ithin, as well
as among, lines of the same species (ta¡te f). Within each species,
lines having shortex anthers at the begÍnning of meiot.ic prophaee

(nucleolar fusion) had, also, shorter anthera at lêter meiotic sÈages
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indicating an approxírnately simÍlar ånther elongation rate (Table t).
l{owever, Erickson (1948) ¡spe¡¡ed a fluctuaiion in growth rate of
Lilium longilfor_um from day to dêy whiciì he attributed to uncontrolled
growth conditions. The shorEest anthets, aL c.orresponding rneioEic

atagee, were observed in tetráploíd !¡heat and the longest in rye, vril_h

the triticale genotypes beÍng inteïmedíate (Table I), indicatj_ng that
ênther Lengl-h in tríricale is co'tro1led by genes l0cated on both v¡heat

and rye chroniosomes.

A high correlatíon betÌ¡een anther elongation and meiotic develop_

ment or meiotíc st.age was found in all 1ines examined (faUle ff). No

overlapping of the st.andard eîrors of the mean antheï length was found

betvreen euccessive stêges in most of the lines exarnined. Horarever, even

i¡ zl¡flìtene and pachyteoe, r^rhich Last for seve:r.al. hours each, thel:e l,zâs

overlapping rsÍth respect t.o Índi'idual anther lengths and the stage of
the PMCts contained therein (Fig. 1). The mean value of anther elonga_

tion (¡rrn/h) during the development of meiosis (value of b ín Table II)
was similar Ín all Línes ¡¡ithin a species (Tebles I and II). It was

0.01 nrnih in aLl tetraploid and hexaploid l¿heat. lines; 0.02 r¡rn /h ín all
hexaploid and ocLoploid trÍticaLe lines and 0.03 mm/h in diploid rye.

The difference in neiotic developmenÈ betr,¡een Èhe primary and

secondary florets of the ssrne spikelet varied fro¡n species to species

as well as from lÍne to line ¡uithin a species (Table III). The largest
1ag in meiotÍc development of the secondary ês compared to primary

florets wes obsetved in prelude tetraploid wheat (21.7g h), and the

CgreLatíon b-e,L$'een anther length anC meiotÍc sta

Meiotic development in primary and secondary florets of a spikelet
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Fi.gurc J-" f'requerÌcy dj.stríbulion of ant,her i-ength r,rhÍle the pMCrs

conl¿tinèd therein !¡ere at zygotene (E=.53 ) o.

pachytene (UIIIIIIüIilI) in Rosner rriricåle. Overlapping

area indical-es t-hat. anthers of similar lengths caÐ contain

meiocyLes at zygotene or pachytene.
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Tablc III

Mean difference and range, in hours,of meioti-c development between primar)¡ and seconclary floreLsof the same spikelet in various cereal genotypes

Line mean (h) Ranee (h) No. sp il(el ets
exâmíned

octoploid tríticale
8A74

8A599

llexaploid tr it icel e

Rosner

34i-5
R621-5

6A3 01

Hexaploid wheat

Prelude (6x )

Tetraploid wheat

Prelude (4x)

Rescue (4x)

Thatcher (4x)

Diploid rye

Prolific

9.74 - 22.72

5.28 - 22.2r

8.75 - 28.50

9.00 - 23.1i
10.03 - 25.01

3.00 - 22"20

8.35 - 24.54

16.60 - 27.40
9.34 - 2s.4r

12.56 - 25.22

4.50 - 23.75

15.18

12.68

20"75

i7.I9
17.78

16.40

L5.23

27.78

L9.95

19.86

14.75

265

220

275

225

215

255

L20

195

I32
99

265
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smallesr Ín 8A599 oct.oploid tïitÍcale (12.6S h). Hexaploid wheat
(A.A,BBDD ) and ocroploíd trirÍca1e (AABBDDRR) showed smaller differencee
in meiotic development between primary and secondary fLorets thâ,n

