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Fine structure analysis of the gene for p -fluoro-phenylalanine 
resistance in Aspergillus nidulans 

M. GRAZIA PETRELLI (•) e ROBERTA RICCI (•) 

Laboratori di Chimica Biologica, Centro Internazionale di Chimica Microbiologica 

Summary. - The gene (pfp) for the resistance to p -fluoro-phenylala
nine can be selected in the mutant as well as in the wild state. Fifteen 
pfp mutants bave been localized in a single locus by means of meiotic analysis. 
A strong negative interference has b een detected, partially affected by tbc 
intensity of tbe intragenic selection. The negative interference is still stronger 
in intragenic mitotic recombination. It has been suggested that intragenic 
mitotic recombination is almost exclusively effect ed by a process << localized » 

to the gene involved (gene conversion ?), while this process is paralleled by 
classic crossing-over in intragenic meiotic recombination. 

Riassunto. (Analisi della struttura fine del gene per la resistenza alla 
p-fluoro-fenilalanina in Aspergillus nidulans). - Mutanti di Aspergillus 
nidulans resis tenti alla p·fl"&Joro-fenilalanina possono essere facilmente sele
zionati su un terreno contenente questa sostanza . Retromutanti e ricombi
nanti sensibili possono essere selezionati su un terreno contenente acido 
N-fenil-antranilico e L-3-ammino-tirosina (Fig. 1) . L'analisi di una serie di 
incroci tra diversi mutanti resistenti (pjp) ha permesso di localizzare quindici 
alleli nel locus pfp, immediatamente prossimale al locus ribo-1 sul I cromo· 
soma, e di determinarne parzialmente l'ordine. Lo studio di numerosi di
ploidi parasessuali ha confermato l'appartenenza di tutte le mutazioni stu
diate ad un unico locus (cistrone). 

Lo studio della ricombinazione m eiotica intracistronica (Tab. 2) rivela 
una forte interferenza negativa non polarizzata. Tuttavia, quando la di
s tanza tra gli alleli pfp selezionati è più breve si nota un significativo incre
m ento del crossing-over nella regione ribo-1 - pfp, distale al locus in studio. 

Lo studio della segregazione mitotica rivela una ancor più intensa in
terferenza negativa (Fig. 3). I cromosomi ricombinanti con marcatori esterni 
in combinazioni << parentali ,, sono di regola in notevole eccesso su quelli 
con marcatori esterni ricombinati, così da rendere impossibile l 'ordinamento 
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d•·i geni sulla sola basi' della segregazione mitotiea. Si avan:~:a l'ipotesi cht· 
la ricombinazionr intragcnica a vvenga attraverso due meccanismi, unu 
•< localizzato "• scn:t.a di'etti sui marcatori es terni (gtme convers1:on ?), uno 
« generalizzato », rift>ribilr al crossing-over classico. Nella ricombinazionl' 
meiotica i dut> m eccanismi sarebbero ambedue opt•ranti, mentre la ricombi
nazione mitotica sarebbt' quasi esclusivamentt· di tipo « localizzato "· 

INTROI1UCTI01'; 

Researches on back-mutation and intragcnic recombination are usuali~· 
carried out on mutants from which wild typc dcrivates can be casily selected, 
typically the auxotrophic mutants of moulds or bacteria. 

However, such mutants cannot be· selectivcly isolated in wild t ypt· 
populations, and it is usuall y an arduous t ask lo collect them in largc num
bers. The samt> difficulties are cncountered in reisolating mutant phcnotypes 
as secondary mutants from back-mutants as well as in selecting mutant 
recombinants from crosses betwet>n wild phenotypes or from wild t ypt' ht'tt'
rozygous diploids. There are but few cast's of mutations that can be selt'ctt·d 
forward and backward . The strcptomycin resistant dcpendent mutants of 
somP bacteria (c. g. E. coli, HASIIIMOTO, 1960) are tht~ best known examplt'. 
In AspPrgillus n~:dultms, APIRIO!' (1962) selçcted fluoro-acctate resistant 
mutants, some of whicb are unable to grow on media containing acetate 
a s tbc only source of carbon. Wild type back-mutants or recombinants 
can be isolated on the latter media. Another possibility of << for- and back -» 
selection is provided by thosc resistance mutants showing « colla t eral sen
sitivity" (SzYBALSKY, 1956). Thesc mutants, together with the resistance lo 
onc drug, hav(' acquircd an in crcased sensitivity to anothcr drug. Whatevcr 
the mccbanism , they ideally fit tbc abovc m entioned requircments, provided 
thcy are fully rl!cessive. In this pa per , we bave dealt witb mutants of Asper
gillus nidulans resistant to parafluorophenylalaninc (pjp) which show a 
collateral sensitivity to aminotyrosine and pbenylanthranilic acid, besides 
being leaky t yrosine requiring (MoRPURGO, 1961) and supprcssors of a mu
tation for nicotinic acid requircment (MoRPUllGO, unpublished). Forward 
and back-mutations as well as sexual and parasexual intragenic recombina
tions between diflerent pjp mutants have becn studicd, and the possiblc 
m echanisms of tbeir origin discussed. 

MATERlALS AND METHODS 

Strains. - Tbc ascomycete mould, Aspergillus nidulans, was used. 
The nutritional and colour mutations employcd throughout tbc work are 
among those the location and origin of which werc dcscribed in a revit•w 

Ami. /si. SUJJCI ". Hanitù (1966) 2, 379· 302. 
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paper by KAFER (1958). The same symbols bave been adopted. The relevant 
markers dealt with were on chromosome I, and their symbols and loca tion 
are as follows (deduced from Ki\FER, 1958 ; MORPURGO, 1962 a) : 

Chromosome I : 
ribo-1 pfp-1 an-l y -l 
--~------~----~-----0-------'-

0,2 19 25 33 

(ribo-1 = riboflavin requiremcnt; an-l = aneurin requirement; y -1 = yellow 
colour of conidia). The numbers under the line indicate distances in 
meiotic units . The pfp gene is located at the immediate left of ribo-1 
(MoRPURGO, 1962 a) which, together with un-l , was used in this paper as 
« outsidc marker » in intragenic crosses. 

Media. -- The complete (CM) and minima! (MM) media described in 
previous papers (FRATELLO, MORPURGO & SERMONTI, 1960) were used. For se
lection of pfp mutants or recombinants, p-fluoro-phenylalanine (pFP) was 
added to the MM agar to a fìnal eone. of 0.02 roM. If the medium is slightly 
acidified (pH = 6), the background growth of sensitive colonies is almost 
abolished. For selection of pFP-sensitive back-mutants or recombinants, 
N-phenyl-anthranilic-acid (PAA) was added to MM agar to a fìnal eone. 
of 0.01 % (w/ v), and L-3-amino-tyrosine (AT) to a final eone. of 0.047 % 
(w/v). Optimal selective conditions were obtained at pH 4.5 (MoRPURGO, 
1966). P AA was firs t dissolved in ethanol (2 .5 %, w/ v) and then ad d ed to 
the melted agar. In the fìrst experiments, PAA alone was added to the MM. 
Addition of AT and reduction of pH clearly improved the selectivc con-
ditions. 

Mutagens and recombinagens. -- Most of the mutations and back
mutations adopted in this work were induced by treatment with U .V. light. 
Nitrogen mustard (HN2), formalin (HCHO) and X-rays were also used . 
The procedures are those currently used in this laboratory (FRATELLO, 
MORPURGO & SERMONTI, 1960). 

Perithecia ana~ysi.s. -- Conidia of nutritionally complementary strains 
were streaked on a rectangular piece of complete agar, placed on a t hick 
layer of minimal medium in another P etri dish. When the two strains were 
pfp, pFP was added to the media (0.02 roM) to improve growth and peri 
thecia development and to prevent the sf'ctoring out of sensitive clones. 
Mter two-three days of incubation at 30oC, the dishes were sealed with 
scotch tape and further incubated at the same temperature until perithecia 
appeared. Fertility unfortunatcly was not very high, particularly when 
pFP was omitted a nd temperature was of 37oc, as in usual crosses. After 
addition of pFP aud reduction of t emperature to 30°C, about 70 % of crosses 
h etween di ffe rent pfp strains gave ripe perithecia. The perithecia wcre iso-

.d nn. 181 . .Sttper. Sanità (1966) 2, 379-392. 
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lated in separate small test tubes, thc ascospores expressed in 0.5 mi of sterilP 
water and the perithecia classified as << selfed » or « crossed », according 
to the segregation of colour markers. << Crossed » perithecia were then ana
lyzed either separatcly or in pool. The percentages of << crosscd " perithecia 
were always vcry high, oftcn approaching 100 %· 

Diploid formation. - H eterozygous diploids were obtained with the 
usual procedures of the parascxual cych: (Po TECORVO, 1953). Ali of thcm 
wt>rt> of tht> type ( chromosome I) : 

ribo-l .-!,..p_:_f p_-A __ ----'+'--- 0 ___±__ 
+ pfp-B an-l y 

Carrying two allclic pfp mutations, ali the diploids were resistant to 
pFP and sensitive to PAA and AT. 