tetrapl-oid v¡heat (eA¡¡ ) and hexaploÍd tritícale (eeafnn), ÌespecriveLy.
Theee dífferencea are probably due to the D genome. Hordever, factors
other than the D genome may also have had an effect on meiot.ic develop_
ment of prímary and secondary fi-orets because significant differences
were observed among lines wÍthin most species (faUle ftf). It is con-
cluded that the diiference in mei.ot.Íc development between primary and

eecondary florets of the same spikel-et vras noÈ constant and, therefore,
the meíotic st.age of the prínary floret cannot be used for the precise
determination of the stage of meiocytes carried in the anthers of the
eecondary floret.

Discu ss ion

Eríckson (1948) in a stud.y of Þ longifLorum Thumb., grown in
the greenhouse' reported a high correration between bud length and

stages of meiosis. Furthermoïe, he belÍeved that, in plants gror¡n under
controlled condiÈions, a part.Ícular meiotic atage nourd be found to occur
at a particular bud length wiÈh a varÍation of a fe¡¡ Èenths of a milli_
neter. The varÍation found in the presenÈ study, where anther length
wae measured, was only a feru hundredths of a nillÍmeter, probably due to
the shorter length of cereal anthers as compared to ï,ilium buds (i.e. at
MI anther length in cereals = 2.0 n¡n, bud length Ín T,ilium = 22.5 mm or
6l1ghtly more than a renfold dlfference). Vasil (1967) noted rwe

recognize the facÈ of a close correlatlon bethreen bud length and meiotic
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anri post--meíotíc developmenf of anthers in a large numbcr of plants,
bui is it realLy so cLose and precise that we can determine the exact
stage of meiosis just by measuring the length of the bud and checking
it against a €tåndard curve?rr Con€idering the tr,¡o meiotic stageg
(2ygotene and pachytene) duri.ng vhích chromosome pâiring is thought Lo

occur, the difficulty in determining the precise meiotic siage of cereal
anthers by measuríng the anther length and checki-ng it âgainst a stefìdar-d

curve becomes obvious (Fig. f). Hot¡ever, if one is interested only in
obtaining a rough estimate (1 4 hours) of the stage of Lhe meiocytes
conteined hrithin an anther of a gÍven length, then the sËandard curve
can be 1egÍtÍmateLy used. Vasil (1967) also doubted the results reported
by Erickson (1948) and he noËiced Èhat. the bud 

'engrh 
of l,ilium should

be used only for ïough estimaÈion of meiotic stages, For Lhe precise
deterr¡ination of the stage of the meiocytes contained within an anther
the known developmentaL gradients within individual florels and along
the infloreecence must be utÍlized. As a very high degree of synchronous

deveLopment among the three anthers of a floret exÍsts (Bennett g! gl.,
1971; Roupakias ênd Kå.ltsikes, 1977a, b, and c) exa.rnination of one anther
lrÍ'11 provide information s.bout the stages of the meiocytes in the otheïs.
But this approach reduces by one third the number of anthers available
for further studye a serious limitation $¿hen anther culture Ís conLem_

plated. A,Lternatively, the florets on one s j.de near the centre of the
inflorescence can be used to provide informalion about the stage of the
meiocytes contaÍned in Ehe anthers of the corresponding florets on the
other side of the spirte. This becomes feasible sÍnce it Ís known

(Roupakias ênd r(êlt.sikes, 1.971a) rhat florets near the niddle of rhe
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spike are i'nternediate in meiotic devel0pment to those directr-y ab've ancr

belol¡ ttrem but on the opposite eide of the rachis. Although thís a.pproach
requires greater smounts of labor relatíve Lo anther exarninacion, it has
the advantage that. it does not reduce ihe number of ânthers, r¡ith meio_
cytes aL a particular stage, which become avai.lable for further study.