Isolation o( intracistronic mitotic recombinants. - Mitotic recombinants 
m the p(p region were isolated by plating several millions of conidia from 
diploid strains pfp-Afpjp-B, onto minima} media containing PAA, AT 
and riboflavin . 

Analysis of diploid segregant genotypes. - The analysis of the ge
notype of the intracistronic mitotic recombinants was carried out by ha
ploidization and by classifying thc second order segregants for the outsid1• 
markers and for colour. As a rule, from each diploid pFP-sensitive segregant, 
two haploid types were obtained (only chromosome I was considered), 
one resistant and the other sensitive. The resistant haploid type (resistant 
strand) was most easy to obtain by point-transferring the segregant under 
examination onto complete medium supplemented by pFP (0.02 mM) which 
acted as inducer of haploidization (MoRPURGO, 1961) as well as selective 
agent for resistant sectors. The selection of the sensitive haploid type (sen
sitive strand) was obtained by spot-transferring, or plating, spores of the 
segregant onto HCHO-supplemented complete medium. The sccond order 
segregants were detected thanks to their colour (yellow or dark green) con
trasting with the pale green of the heterozygotes, and then checked for 
pFP-resistance and tested for the ribo-1 and an-l markers. 

Six types of sensitive segregant genotypes are to b e expected on the 
selective mcdium, if we consider the pfp gene and its outside markers 
(Table l) . Genotype 4 is phenotypically recognizable from ali the others 
because of its riboflavin requirement. Genotypes l , 2 and 6 can be distin
guished, among the wild phenotypes, between themselves and from genotypes 
3 and 5 on the basis of the << resistant strand >> (pp). 

Ami. lsl. SuJ)U. Scmilù (1966) 2. 379·392. 
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Expected genotypes of dlplold pFP-sensltlve seareganta (l~) 
alter mltotlc crosslng-over In the • pfp,. gene (reaion B) 

CroBB-over in B 
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TABLE l. 

Phaae of cro88 • tcomvleruentary 
rcoomblnant 

Cross-over In B l C. o. In A + B C. o. In B + C 
(ono recombln- (comvlementary (comvlementary 

ant, one parentali recomblna.nt reoomblna.nt 
strands) strand) strands ••) strands ••) 

l 

I l 3 5 6 

r p + + ++++ o ++++ o r +++ o +++ a 
o o 

+ + p a r p p a ++ p a + p p Il r p p + 

reg.: A B c 

II 2 4 6 5 

r + p + o 
r ++ a 

o 
r ++ a + + + a r +++ o o ----0 

+ p + a + p p + r + p + r p p + + p p a 

reg.: A B c 

• Abbreviations : pfp = p; ribo-1 = r; an-l = a. 
•• The pFP-resistant strand (pp) is phenotypically indistinguishable (in haploid segregante) 
from one of the parental strands (+ P or p + ). 

Distinction between ienotypes 3 and 5 requires the analysis of both 
strands. As a rule, the complete analysis was carried out also for the geno
typic charact erization of the other four phenotypes. The double cross-over 
classes (5 and 6) show a parental arrangement of outside markers in both 
strands. The douhle-mutant resistant strand cannot be distinguished from 
the resistant parental strand through the phenotype analysis of the haploid 
segregants. Crosses in phase l, after cross-overs in A + B, give the same 
genotype (5) as crosses in phase II after cross-overs in B + C, and viceversa 
(Table l). Crosses in phase l, after triple cross-over (A + B + C), give the 
same genotypes (2 and 4) as crosses in phase II after a single cross-over (B). 
Crosses in phase Il, after triple cross-over, give the same genotypes (l and 
3) as crosses in phase I after a single cross-over (B). 

RESULTS 

Forward mutations and phenotype of mutants. - The spontaneous mu
tation rate for pfp is below 10·6, as observed by MoRPURGO (1962b ; 1966). 
Several morphological types appear after mutagen treatment (Fig. l), varying 
in sporulation and intensity of the brown pigment produced. Only the weJI 
sporulating type of resistants was considered. lts distinction from any other 

A nn. l st. Super. S anità (1966) 2, 379· 39\J . 
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t y pe is clt>arcut. The rate of mutation after U .V. treatment (survival, about 
l %) approachcs 0.1 % of survivors . After 2 minutes of nitrogen mustard 
treatment at 24°C, the rate of mutation · was 0.18 X lO·". 

Most of tbc well sporulating mutants are partially tyrosine requiring 
(MORPURGO, 1962 a) and show an increased sensitivity to phenylanthranilic 
acid and aminotyrosine. However, some mutants do not require tyrosine 
and are but moderat ely sensitive to the above mentioned drugs. The lattcr 
were not used throughout this work. 

Back-mutations. - The spontancous rate of back-mutation from pfp to 
wild is low for most of the U.V. induced mutants. The mutations adopted 
in this work do not show a back-mutation rate higher than 10·6 • pfp mutants 
induced by HN-2 or obtained without treatment are very stable. 

Sixteen U.V. induced back-mutants were crossed with the wild type. 
No pfp recombinant was ever obtained from such crosses, which indicates 
that the t ested back-mutations were not of the nature of suppressors. 

Crosses between pairs of pfp mutants. - The result of some of these 
crosses are reported in Table 2. The recombinant ascospores were selected 
for resistance to pheny1anthranilic acid and aminotyrosine, and the segre
gation of thc outside markers was studied. Of the two n on parental combi

nations of the outside markers (r+ + a and + + + + ), one is always in large 
excess on the other , thus clearly allowing to order the two mutations with 
respcct to thc outside markers, as follows : 

cxcess of r + + a, • 

genot ype: 
r + PB + 
+ PA + a 

excess of ++++. 

r PB + + 
genotype : + + PA a 

The classcs involving a double cross-over are much more frequent than 
f'xpected by the product of the frequencies of the single events (in standard 
analysis) indicating a strong negative interference. This appears to be stronger 
when the pairs of mutations selected against within the pfp gene are closer. 
The cffect of negative interference is the apparent lengthening of both outside 
regions to approximately the same ext ent in each cross. This additional 
length goes from 6 units up to 20 units with the rcduction of the intraci
stronic r ecombination fraction. The average difference between the enlarged 
lcngths of the lcft and the right outside regions does not substantially diffcr 
from the differcnce between the standard length of the two regions, in t he 
absence of negative interference (see Table 2). 

The results reported in Table 2, together with other not reported obser
vations, a llow for a preliminary ordering of som e mutations within the 
p(p gene. The order is as follows : 

ribo-1, pfp--: (108, SO), (3 1, 51, 103, 105), (109, 81, 104, 11 , 79), (3, 77), 83, an-l. 

A nn. l st. Super. Sanità ( 1966) 2. 379-392 . 
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Thc relative order within t>ach group of mutations rcporte<l m brackets is 

s tili uncertain. 

fntmcistronic mitotic TPCombination. - Ali the heterozygous diploids 
synthesized between dilferent pfp resis tant mutants turned out to b e rr
sistant to pFP and sen sitive toPA and AT, thus showing that alt the isolated 
mutations occurred on one and the same gene. Not all the heterozygous 
diploids, however , were sensitive enough to be completely inhibited by 
P A an d AT when platcd a t high density. From those giving practically 
no background growth on media supplf'mPnt~:u by the latter antimetaho
lites, diploid mitotic segregants could be isolatecl b y plating under such 
conditions scores of millions of diploid spores. The rate of appearance of 
pFP sensi ti ve segregants ranged within large limits, from l· 10·4 to 2 · 10"7, 

according to the diploid examined. Clonai effcct cannot however be ruled out. 

Two hundreds of diploid scgregants ha ve bee n classified according 
to their genoty pe. From most of them both mcmhers of the first chromosome 
pair bave bePn detect ed and analyzetl, while others have b een classifit•d 
only on the basis of the resis tant s trand , and considering only the six classes 
reported in Tahle l as possible. Some of the latter (figures in brack et s in 
Table 3) could not be attrihutcd with certainty to a given class and remained 
undccided b etween classes 3 and 5 sharing thc + p a strand. With negligiblc 
exccptions, ali the t ested gcnotypes fell within the six cxpectcd claSSt'S. 