Summaz:v

The difference in meíotic development betvreen primary and secondary
florets of the same spÍkelet, and the relationship beti,Jeen anther length
and the meiotic ôÈage of the meiocytes contained therein were studied in
several trÍticale (X Triticosecale llíttmack) liDes and t.heir parents.
At 20 "C under cont,,¡uous illumination, no conslanÈ differ:ence Ín meiotic
development betrrreen primary and secondary florets r¡aÀ found. The rate
of anLiler elongåÈion rras approximately C.02 r/m/h ir.r all triLicålès,
0"01 nm/h in rerraptoid (g. tU¡g-lglg, 1,.) and hexaptoid wheat (T. aesgillg
L.) and 0"03 nm/h in Seca.le cereale L. Although, on the average, the
stêge of the meiocyÈes in an anther could be ascertained with a,cêrî$åín
degree of accuracy by measuring its Length, the degree of cverlapping
observed betweèn successíve meiotic stages mítigates agaínsl the use of
this criterion for precise meÍotic stage determinaLions.
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GDNERAI DTSCTISSTON

1. Ðuratícn of Meios is

During the process of the study of the durâtÍon of meiosis in
hígher plants, under constanl envírorunentaÌ conditions, a number of
factors affecting lhe duralion of meíosis have been suggested. They
are (ê) ÐNA conrenr; (b) ploidy ievel; (c) cyroplasrn ancl (d) genorype.
Eêch of these factors will be discussed separately.

l.L DNA Content

Benneit (I9 t-2, 1973) found a high positive c*relation beL,/reen the
duration of meiosis and nuclear DNA content anìong species !¡ithin each
pioidy ie'cl. de <íi<Í nct study, horre'eï, the duraiion of meioeís in
several genotypes within a ploídy level of each species. Thus, ÍL is
not known whether theïe is a vêriatÍon in the dur:ation of meíosís among

the geuoEypes of a species and withín a ploidy level. In contrast,
¡'uruta et al" (1974) measured the DNA content per nucleus in a number
of hexaploid ¡,,¡heat straÍns. They found that there wete no dífferences in
DNA content among Èhe strains they studied. In adrJition, Bennett and

smith (1972) end Furura er ar- (fg74) considered rhar rhe DNA conrent of
a cereal nucLeus was equal to the total ÐNA of the genomes contributing
to it. Therefore, within a pJ-oidy level of a cereal species a1l strains
should have equal amounts of DNA.

The approach taken to the probJ.em of the relationslìip between dura_
È1on of meiosis ênd DNA content. hras to select a number of strsÍns vriÈhin
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each pLoidy l"evel and to sÈudy the duratlon of meiosi8 under constant
envíron¡nental conditione. If the amount of DNA gg se ia the major
factor t¡hich determines the r¡eiotic duration Ín cereale, then there
ehould not be signÍficant differences in the duration of rneiosis among

airains of each species and ploidy level. The informatíon accumulated,
however, índicates that there were signifÍcant dÍfferences in the
duration of meiosie among strains !¿ithin each of the following species
and pLoidy levels: (a) Triricum aest illum L. e¡n. TheLl. and (b) x
Triticosecale l^Iittrnack (tetraploid and hexaploíd levels). In contrast
there were no signifícant dífferences in (a) Triticum turgidum I.,
(b) I TrÍrÍcosecale liitrmack (OctoploÍd) and (c) S. cereale. Thís nay
indicête Èhat the quality rather Èhan the quantity of DNA ís r.¡hat detel_
mínee the duration of mêiosis in cereal genotypes. Thus rwhen t,*o
etraine r,rithÍn a ploidy level have different gene(s) affecting meÍotic
development ... the durations of their meiosÍs could be eÍgnificantly
different. rf, however, the same or simila¡ genes contror thè duration
of meiosis in both straÍns, meiosis could probably last the same.

Such an effect, of individual chromosomeg or even gene(s) on the
duration of meiosis has been reported in the literature (BennetÉ and

Smíth, 1973; Bennett er aL., 1974; anð, Klein, 1972).