Contrary to what was obscrved among the meiotic recombinants, thc 
most frequcnt segregant classes are usually thosc carrying on the rccomhi
nant first chromosome (tte sensitivc strand) the parcntal combinations 
of the outside markers (+ a and r + ), i. e. those which would ha ve requi
red a double cross-over. But in ra re cascs do the single cross-ovcr classf•s 
appear to be thc most frequent, and then in accordance with the assumed 
order of the pfp mutations involv~:d , as deduced from the data of the meio
tic analysis. Whilc in the latter cases a classica! cross-over may play the 
dominant part, obviously a dilfcrent mechanism must be involved to account 
for the most common pattcrn of segregation. 

In fact , the mitotic segrcgation of hctProallelic pFP-resistant d iploids 
does not offer a ny criterium for the ordering of the pfp mutations with re
spcct to thc outside markers, since the segregants showing the non-parco
tal associations of the outside markers are not regularly of the type expP.Ct('(l 
on the hasis of the order of thc mutations irwolvcd. In fact, thc o rdcr dt·
duced from meiotic analysis being taken as granted, the overall rate of 
mitotic cross-over in the outside region s would amount to about fifty pt·r 
cent on both sides of the pfp-r gene. This indicates that the reasso.rtment 
of the outside markers is not dircctly rela ted to the typc of reassortmt•nt 
oceurring within the pjp genP. 

. l n n . / Hl . .Su]JCr. Stw ilù ( 191iti ) 2 . 37 !1 -:Wt. 
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DISCUSSION 

The kind of mntation adoptcd in the present work, allowing for the 
use of selective procedures in the detection of both wild and mutant t ypes, 
providcs a valuable instrument for the fine structure genetic analysis in 
moulds. A most fa vourablc condition is met in the isolation of mitotic se
gregants with mutant phenot ype from wild t ype diploids, since the selec
tive agent is also effective as inducer of haploidiza tion. As procedure was 
slightly modified in the course of the work, some estimates of recombina tion 
frequencies m ight be of scarce accuracy. Yet so me conclusions can be drawn, 
and some generai trcnds clearly observed. 

A strong negative interference is obser ved in both meiotic and mitotic 
analyses, on both sides of pfp gene, when intragenic recombinants are se
lect ed . At meiosis, this is generally stronger when the pfp mutations invol
ved in the cross are closer (Table 4). Yet, while the intensity of negative 
interference clearly decreases when the dist ance between the t wo pfp alleles 

T ABLE L 

Frequencles of extra cross-overs wlth increasfng recomblnatlon fractlons 

Poolir~g of some data f rom Table l. 

J'crocntage or reconoblna.nt cinMes Clll't:rolg~s) l 
Huogc or :-fu m ber Crosslng-ovcr 

rccomblnaticn 
o! 

[triple, rcgd.l 

l 

Cl'OSR·O I"Cr oross-ovm· 
frucUons o~~inglo, doub lo. double, 

( < 10"5) 
crosscs rcg. n A + B t-C 

rcg~. rf"l(8, l't 'g • • \ rcg. <.; 
A+ D n +c 

c·~> c·~> c·~ > (O~,) C"ol c• .. > -

0.2 3 31 17 17 35 3t~ l 52 
l 

0.4-0.8 6 50 lO 15 25 25 

l 
:35 

l. 0- 2.0 9 55 3 B l 28 17 31 

3.0- 4A 4 1\5 7 5 

l 
23 12 l 30 

l 

increases, t his trend is not so evidt:• nt in the longcr right side rcgion p(p-an-1. 
A similar efl'ect has been observrd by S IODIQ I & P u TJtAMENT (1963) around 
the paba gene, on the right arm of chromosome I o f Aspergillus nidulans. 
[t is in the shortest (about 0.5 units) rcgion at the left ide of paba-1 that the 
correlation bctween the interval of selection a nd thc intensity of negative 
interfcrence is more evident. PRITCH A RD (1960) also ubscrvcd a dt•crcasc 
in negative interfcrence on tbc right and shortest (about 0.2 units) side 
"vith t he increasing of the dist ancc of the intcrval of sclection in the ad-1 8 
cistron on the right arm of chromosome I in A. nidulans . 

• 11111 . l sl. Super. Stmill• (1066 ) 2, n!l -392. 
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The conelation b ctween interval of selection anJ negative intcrferenc•· 
may be due t o the fact that tbe interest ed regions are very short, or bavl' 
a special location or structure. MuRRAY (1963) did not find any correlation 
of tbis type in Neurospora wben studying tbe me-2 gene and adopting two 
not vcry closcly linked outside markers. 

We can assume that there is no structural o r functional differcncc 
between tbe two outside regions around pjp (as well as around paba-1 and 
ad-18), but tbat tbc closeness of one outside marker allows for tbc scoring 
on that side of a pbenomenon not resolved on the other side. Negative inter
ference could b e more concentrated wben tbe select ed interval is shorter 
due to a variable length of tbe effecti ve pairing region (PRITCHARD, 1955; 
1960). If ont' outside marker is within tbe range of tbis variation, it would 
rcveal it, which would not b e observable b y tbe use of a marker tbe distanct' 
of whicb from tbe selected region is outside tbis range. Tbe negative inter
ference would tend to be symmetric when its effect extends to a minute re
gion not spanning eitber outside marker, and would appear asymmetric 
wben it extends in sucb a way tbat one outside marker is encompassed, 

but not tbc otber. • 
This interpretations is well compatiblc witb tbe meiotic results of SIDDJQJ 

& P uTRAMENT (1963) as well as witb ours, and would also explain tbc unsen
sitivity of tbc Murray system to thc same effect. 

The asymmetrical negative interferen ce reportcd b y SIDDIQI & P u
TRAI\IENT (1963) could b e fully accounted for by this interpretation. Our 
present results do not reveal any significant asymmetry in recombination. 
An obvious asymmetry in recombination occurs at tbe me-2 gene of Neu
rospora (Mu RRAY, 1963). On tbc basis of a different criterium, asymmetric 
recombination was first demonstrated for tbc ascomycet c Ascobulus im
mersus (LrssOUBA & RIZET, 1960). Tbe fact tbat asymmetric recombination 
occurs or not does not n ecessarily involve an intrinsic difference in the struc
ture of tbe genes studied or in tbeir duplication mecbanism, as tbey are 
v ery likely the same in any Ascomycete (and p erbaps in any organism) ; tbc 
different responses obtained with different syst ems could b e due to tbc dif
ferent location of tbe analyzed region with respect to tbe lon gitudinal di
scontinuities of tbc cbromosome, whicb migbt well occur at intervals much 
longer than the length of one gene {PIPERNO, CARERE & SERI\10NTJ, 1966) . 

W e bave used tbc expression cc negative interferencc )) only to mean 
increased frequencies of recombination in tbc outside regions, coinciding 
witb recombination b etween alleles at one locus. This was assumed t o b e 
a statistica! consequence of tbc restriction of tbc rccombination pbeno
mena to sbort regions of cc effective pairing )) (PRITCHARD, 1955; 1960). Tbis 
interpretation is not however compatible with a situation in whicb tbe rate 
of cross-ovcr in onc or both regions outside tbc recombinant locus exceeds 

Amt. Jsl. Supcr . &unità (19GG) 2, 379·392 . 
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50 %, as observed b y MuRRAY (1963). In such .a case, a « return >> or « switch 
back n cross-over was presumed to occur in the cc superextended >> region, 
connect ed with the interallelic cross-over, so that the double cross-over 
appears to be more frequent than the single one. A transfer of information 
accomplishcd through a double exchange cannot be formally distinguished 
from direct cd mutation or << gene conversion >> occurring in the absence of 
cross-over. 

The results of somatic segregation are strongly in favour of an inter· 
pretation based on gene conversion (or some sort of a return cross-over) , 
the double cross-over parentally marked classes being usually in Iarge ex· 
cess over the presumptive single cross-over class (Table 3). This was also 
observed by P UTRAMENT (1964) when studying the paba-1 cistron in A. 
nidulans. 

If two processes (classica} cross-over and gene conversion) occur al
ternatively when intragenic recombination is determined, we need only 
to assume that the former is relatively more frequent in meiosis than in 
mitosis. In other words, the inhihition of pairing between homologous 
chromosomes during mitosis would not reduce the rate of the gene·confined 
recombination so severely as it does the process of somatic cross-over. 