1.2 Ploidy Level

Sennett and Srnith (1972, 1973) found that hexapLoíd wheat and

octopioid Èriticale had shorter meíotic duråtion than tetrapl.Íd wåeat

and hexaproid triticale, respecÈively. They attrÍbuted thie difference
in meiotic development beÈh,een hexaploid and tetraploid r¡heat or hexa_
plold end octoploid Èrlticale t.o the pl"oidy level. In other r,¡ords they
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conc].uded that the hi.gher the ploidy re.rel the shorter the cruration of
meiosis.

Benrett et a1-" (1974) founcl that addition or subtractíon of i.ndivid-
ual chromosomes fro¡n Triticun ae:!iy"g (var. Chinese Spring) had as a

result the reduction or elongaËion of Lhe duration of rneiosis. ïetra-
ploid wheat and hexeploíd triticale díffer from l.rexaploid krheaL and

octoploÍd triticale in thaÈ. they lack Lhe D genome. Therefore, the
shorter duratíon of meiosis observed in hexaploid wheat ând octoploíd
triticale as compared to tetraploid wheat and hexaproid triticale could
be due to gene(s) carried by the D gênome rather than to sÍmpLe changes
in the ploidy 1eve1" Thus, the approach taken to thi6 problem Ìras to
select and study the duration of meiosis under constanL environmenÈal

condiÈions ia a nuinber of genotypes shar:ing the sarne .1,¡, D âr_rd R genomes

but differing in tire ploicly level. The information obtained indicat.es
thaÈ Ít ís the genotype v¡hich affects the duration of meiosís rather
than simple changes of the plcidy level. Horl/ever, if ploidy le.¡el is
vieÎ¡ed as ê fá.clot: cf the cellular environment, and gívên tlÌat the
environment affects the duraÈion of neÍosis, then it is possible that
t'he pl.idy level has an effecE. on the duratio' of meiosis. This effect
can be increased or decreased by genetíc factor(s).

1.3 Cytoplasm

The dureticn of meiosis Ís strongly åffect.ed by environmental

conditions. The cytoplesrn as the major component of the cellular en-
virornnent, therefore, might have an effect on the duration of meiosis.
The approach Èaken to this problem rara€ to select four pairs of triticale
strêÍns and to study the duratÍon of meiosis. The two stra.ins of each
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paiî r¡ere genotypicslj-y identical but differed in the aource of their
cytoplasrn (1+x or 6x e*reat). This study indiceted LhaL tlìerc were no
siguificant differences in the durâtíon of meiosis between the strains
of each paír" The source of cytoplasm (lrx or 6x wlieat), therefore, has
no effect on the duration of meiosis i.n triticale.

1.1+ Genotype

Bennet.t g al. (r974) found that chromosome 58 lìad â significant
effect on the duration of meiosis Ín hexaploÍd wheat. In acldition,Klein
(7972) ¡s"¡¿ dífferences in the duïatÍon of íneiosis between mutant lines
of !!s¡¡g sativuln. Fuïthermore, this study indicates that Lherê L,as

variat.ion in the duration of meiosis among strains of hexaploíd wheat
and triLicale" Fír:a11y, retraploid t_rÍticales which dÍffered in their
ch¡omosome composiLion had sÍgnificantly dífferent durations of meíosis.
It is clear, iheïefore, that under constart environmental conditìo¡ts the
duratíon of meiosís is genotypícally controlled. Environmental factors,
however, such as temperature have major effects on the meiotíc develop_
ment (Ì^Iilson, 1959; Bennett g g!., 1972). Thus the envíronmental
conditíons aïê aeen as governing the degree Èo which the genotype may

be pernitted to express it.self. As a part, therefore, of the cellular
enviroarnenÈ the DNA cont.ent and the ploidy level may have an effect on
the duration of meiosis.