The Autbors expresse their gratitude to Professor Giuseppe Sermonti for his guidance 
during the work, tbe preparntion of the manuscript and his encouragement and criticism 
in the discussion. They also wish,.to thank Goffredo Oherholtzer for his valuable tecbnical 
assistnnce. 
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Polarized recombination in Streptomyces coelicolor 

RosELLA PIPER. O ( • ), ANGELO CARERE ( 0
) e GtuSEPPE SERMONTI (00

) 

Laboratori di Chimica Biologica, Centro Internazionale di Chimica Microbiologica 

Summary. - A group of elevcn mutations requiring histidine (his) 
for growth were m apped in a minute region (region his) on the linkage group I 
of Streptomyces coelicolor. Whenever an intra-region crossing-over was se
lected, thc frequent occurrence of an external supplementary crossing-over 
a t either side of the region was observed. The latter was preferentially on 
the (conventional) left side of the his region when the sclect ed primary 
crossing-over was in the left h alf of the region, an d vice versa when in thc right 
half. The site and the frequen cy of the supplem entary crossing-over measured 
the sense and the intensity of the « polarity » of the intra-region recombination, 
which was roughly a function of the site of the primary cross-over. lt was 
assumed that the sites of the supplem entary cros-overs marked two structural 
discontinuities on the DNA ribbon, defining a structural sub-unit, comprising 
a t least five his gcn es, and possibly corresponding to an << operon 11 . 

Riassunto. (Ricombinazione polarizzata in Streptomyces). - Undici 
mutazioni per la richiesta di istidina (his) (Tah. l ) sono state localizzate in 
una minuta regione (regione his) sul primo gruppo di linkage dello S trepto
myces coelicolor A3 (2) (Tab . 2, Fig. 1). In incroci t ra diversi mutanti his 
si osserva di r egola che, in coincidenza con il crossing-over selezionato entro 
la region e his, si verifica spesso un secondo crossing-over immediatamente 
est erno all'una o all'altra estremità della regione. Ciò risulta da una alta fre
quenza delle classi his+ che presentano i marcatori esterni nelle combinazioni 
originali (Tab. 3) . Nei rico mbinati his+ in cui è stato selezionato un crossing
over n ella parte sinistra della regione his, si constata con alta frequenza la 
presenza di un crossing-over supplem entare esterno sulla sinistra della r egione, 
m entre il r eciproco si verifica nei ricombinanti his+ che hanno comportato 
un crossing-over primario sulla parte destra della r egione. La localizzazione 
(sinistra o destra) e la frequenza del crossing-over supplementare qualificano 
e misurano la << polarità » della ricombinazione primaria. Questa polarità è 
a lta e (convenzionalmente) positiva nella zona sinistra della regione his, 

( 0 ) B orsista dei Laboratori di Chimica Biologica. 
(

0 0
) Cattedra di Genetica, Università di Camerino . 

.-11111. l~t. Supu. Sanità (19ti6) 2 , 303·407. 
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irregolare nella zona centrale e alta e negativa nella zona destra della re
gione (Fig. l). Questo decorso è bruscamente interrotto se si oltrepassano ll' 
due estremità della regione, come risulta da incroci che importano la ricom
binazione primaria tra paia di mutazioni a cavallo di una o dell'altra estre
mità (Tab. 4). I dati sono interpretati come indicativi della presenza di di
scontinuità lungo il nastro del DNA in corrispondenza con i luoghi del cros
sing-over supplementare. Due di tali discontinuità definirebbero la regiont" 
his comprendente almeno cinque geni. Si avanza l'ipotesi che il DNA (comp 
già suggerito da FREESE, 1958, TAYLOR, 1958, KELLENBERGER, 1960 e altri) 
sia suddiviso longitudinalmente in subunità strutturali. Ognuno di tali subu
nità potrebbe corrispondere ad una unità funzionale (un << operon ,,), e quindi 
ad una molecola di RNA messaggero (AMES & IIARTMAN, 1963). 

Dedica. - A. C. e G. S. vogliono dedicare questo lavoro alla indimentica
bile memoria di Rosella Piperno, che a questa ricerca ha dato tutta la sua pas
sione e tutta la sua energia, sino agli ultimi giorni della sua giovanissima vita. 

Genes with related functions show a tendency to occur in clusters in 
some Eubacteria and in the Actinomyces Streptgmyces coelicolor (HOPWOOD, 
1965). Such clusters of related genes bave a special significance for the regu
lation of biosynthesis of related enzymes (AMES & HARTMAN, 1963), and 
provide a tool for the structural analysis of short chromosome regions, com
prising contiguous genes. In S. coelicolor a group of adjacent genes involved 
in histidine biosynthesis (his) has been localized to the immediate (conven
tional) right of tbc met-2 marker, t en units left of the arg-1 marker, on link
age group I (HoPwooo & SERMONTI, 1962 ; FRATELLO, KuouoOKORMOFF 
& Russi-POLITO, 1964; HoPwooo, 1965; CARERE, KuouooKORMOFF & PI
PERNO, 1965). In the course of analysis of the his region unexpected segrega
tion patterns of the outside markers were repeatedly observed, indicating 
the occurrence of a structural discontinuity first on one side, then on both 
sides of the analysed region. The present paper deals with the formai aspect 
of the genetic analysis of the his region. The hiochemical aspect of the re
search, already presented in a preliminary note (FRATELLO, KHOUDOKOR
MOFF & Russi-POLITO, 1964), will be the subject of separate papers. 

MATERIALS AND METHODS 

Generai procedures, media, analytical methods, as well as marker sym
bols, are thosc already reported in a review paper (HoPWOOD & SERMONTI, 
1962). Ali the mutant strains adopted trace hack to Streptomyces coelicolor 
strain A 3 (2), al so described in .the quoted paper. 

A nn. I si. Super. S anità (1966) 2 , 393 ·407. 
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The symbols of the histidine-less (his) mutations adopted in the present 
work, their mode of origin and the phenotypes of the mutants are listed 
in Table l. In the last column of Table l the abbreviateci symbols of the 
adopted strain s, carrying the various his mutations, are also list ed . Markers 
not relevant to analysis have been omitted. Three marker genes have been 

TABLE l. 

Some characterlstlcs of hlstldlne-less mutants of « Streptomyces coellcolor "· 

Gene and 
Induced 

Urowth on \ l AvaUablo 
:llutatlons • compio· L·hl!itldl· · ccumu· 

mentatlon by l~tlons •• i combinations wlth 
gro\11> noi outsldc markcrs • • • 

h i& l . A X-rays - 3 h , mh, lh. ha, lha, 
mha 

h i& 2. B u. v. + 2 h, mh 

h i& 9 . Ca u. v. + l h, lh, ha 
l 

l 
h i& IO. Ca u. v. + l h, ha l 
h i& 11 . B + 2 h, lh, ha 

l 
u . v. 

h i& 14 . Cb u . v. + l h, ha 

his 116 . F u . v . + l h , lh, ha 

his 120 . A a2 p - 3 m h 

hi& 123 . F u. v. + l h, lh, ha, mh l 

hi& 127 . Ca u. v . + l h, lmh, ha l 
hi& 128 . c. u. v. + l h, mh, lh. ha 

l his 129 . I u. v. + l h, ha 

hi& 132 . A unknown - 3 mh l 
• Those with code number inferior t o 100 bave been obtained by D. A. Hopwood. 

•• l = 5-amino-1-ribosyl-4-aminoimidazole-carboxamide; 2 imidazole glycerol ; 

3 = hist idinol. 
*** Abbreviat ed symbols. Markers other than mel-2 (m}, hi&(h), arg-1 (a) and leu-1 (l)om.itted. 

adopted : met-2 (requirement of methionine), leu-l (requirement of leucine) 
and arg-1 (requirement of arginine), whose shortened symbols are respecti
vely m, l and a. As shortened symbol for his, h is used. The locat ion of thc 
marker gencs in respect to the his-l mutation is as follows (HoPwoon & 
SERMONTI, 1962; HOPWOOD, 1965): 

leu-l met-2 his-l arg-l 

(lO) 3 11 

The numbers under the line indicat e the distances in map units. 
The distance leu-l - met-2 has not yet been determined with accuracy . 

..11111. Jst. Super. Sanità (1966) 2, 393·407. 
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Preparation of strains. - To bave the same his mutation in difl'erent com
binations with the outside markers, a strain carrying a given his mutation 
in coupling with one marker was crossed with a his+ strain bearing another 
marker. This procedure caused unexpect ed difficulties since, in at least two 
established cases, the isolated strain showing the histidine requirement cou
pled with a n ew marker turned out to bear an altogether new his mutation. 
This was possibly due to the selection of a his spontaneous mutation, either 
present in the his+ strain, or occurring in the course of the cross. After this 
discovery, a very careful check was made on the identity of tbc presumed 
corresponding his mutations bome by different strains, and some strains 
had t o be discarded . This check was suhsequently considered as a fundamenta l 
precaution whenever new associations of markers were to be adopted. 

Calcultation of distances of bis mutations from met-2 : Method l. Ratio : 
met-2 - his-X recombinants to heteroclones (CARERE, KaouDOKORMOFF 

& PIPERNO, 1965; HoPwooo, 1965). This ratio was calculated in crosses of 
the type : 

met-2 + x + his-X, 

after plating the spores of the mixed suspension on a medium lacking both 
methionine and histidine. To eliminate one possible source of variability 
the same met- strain (158 met-2 arg-1 phe-1 st~-1) was used in ali crosses. 
This method was based on the assumption that, while the frequency of tht• 
true haploid recombinants (met+ his+) would b e a simple function of tbe di
stance met-2 - his-X, the frequency of tbc heteroclones (heterozygous : 
me< his+fmet+ his- ) sbould he substantially independent of it. Tbc latter was 
thus used as a reference value . Tbe same criterion was adopted by IIARTMAN, 

HARTMAN & SERMAN (1960), wben using tbe ratio : true transductants to 
abortive transductants, for the evaluation of minute distances in Salmone/la. 

M ethod 2. Ratio: rnet-2 - his-X recombinants to met-2 - arg-1 re
combinants. This ratio was calculated in crosses of tbe type : 

met-2 + + X + his-X arg-1, 

by plating spores of the mixed cultures on a medium containing his tidine 
alone, the met+ arg+ r ecombinants being classified as his- or his+. The ratio 
of tbe latter class (met+ his+ arg+) to the total numher (his- + his+) should 
Le a simple function of the ratio of tbe recombination frequencies b etween 
met-2 and his-X, and met-2 and arg-1. 

Again, to eliminate a possible cause of variability thc same met- strain 
(121 met-2 ura-1 str-l) was used in ali crosses. Being tbc met-2 - arg-1 di
stancc known, and equal to 14 map units (HOPWOOD 8.: SERMONTI, 1962), 
the relative met-2 - his-X recombinalion frequen cies could be convertcd 
into map units. 

...ltm. l st. Supcr. Sanità (1966) 2, 393 ·407 . 
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Ordering of pairs of his mutations in respect to the outside markers. This 
has been established in crosses of the type : 

met-2 (his-X) + 
+ (his- Y) arg-l 

The spores of the mixed cultures were plated on a medium lacking 
histidine, and the resulting his+ colonies classified for the outside markers. 
An excess of met+ his+ arg+ over mer his+ arg- segregante was considered 
indicative of the following arrangement of the mutations (abbreviated 
symhols) designed ad phase I : 

m h-X + + 

+ + h-Z a 

while an excess of the class mer his+ arg- was indicative of phase II: 

m + h-X + 

+ h-W + a 

When possible, the order of a pair of his markers deduced from one cross, 
was checked by crossing strains (properly checked, see earlier paragraph) 
with the reversed coupling of the markers. The opposite phase was always 
ohtained, 1.e. 

m h-X + + m + h- Y + 
cross l : ------- (p ha se I) ; cross 2 : - - ----- (phase II). 

+ + h- Y a + h-X + a 

• 
RESULTS 

met+ bis- X met- his+ crosses 

Mapping of his mutations according to their distance from met-2. The 
data obtained using the procedures outlined under MATERIALS AND 
METHODS are listed in Table 2. The two procedures gave compatihle results 
as far as the order of the mutations was concerned. However, the distances 
estimated according to one method were not equal to the distances esti
mated according to the other. More data are required to attempt an d inter· 
pretation of this discrepancy. The most ohvious difference between the two 
estimates concerna the location of his-11, the his mutation closest to met-2. 
According to Method l, his-11 appears very dose to met-2 (their estimated 
distance is about 3 per cent of the distance between met-2 and the most 
distai his mutation, his-123), according to Method 2 his-ll appears farther 
from met-2, at about 2 map units (39 per cent of met-2 - his-123). l t is possi
ble that the met+ arg+ selection (required by Method 2) favours the likelihood 
of exchanges in the his region. 

A nn. l st . S uper. Sanità (1966 ) 2, 393 ·40 7 . 
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TABLE 2. 

Calculatlon of dlstances between « met-2 • and the « hls » mutatlons. 

Method 1. Method 2. l 
Type of Type of 

h ' h' l eros~ ... : met+ bis- x me t - bis+ 
l 

cross ••: met + •s-arg- X met- •s + arg + 

met + bis+ recomhinants 

l 
m et + bis+ recombinants X 100 

ratio : heteroclones ratio : 
met -r arg+ recombinants 

Reco m· H uter-o· l his+ 'l'o tal Ma p 
Code of Code of r (•- l'C· units o l<is ~tllek binante cloncs Ha ti o 

l 
colllbin· oombbt- H~ttio (front cross 

(N•) 
cross anta nnts (l'\•) 

(:\•) (:-<•) mtl-2) 

his 11 HZ 5 118 260 0 .45 HC 164 41 324 12.6 1.8 
his 2 HZ 2 162 233 0 .69 
his 129 HZ ll 121 50 2.42 HS lO 99 559 17.7 2.5 
his l HC 32 455 129 3.52 HP 56 34 190 17.8 2.5 
his 128 HZ IO 52 lO 5.20 HP 77 33 142 23 .2 3.3 
his 127 HP 14 94 18 5.22 HP 58 76 314 24.2 3.4 
his 9 HC 57 423 52 8.13 
his 10 HP 30 450 54 8 .33 HC 167 41 162 25 .3 3.6 
his 14 . HC 199 115 13 8 .84 H S 27 132 510 25.8 3.6 
his 116 HC 55 452 43 10 .51 H P 81 R9 283 31.4 4.5 
his 123 HC 56 131 9 14 .55 H P 82 62 188 32 .9 4 .6 

l 

• The mel- his+ strain wa.s always the same strain 158 met-2 arg-1 ura-1 phe- l. Selective 
medium : minimal medium plus arginine, uracil, phenylalanine. 

•• The mel- his+ arg+ strain was always the same strain 121 met-2 ura-l slr-1. Selective me
dium : minima! medium plus histidine and uracil. 

o Taken the distance met- 2 - arg-1 as equal to 14 (HOPWOOD & SERMONTI, 1962). 

The order of the genes estimated according to either Method is such 
that non complementing mutations are always contiguous to each other. 
This aspect of the research will be discussed elsewhere. 

his-Y+ his-X- X his-Y- his-X + crosses 

Classes of his+ recombinants with marker genes recombined: ordering of 
his mutations. Many pairs of his mutants have been « crossed n and plated 
on media lacking histidine, and the resulting his+ recombinang colonies clas
sified for the outside markers. Usually met-2 (m) and arg-1 (a) have been 
employed, either in phase I or phase II and, when possible, in both phases. 

A1111. lsl. Su}Jt r. Scmilcì (1966) 2, 993 -407 . 
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Sometimes lell-1 (l) has heen used instead of met-2. Among the four possihle 
comhinations of outside markers (m+ a+, m- a-, m+ a- m- a+), only tbose 
carrying tbe marker genes recombined permi~ a determination of tbe order 
of the two his markers involved in tbe cross relative to the marker genes 
themselves (see MATERIALS AND METHODS). On tbe basis of the rela
tive frequencies of these classes (Tahle 3) tbirteen his mutations bave heen 
ordered. Tbe ordering as deduced from crosses of opposite pbase was always 
consistent (for some apparent exceptions see Preparation of strains in tbe 
section MATERIALS AND METHODS). Ali the crosses examined gave an 
unequivocal order for tbe genes examined, which was in turn perfectly 
consistant witb tbe order deduced by the metbods based on the calculation 
of tbe distances of tbe various his mutations from met-2 (Table 2). From 
data of Tables 2 and 3 the his mutations can be arranged in the following 
order: 

met-2, his-11, -2, -129, (-132, -120), -1, -128, -127, -9, -10, -14, -116, -123, arg-1 

Tbe relative order of his-132 and his-120 cannot yet be estahlisbed on tbe 
hasis of tbe reported data. 

Classes of bis+ recombinants with marker genes in parental combinations: 
« polarity n of the crosses. Whenever a his+ recomhinant carries the outside 
markers in a parental comhination, an additional exchange bas to be assumed 
on one side of tbe primary excbange in the his region. The total frequency 
of the parentally marked classes, wbich should not exceed 14 % (distance 
between met-2 and arg-1), is in most crosses bigher than 30% and often 
exceeds 50% reacbing pea~ of more than 90 % · Tbis large excess of tbe 
parentally marked classes is usually accompanied by a high rate of the triple 
cross-over class. A remarkable feature of the high incidence of the additional 
exchanges is their polarity. Frequently one parentally marked class greatly 
exceeds the complementary one, thus indicating a t endency of the additional 
exchange to be predominantly on one side of the his region, a phenomenon 
wbich was designatcd as « polarized recombination )) (see MURRAY, 1960), 
although it should be made clear that tbe polarity does not concem the pri
mary exchange between the selected alleles, but a second exchange coincident 
with the former. 