2. Chromosome pairing

Meiotic irregular.ities have been observed i¡ì tritÍcale even in Èhe

very early cytological studies (Levitsky and Benetzkaja, 1931; Muntzing,
1939). Since rhen lt. hês been esLablished that. Èriticales of all ploidy
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Levele have a varyrng number of chromosomes unpairecl at firsl nei.otic
metaphase (Mü;rtzing, J.957; OrMara, 1953; hreimarck, 7914; Merker, 1973a;

Pregent results).

Darlingt<.rn (1940) theorized rhat vâríation in the rrurnber and

positíon of chiasmata can be caused by .ifferences in the ti e avairable
for chromosome pairing. Follovríng thís, Benneli et ?1. (1971) and

Bennett and Kaltsikes (f973) studied Lhe duration of ¡neiosis ancl jr.s

stages in vrheal, rye and Lriticale and found thaL Lhe duratíon of meios's
in rye was much Longer than in both !ùheat and trÍticale. Thus they
suggested t.hat insuffici-enÈ tÍme for normal paíring of rye chrornosomes

in the trit.icale nucleus may be the cause of partiai failure of chromo-
some pairing.

rn the present study the approâch taken to the problem _,ras io select
¿ number of triticales exhibiting vêrying degrees of neiolic abnornalities
and to study the duration of meiosís under constant environnental condi_
tions. The informatÍon obtained indicates that there was no rel-ationship
between duïation of meÍosis (nucleolar fusíon Lo TïI inclusj-ve ) or zygo_
Èene plus pachytene (Z + p) and chromosome pairing in any of the three
ploidy leve1s (tetraploid, hexaploid and octoploid) studíed. Furthermore,
the duraÈion of Z +p, the stages during which chromosome pâiring Ís
thought Lo occur, was found t.o last longer in hexaptoid and tetraploid
triticale than in rye. Therefore, incompaLibility Ín the meiotic develop_
ment betÌ¡een v¡heat and rye chromosomes does not seem to be the cause of
the meíotic abnormalities in tritÍcele.

Larter ênd Hsam (1973) and Rimpau er al. (1973) have shown that, Ín
tritÍcaLe and wheat-rye additíon lines, the number: of unÍvalent.s per pMC
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ne6 affected by the aource of cytoplasm. In contrast, Kiss and Trelís
(1973) and Lelley (1975a) did nor find significant differencee in rhe
number of univalenta peï pMC betÍreen straíns carrying kheat or rye cyto-
plasm. The results of the present study support the finding thêÈ the
origin of rhe cytoplasm (from tetraploid or hexaploid wheat) hês no
effect on ch¡omosome pairing. SÍnce the duration of meiosis and the
gource of cytoplasm have no effect on chromosome pairing other
fâctors have to be investigated.

rt has been shown that in arr- ploídy levers the chromoeomes \¿hich
'fafl to pair ín.trítica].e nost. LÍkely belong to Lhe rye genone (pieritz,
7966, !970; Thomas and KalÈsikes, !974b, I976b; pïesent results). IÈ
ie also known that in hexaploid and in tetraploid tïiticales (Thomas and
KêLtsikes, 7974b. 7976b; p¡esent results) rye chromosomes having prom_
inent heterochro¡¡âtíc bands on bÕth telomeres are more often pïe€ent as
unívalents. This ÍmplicaÈes heterochromatin in ch¡omosome paÍring and
nay indícate that there probably is a con¡non reêson for pairing failure
of rye chromosomes in tritícale of al1 pLoidy leüels. Merker (1976)
found that loss of telomeric heterochromatin in one of the chromosomes

resulted in bett.er chromosome pairing. Add itionally,Miklos and Nankivell
(1976) reported an inverse correlation bet$¡een chiasma formation ênd
heterÕchromatin in .Austrê.lian grasshoppers. The present study also
indicated that loss of telomeric heÈerochromatin from a rye chromosome

resulÈed in better chromosome pairing.