For the sake of description tbe his region has been divided into two sub
regions of the same length, one (<X) comprising mutations his-11 , -2; -129; 
-132, -120, -l (three cistrons), the other (~) comprising mutations his -128, 
-127, -9, -lO; -14 (two cistrons). Mutations his-116 and his-123, owing to 
tbeir extreme position with respect to tbe others, as well as for their special 
hehaviour in crosses [see « Crosses of the type his-X arg-1 X leu-1 his-(116 
or 123] bave been considered separately. From data in Tahle 3 it may be 
argued that in crosses concerning his alleles in the sub-region Ot the extra 

A1ln. l st . Strpu. Sanità (1966) 2, 393 ·4.07. 



l 
C

ot
lc

 
of

 
e
r
o
s
~
 

H
C

 4
6 

l 
II

C
 

15
8 

H
G

 
14

A
 

H
F 

:..
 

H
G

 
2 

H
G

 
25

A
 

.... ~
 

H
G

 
25

B
 

tn
 

H
P 

6 
~ 

H
S 

61
 

:"
 g: 

H
C

 
13

2 
H

W
 

19
 

s: 
H

C
 

13
5 

.... 
H

C
 4

/5
 

"' C> 
H

P 
e 

7 
~
 

H
W

 
29

 

"' 
H

W
 

13
 

"' "' ... 
H

C
 

43
 

o _,
 

H
C

 
44

 
H

C
 

34
 

H
 \V

 
15

 

t
~

r;.
_::

i .
~~

 
\H

G
 

O
ll 

'B
.C

. 
l.

a,
 
\ 

S
eg

re
g

at
lo

n
 o

f 
o

u
ts

ld
e 

m
ar

k
er

s 
in

 c
ro

ss
es

 i
n

v
o

lv
in

g
 

p
ai

rs
 o

f 
« 

h
ls

" 
m

u
ta

tl
o

n
s.

 

T
y

p
e 

o
f 

cr
o

ss
: 

P
h

as
e 

I 
(l

eu
-1

) 
m

et
-2

 
h

is
-X

 
(+

) 
+

 
+

 
h

is
-y

 
ar

g-
1 

, 
P

h
as

e 
Il

 
(/

eu
-l

) 
m

et
-2

 
+

 
+

 
+

 
h

is
-Y

 
+

 

re
g

io
ns

 
A

 
B

 
C

 
+

 
h

is
-X

 
+

 
A

 
B

 
c 

+
 

a
rg

-1
 

C
la

ss
tf

lc
at

lo
n 

or
 

hl
s 

p
ro

to
tr

o
p

h
s 

nc
co

rt
li

n
g 

P
c
rc

o
n

t 
hi

.•
 

to
 
e
x
c
h
a
n
g
o
~
 

pr
·o

to
tr

o
p

h
s 

ll
is

 
P

 h
 M

e
 

(m
n

rk
o

r 
ge

n
cs

 r
cc

o
m

b
in

cd
) 

(p
ar

en
ta

ll
y

 m
ar

k
cd

 c
la
.~

sc
s

) 
w

tt
h

 
w

l t
 h

 
G

cn
ot

y
p

cs
 o

r 
p

u
rc

n
t"

 
• 

gc
n

es
 A

ll
d

 
o

f 

l 
l 

S
in

gl
c 

T
ri

p
le

 
D

o
u

b
lc

 
D

o
u

b
lc

 
c.

 o
. 

('.
o.

 

l 
c

i~
t
ro
n

!òt
 

c
ro

ss
 

c.
 o

. 
in

 
c.

 o
. 

in
 

c.
 o

. 
in

 
c.

 o
. 

iu
 

in
 A

 
in

 C
 

B
 

A
+

B
+

C
 

A
+

B
 

B
+

C
 

<·
~)

 
(O

{,
Ì 

S
ub

-r
eg

io
n 

IX
 

-
-

-
h

ll
 a

 
X

 
m

 h2
 

B
 

x 
B

 
II

 
m

 a
 

12
0 

+
 +

 1
8 

+
 a

 
51

 
m

+
 

6 
35

 
12

 
!

h
ll

 
X

 h
l2

9 
n 

R
 

x 
I 

I 
+

+
 

16
 

l 
a 

o 
l 

+
 

14
1-

..., 
a 

7 
86

 
4 

h
ll

 a
 

X
 

m
 

h
l 

B
 

x 
A

 
II

 
m

 a
 

20
 

+
+

 
l 

+
 a

 
61

 
m

+
 

lO
 

67
 

12
 

h1
l 

a 
X

 
m

 hl
 

B
 

x 
A

 
Il

 
m

 
a 

63
 

+
 +

 2
7 

+
 a

 
12

2 
m

+
 

18
 

64
 

19
 

h
l!

 a
 

X
 

m
 

h
l 

R
 

x 
A

 
II

 
m

 
a 

11
 

+
 +

 1
1 

+
 a

 
25

3 
m

+
 

o 
96

 
4 

h
ll

 
a 

X
 
m

 hl
 

B
 

x 
A

 
II

 
m

 
a 

43
 

+
 +

 2
6 

+
 a

 
61

 
m

+
 

8 
63

 
24

 
• 

n:
 
hl

 l 
X

 
h

l 
a 

R
 

x 
A

 
I 

+
+

 
89

 
m

 
a 

53
 

m
+

 
lR

l 
+

 a
 

26
 

67
 

25
 

m
 

h
2 

X
 

h
l2

9 
n 

B
 

x 
l 

I 
+

 ..J_
 

13
8 

m
 

a 
l 

m
+

 
6 

+
o 

5 
5 

4 
m

 h2
 

x 
h

l2
9 

o 
B

 
x 

I 
I 

+
+

 
50

 
m

 
a 

9 
m

+
 

13
 

i-
o 

12
 

15
 

14
 

m
 

h2
 

x 
h1

29
 (

l 
B

 
x 

I 
I 

+
+

 
93

 
m

 
a 

4 
m

+
 

12
 

+
 o

 
10

 
13

 
12

 
m

 
h

2 
x 

h
l 

a 
B

 
x 

A
 

I 
..

J_
 
-r

 
14

2 
m

 
o 

5 
m

+
 

11
 

+
a 

IO
 

10
 

9 
m

 
h

2 
X

 
h

l 
a 

B
 

x 
A

 
I 

-L
+

 
52

 
m

 
o 

5 
m

+
 

23
 

+
a 

13
 

30
 

19
 

h2
 a

 
X

 
m

 
h

l 
B

 
x 

A
 

II
 

m
 a

 
63

 
+

 +
 1

8 
+

 a
 

24
5 

m
+

 
8 

81
 

8 
h1

29
 a

 
X

 
m

 
h

l2
0 

I 
x 

A
 

II
 

m
 a

 
39

 
+

+
 

o 
+

 a
 

23
1 

m
+

 
o 

86
 

o 
hl

29
 a

 
X

 
m

 h
l 

I 
x 

A
 

II
 

m
 

a 
99

 
+

+
 

4 
+

a 
48

 
m

+
 

o 
34

 
3 

h
l2

9 
a 

x 
l 

h
l 

I 
x 

A
 

II
 

l 
a 

lO
 

+
+

 
4 

+
 a

 
13

0 
l 

+
 

4 
91

 
5 

h
l2

9 
a 

X
 

m
 

h
l3

2 
I 

x 
A

 
II

 
m

 
a 

23
1 

+
+

 
l 

+
 a

 
57

 
m

+
 

o 
20

 
o 

h
l2

9 
a 

X
 

m
 

h
l3

2 
I 

X
 A

 
II

 
m

 a
 

72
 

+
+

 
o 

+
 a

 
5:

l 
m

+
 

o 
32

 
o 

hl
29

 a
 

X
 
m

 hl
32

 
I 

x 
A

 
II

 
m

 a
 

47
 

+
+

 
o 

+
 a

 
25

0 
m

+
 

o 
84

 
o 

m
 
h

l2
0 

X
 

b
l 

a 
A

 
Y

 
A

 
I 

..
J_

 
l-

10
0 

m
 

a 
36

 
m

+
 

36
 

+
 a

 
21

 
37

 
29

 
m

 
h

l2
0

 
X

 
h

l 
a 

A
 

x 
A

 
I 

i-
-;

-
13

 
m

 
a 

o 
m

! 
4 

+
a 

2 
21

 
IO

 
"
'h

l2
.0

 
x 

h
l 

..
 