Müntzing (1957), based on the knowledge that hexaploid triticaleg
'had bettêr pairing than octoproids' suggested that meiotic irregularities
in trfÈicale mey be relaÈed to the ratlo of rye to ¡eheat genome6. It
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has been shol,¡n in thís 6¡¡¿y thaÈ the tetraploid tlitÍcalee (as a group)
are more stable than the hexaploids, which Ín turn are more stable t.han
the octoploids. ?he mean number of univ¿lents per pMC found in each
sttain r,rithin each ploidy 1eve1 investigated ín this study ranged from:
0.37 to 1.g9 in te¿raploi.ds; 0.67 to 4.g9 Ín hexaploids and 2.7g to 5.21
ín octoploids. In ot.her nords there were stra:ins from a higher ploidy
level ¡,¡hich had better chromosome paiting than strains from a lower
ploidy level. This may indicate that the ratio of aTheat to rye genomes
¿s a whole may have a.n effect on chromosome paiting. This effect, how-
ever, can be d.raetically modified depending on the genetic factoïe
invoLved.

one area of invesÈigation which should be pursued in the fuÈure is
å detailed biocheuricar' sLudy of a number of tÌíticales differÍng ín Èheir
degree of ûeiotic instabilíÈy. such a study may result in a better under-
standing of the cause of the meioÈic irreguLarities in tríticale.

A biochemical study of developing meiocytes will require large
numbers of par.icular mèiotic st.ges obtaiDed. from intact. anthers and
floreÈs' Therefore' if a high correlaÈÍon could be established bet¡¡een
the mêiotic stage of Èhe meíocytes included in an anther and the anther
length, it ¡¡ould be easy for a bioche¡nist to select Èhe meiotÍc
stages he needs. Erickson (194g) esta¡tishêd a high correlation bet¡seen
bud length and meiotíc stage of !ry. The resulÈsof the present etudy,
however, indicate that in cereals the anther length carmot be used for
a precise deÈermination of the meiotic stage of the meiocytes thereÍn.
'Vasil (1967) el-so doubted Èhe resulrs reporred by ErÍckson (194g) and he
suggested the use of the bud length of l,ilium only for rough estimafÍon
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of neiotic stagesG Therefore, for the pr.ecise deËerrninâtion of rhe
neiotic stage of the meioc)¡tes included wi.Lhin an intact afrther, other
alternatives have to be applied. They are either examination of one
anther of each fl.oret whích øill provi<ie information about the stages
of the neiocytes in the others; or exaìnination of the anthers of one
side of the spike l¡hich will provide information about the stages of
the meiocytee in Lhe anthers on the other side of the spíke"
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STIMMARY AND CONCLUSIONS

From this extensive sLuCy of Lhe duratÍon of meiosís and chromosome
pairing in several tríricales of al1 ploidy levels (i.e. tetraploid,
hexaploíd and octoploid) and their wheat ancl rye parenLs, the follol,ring
ínformation r,ùas obtained.

(1) ffre origín of Lhe cytoplasm (from tetraploid and hexaploid
wheat) hed no significant effect on c.hrornosome pairing or
neiotic durat ion.

(2) No rel.ati.c;rship was found, in any of the oloídy levels
(tetrapl_oíd, hexaploid, and oct.oploid) studied, between Lotal
duråtion of r¡ìeiosis, or that of zlzgotene anrj pachytene, an<I

chromosome paíring.

(3) A significant intraspecific and interspecific variation was

found Ín the duratÍon of meiosÍs of cereal genotypes.
(4) fne duration of meiosis and chromosome pâiring were signi_

ficantl_y affected by various chromosome combinaLíons.
(5) Pairing failure occurred mostly ârnong chromosomes of the rye

genome.

(6) Tetraploid trÍticales (as a group) weïe more stable than
hexaploids v¡hich ín turn v¡ere nrore stable than octoploids.

(7) No relationshÍp between meiotic abnor¡nal_ities and fertility
¡¡as detected.