A
 

x 
A

 
l 

+
 
+

 
1

3
1 

"
' 

a 
l 

m
 

l·
 

1
4 

+
n 

l 
IO

 
l 

'-
-
-

-
-

-
-

'I
'A

R
L

E
 

3.
 

P
o

ln
ri

ty
 

(d
il

tc
re

n
c<

': 
o
~
 
c.

 o
. 

in
 

A
 n

1i
n

n
s 

0
~ 

c.
 o

. 
in

 C
')

 

-
-
-

+
 

23
 

+
 

82
 

-1 
55

 

+
 

45
 

+
 

92
 

+
 

39
 

+
 

12
 

+
 

l 
+

 
l 

+
 

l 
l 

l 

-1-
11

 

+
 

73
 

+
 

86
 

+
 

3
1 

+
 

86
 

+
 

20
 

+
 

32
 

+
 

84
 

+
 

8 
..

J_
 

Il
 

+
 

9 
l 

-
·-

-
-
-

ol>
oo

 
o o l'
l 

!l
>

 

~ :! l'
l 7.
 .... l'
l 

l'
l =
 

;:; l'
l ;; :1
: 

:0
: 



"' t..
 ~ .....
 
~
 f [q
 

:s ~
 '"' ... e !'"
 

c.
> 

<
C

 "' ,;.. o ... 

H
W

 
15

 
H

G
 

00
 

18
7 

1 
m

 

H
G

 
00

 
m

 h
ll

 
X

 
h9

 a
 

H
G

 
00

 
h

ll
 a

 
X

 
m

 h
9 

H
P

 
86

 
m

 h2
 

X
 

h
l2

7
 a

 
H

C
 

13
6 

m
 

h2
 

X
 

h9
 a

 
H

G
 

75
 

m
 h2

 
X

 
hl

O
 a

 
H

P
 

88
 

m
 

h2
 

X
 

bi
O

 
a 

H
C

 
10

9 
m

 
h2

 
X

 
h

l4
 a

 
H

C
 

14
5 

m
 h2

 
X

 
h

l4
 a

 
H

C
 

15
2 

h
l2

9
 a

 
X

 
m

 hl
2

8
 

H
C

 
12

3 
h1

29
 a

 
X

 
m

 hl
2

7
 

H
C

 
83

 
m

 hl
2

0
 

X
 

h
l2

7
 a

 
H

C
 

81
 

m
 hl

2
0

 
X

 
h

9
 a

 
H

C
 

82
 

m
 hl

2
0

 
X

 
hl

O
 

a 
H

C
 

23
 

m
 h

l 
X

 
h

l2
8

 a
 

H
P

 
68

 
m

 
h

l 
X

 
h

l2
8

 a
 

H
C

 
22

 
m

 
h

l 
X

 
h

l2
7

 a
 

H
W

 
9 

h
l 

a 
X

 
m

 
h

l2
7

 
H

P
 

67
 

m
 

h
l 

X
 

h1
27

 
a 

H
P

 
92

 
m

 
h

l 
X

 
h9

 a
 

•• 
m

 h
l 

X
 

h
9

 a
 

•• 
h

l 
a 

X
 

m
 

h9
 

H
G

 
4

a 
m

 
h

l3
2

 
X

 
h9

 a
 

H
C

 
10

8 
m

 
h

l 
X

 
h

l4
 a

 

H
W

 
8 

h
l2

8
 a

 
X

 
m

 
h

l2
7

 
H

W
 

61
 

m
 

h
l2

8
 

X
 

h9
 a

 
H

C
 

53
 

l 
h

l2
8

 
X

 
hl

O
 

a 
H

C
 

37
 

m
 

h
l2

7
 

X
 

h9
 

a 
H

P
 

21
 

m
 

h
l2

7
 

X
 

hl
O

 
a 

96
 

m
 

h
l2

7
 

X
 

hl
O

 
a 

H
W

 
14

 
l 

h9
 

X
 

h
l4

 a
 

l
\
 

x 
1

\.
 

B
 

x 
C

a 
B

 
x 

C
a 

B
 

x 
C

a 
B

 
x 

C
a 

B
 

x 
C

a 
B

 
x 

C
a 

B
 

x 
C

b 
B

 
x 

C
b 

I 
X

 
C

a 
I 

X
 

C
a 

A
 

x 
C

a 
A

 
x 

C
a 

A
 

x 
C

a 
A

 
x 

C
a 

A
 

x 
C

a 
A

 
x 

C
a 

A
 

x 
C

a 
A

 
x 

C
a 

A
 

x 
C

a 
A

 
X

 
C

a 
A

 
x 

C
a 

A
 

x 
C

a 
A

 
x 

C
b 

C
a 

X
 

C
a 

C
a 

X
 

C
a 

C
a 

X
 

C
a 

C
a 

X
 

C
a 

C
a 

X
 

C
a 

C
a 

X
 

C
a 

C
a 

x 
C

b 

~
 

T
T

 

S
u

b
-r

e
g

io
n

 
a:

 
x 

S
u

b
-r

e
g

io
n

 ~
 

I 
+

-r
 

20
 

m
 

a 
5 

m
+

 
li
 

II
 

m
 

a 
10

1 
+

 +
 2

5 
+

 a
 

17
 

I 
+

+
 

99
 

m
 

a 
2 

m
+

 
14

 
I 

+
+

 
86

 
m

 
a 

4 
m

+
 

18
 

I 
+

 +
 1

30
 

m
 

a 
12

 
m

+
 

32
 

I 
+

 +
 1

18
 

m
 

n 
5 

m
+

 
29

 
I 

+
+

 
85

 
m

 
a 

3 
m

+
 

IO
 

I 
+

 +
 1

24
 

m
 

a 
9 

m
+

 
10

 
Il

 
m

 a
 

19
5 

+
+

 
o 

+
 a

 
15

2 
Il

 
m

 
a 

90
 

+
+

 
3 

+
 a

 
51

 
I 

+
+

 
96

 
m

 
a 

5 
m

+
 

21
 

I 
+

+
 

87
 

m
 a

 
3 

m
+

 
20

 
I 

+
 +

 1
29

 
m

 a
 

7 
m

+
 

23
 

I 
it

+
+

 
40

 
m

 
a 

4 
m

+
 

7 
I 

+
+

 
48

 
m

 
a 

4 
m

+
 

7 
I 

+
+

 
42

 
m

 
a 

2 
m

+
 

6 
II

 
m

 
a 

34
 

+
 +

 1
4 

+
 a

 
25

 
I 

+
 +

 1
17

 
m

 
a 

l 
m

+
 

39
 

I 
+

+
 

28
 

m
 a

 
5 

m
+

 
9 

I 
+

+
 

29
 

m
 

a 
o 

m
+

 
8 

II
 

m
 

a 
26

 
+

+
 

4 
+

 a
 

IO
 

I 
+

+
 

13
 

m
 

a 
l 

m
+

 
5 

I 
+

+
 

34
 

m
+

 
4 

m
+

 
9 

S
ub

-r
eg

io
n 

~ 

l 
II

 
m

 
a 

ll
l 

+
+

 
6 

+
a 

2 
I 

+
+

 
29

 
m

 
a 

13
 

m
+

 
14

 
I 

+
 +

 1
05

 
l 

+
 1

4 
l

+
 

4 
I 

+
+

 
I
l 

m
 

a 
2 

m
+

 
o 

I 
+

+
 

71
 

m
 

a 
9 

m
-r

 
o 

I 
+

+
 

16
 

m
 

a 
21

 
m

+
 

6 
I 

l
+

+
 

19
 

l 
a 

6 
l

+
 

9 
l H

P
 

-
-
-
-
-

-
-
-
-
-
-

• 
A

bb
re

vi
at

ed
 

sy
m

bo
ls

: 
l 
=

 le
u

-1
; 

m
 =

 m
et

-2
; 

h 
=

 h
is

; 
a 

=
 a

rg
-1

. 
••

 S
ee

 H
oP

W
O

O
D

 &
 S

ER
M

O
N

TI
 (

19
62

).
 

n
l 
+

 
9 

36
 

31
 

m
+

 
25

 
25

 
30

 
+

a 
9 

13
 

9 
+

a 
7 

18
 

9 
+

a 
8 

24
 

11
 

+
 a

 
15

 
20

 
12

 
+

 a
 

7 
12

 
IO

 
+

a 
3 

13
 

8 
m

+
 

o 
43

 
o 

m
+

 
o 

37
 

2 
+

a 
7 

23
 

9 
+

a 
5 

20
 

7 
+

a 
9 

19
 

lO
 

+
 a

 
21

 
15

 
35

 
+

a 
62

 
9 

5
4

 
+

 a
 

18
 

12
 

30
 

m
+

 
14

 
45

 
32

 
+

 a
 

15
 

23
 

9 
+

a 
.j.