(8) Chromosome pairing at. first ll¡eÍotic metaphase was signíficantly
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hÍgher rn plante lacking mo't of the telomeric heterochromaÈfn

on che ehort arm of chromosome 6R (6nS) tt*r, in plants carryÍng
the telomeríc band.

(9) fhere ¡,¡as no consÈant difference Ín meiotic developmenÈ bethreen

prímary and secondary florete.
(tO) a ¡t*n correlation ¡¡as found betnreen mean anÈher length and

meíotÍc stage of the meiocytes contained theteín.
Irom these findings the conclusions r¿hich courd be drawn are:

(1) Insufficíent. time (afÈer the stage of nucleolar fusion) for
normal pairing of rye chromosomes ín the triticale nucleus

cannot account for unÍvalency in triticale.
(2) me varia.tion observed ín the duration of meíosis and its

gtages among the various cereal genotypes studÍed r!"as rnol.e

Líkely due to genes carried by the D and R genomes rather
than to s.imple changes in ploídy level and DNA content.

' This may suggest that ploidy i.evel and DNA content have

minor effects on the dura.tion of meiosís.
(3) telomeríc heterochromatin afiects chromogo¡¡e pairing, and

(4) Although, on the average, the stage of Èhe meiocytes Ín an

ênther could be ascertained arith a certain degree of accuracy
by measuring its length, the degree of overLepping observed

betr,¡een successive meíotic stages mítigates agaÍnst the use

of this criterion for precíse neiotic stage determination.
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Appendix 2-4" Mean {ifference and range, in hours, of meiotíc clevelopmentberween prirnai:y and secondary irår"."""r .í,. ;;;-;;i;ui!i""",,',in var i.ou s cereal geDoLypeu

lfean (h) No. plants
exanined

Itio. sp i lces
exårr¡ined

Nri. spilcelets
exam:.necl

Ìlexaploil trii:ica1t.
i%

Ro sner

Triticale turgídum
65-4

341-5

R621-5

6A301

are, (6x)

ArA, (4x)

ArAO (6x)

A^¿\. (4x)
J4

A,AU (6x)

A'AU (4x)

ÃrÁU (6x)

A'AU (4x)

Octoploid tr i t Íca1e
8A74

8A599

DiploÍd rve
Prol ific
0D289

20.7 5

17. 83

18.36

t7.I9
17,78

16" 40

16.79

16" 91

l,3.77

15.70

14"49

11.06

17.68

16.75

15.18

12.68

L4.75

Is"24

44

44

55

34

29

11

24

3C

36

42

29

22

19

5l

2I

52

43

36

35

3t
25

JJ

T9

55

60

58

45

¿1.3

56

46

)z

50

49

43

32

35

61

49

59

60

52

65

44

33

40

2T

53

32

,7\

300

270

215

¿JJ

230

260

250

245
t¡q

18s

i6ü
775

265

220

¿65

275

230

19s

132

99

120

10s

213

380

8.75-28.50

9.70-30.99

Ii.40-26"47
9. 00_23. 1.1

10.03-25. 01

3.00-22.2A

8.50_22.44

9"70-23.49

5.00_22.62

5.00-24"99

3" 00-19. 68

3"00-2I.52
9.32-3i.0i
6"20-28.35

9.74-22.72

5.28-22"2r

4.50-23.75
4.OO-24"83

I0.Is-28.67
16.6A-27.40

9.3t+-25.41

12.56-2s.22

8.35-24.54

2.00-13. 70

5.00-28.68

5. 51-23. 15

TetraÞloid wheat

Ste!¡art 63 19.70
Prel.ude (4x) 2I.78
Rescue (4x) 19" 95

Thatcher (4x) 19. g6

Hexaploid wheat

Prelude (6x) 15- 23

Chinese Spring 7. gl
AqR¡

Rosner X ProlÍfic 13.46
64299 X proi.iftc 13. 71
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