 
30

 
19

 
+

a 
8 

18
 

18
 

m
+

 
10

 
28

 
28

 
+

a 
7 

23
 

31
 

+
a 

11
 

22
 

25
 

l 
m

+
 

3 
6 

7 
+

a 
42

 
28

 
56

 
+

 a
 

23
9 

5 
70

 
+

a 
54

 
3 

83
 

+
 a

 
15

4 
4 

70
 

+
a 

90
 

2 
83

 
+

a 
99

 
l 

79
 

+
 - +
 +
 

+
 

+
 

+
 

+
 +
 

+
 

+
 

+
 

+
 

- - - +
 

+
 

+
 l=
 

- - - - - - -

5 
\ 

5 
l 

4 9 13
 8 2 5 43
 

35
 

14
 

13
 9 20
 

45
 

18
 

13
 

14
 

I
l o o 8 3 l 

28
 

65
 

80
 

66
 

81
 

78
 

... :;; M
 =
 

2 9 ~ =
 

t'
l ~ M
 

Il
>

 
M

 =
 

::c o 2 :::! ~
 .... 



402 ESPERIENZE E RICERCHE 

exchanges occurred predomiuantly on the lcft side (A) of the sub-region , 
while in crosses between alleles in sub-region ~ the extra exhcanges occurred 
predominantly on the right side (B) o{ the sub-region. In crosses involviug 
his a llei es in bot h regions the polarity was varia h le an d usually lower. When 
two alleles wcre involved in crosses of reciproca! phases (see crosses : his-11 
X his-1, his-2 X his-1, his-129 X his-132, his-11 X his-9, his-1 X his-9) , 
the phenotype of the parentally marked class in excess was the opposite in 
the two cases, so that the additional exchange occurred on the same side -
irrespective of the phase -, usually at a comparable rate. 

If wc consider the whole his region wc can conclude that the select ed 
cross-over was frequently accompanied by an extra cross-over external to 
the region, occurring on the side closest t o the more distai his allele in
volved. The extra cross-over acted as a switch-back exchange, restoring 
the parental arrangement of the outside markers around the his+ allele closer 
to the middle of the region (so that the marker alleles in excess were those 
in coupling with the distai his- allele). 

The sense and the extent of the polarity has been measured as the dif
ference: percent exchanges in A minus percent exchanges in B. A positive 
value means excess of exchanges on the left , a negative value means excess 
on the right. The figures give the extent of the ~larity. The values for the 
polarity in different crosses are list ed in the last column of Table 3. 

In Fig. l the polarity values (values from different crosses concerning 
the same pair of his alleles were averaged) are plotted against the middle
point of the region of the primary cross-over (B) . The latter...is given as the 
point intermediate between the location of the two his alleles involved in 
each t ype of cross, as deduced from the ratio : recomhinants to heteroclones 
(Method l, Table 2). An cvident correlation appears between the polarity 
an d the position of the selected cross-over . When the latter goes from the 
left, to the middle, to the ri"ght end of the region, the polarity gradually 
turns from highly positive to neutra} to highly negative. 

Allelic specific behaviour. - Although the polarity of a his- x his- cross 
is an approximatc function of the position of the selected his allcles (Fig. l), 
an allclic specificity in determining the cxtent of the polarity is often also 
evident. For instancc, whcn the mutant allele his-2 is involved, the polarity 
is always reduced. On the contrary, when his-129 is the left mutant allele, 
the polarity is very high, the cross-overs on the right side region being held 
practically to zero. 

Crosses of his markers with markers external to the his region. 

Crosses of the type leu-1 met-2 arg-1 X his-X. As already noticed , met-2 
appears very close to the left end of the his region. Crosses bave been per-

Ami. l si. Super. Sa11ità (1966) 2, 393·l 07. 
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formed selecting for recombination between met-2 and tbc his alleles at tbc 
very left of tbe region, using leu-1 and arg-f as outside markers to observe 
tbe polarity. Tbis was clearly negative and tbe closer tbc his allele involved 
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reg,d n"A" 
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• AVERAGE OISTANCE OF THE SELECTEO CROSS·OVER FROM«mel ·2• 
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MAP OF THE « h1s » REGION region "C' 

Fig. l. -- Polarity of crosses as a function of map location of the selected hi~ alleles. Pola
rity is given as difference: extra-exchanges in u A • (left) minw extra-exchanges 
in "C » (right). Average position of cross-over is taken to be the mid poi n t between 
the selected hi' alleles. The map position of the h i~ alleles is calculated by Method l 
(see text) giving their relative distance from met-2. Solid circles refer to crosses 
involving the allele hi,-2. 

was to tbe left end of tbc his region, tbe bigber the polarity (Table 4). The 
previously mentioned allele specifìc behaviour was not observed. The tran· 
sition between the his alleles and met-2 marked, tberefore, a shift point in 
the polarity of the crosses thus supporting tbe occurrence of a discontinuity 

in tbat region. 

Crosses of the type bis-X arg-1 X leu-1 his-(116 or 123). The right end of 
the his region was assumed to lie betwcen his-14 and his-116, mainly on the 
basis of tbc location of the mutations his-116 and his-123, which are some
wbat separated from the otber his mutations (exspecially according to Me
thod 2). This assumption is supported by tbe polarity observed in crosses 

A nn. T st • .<;upe~. S aniltì (1966) 2, 393 ·407 . 
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involving his-9 or his-10, at the very left of the his region, togetht:r with 
his-116 or his-123. The polarity, which is strongly negative at the right end 
of the his region, shifts to high positive val~es when the selection involves 
the presumed cc external )) alleles (Table 4). The behaviour is parallel (and 
reciproca!) to that observed at the left end of the his region when met-2 is 
involved in the selection. The opposite behaviour of the polarity at the two 
ends of the his region is thus emphasized. 

\ 

DISCUSSION 

Polarized recombination, as manifested through the asymmetry of the 
parentally marked classes in fine structure analysis has been commonly 
observed in moulds (CALEF, 1957; PRITCHARD, 1960; STADLER, 1959; Mua
RAY, 1960; SIDDIQI & PuTRAMENT, 1963). This is the first report of polarized 
recombination in a bacterium, and the first instance of such an analysis ex
tended to a series of adjacent genes. 

Polarized recombination is generally attributed to the occurrence of 
discontinuities in the genetic materia!. According to MURRAYS' (1960) spe
culation cc if the genetic materia! consists of sub-units (e.g. DNA molecules) 
it can be visualized that the recombination patterns for particular intragenic 
markers will be influenced by the position of these markers relative to the 
end of the sub-units )) , 

The his region analyzed in this present paper very likely occupies the 
whole length of such a sub;unit. The polarity of recomhination is strong 
a t both ends of the segment and low and irregular in the middle region. The 
ends of the sub-unit are defined as sites of concentration of a secondary 
(switch-back) cross-over coincident with a primary exchange selected within 
the sub-unit. 

The polarized recomhination has been interprcted in some recently 
proposed molecular models (HoLLIDAY, 1964: WHITEROUSE & HASTINGS, 
1965), by postulating cc linkers )) of unspecified nature scattered along the 
genetic materia! and defining a series of structural suh-units. 

The occu~ence of cc linkers )) joining DNA suh-units, or fihrils, was also 
postulated on the basis of mechanical considerations (FREESE, 1958), of cyto
logical observations (KELLENBERGER, 1960), as well as to provide models 
for the interpretation of some genetic anomalies (TAYLOR, 1958; STA HL, 
1961; LISSOUBA et al., 1962; and also HOLLIDAY, 1964; WHITEHOUSE & 
HASTINGS, 1965). 

The size of the his sub-unit in S. coelicolor can roughly be estimated on 
the basis of the available information. From the data of the present paper 
it appears about 1.8 map units long. The total length of the map of S. coe
licolor A 3 (2) is hard to estimate. Two segments of respectively 60 and 70 

.. 1'1111. I st. S"per. Sanità (1966) 2, 393·407 . 
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unit~; are well mapped (HoPWOOD, 1965), but they are probably joined by 
two regions each corresponding to more than fifty recombination units 
(HOPWOOD, 1965; SERMONTI, 1965; SERMONTI, BANDIERA & SPADA-SER
MONTI, 1966). A minima! estimate of tbe total map length is thus 250-300 
units. The amount of DNA per nucleus of S. coelicolor is comparable to that 
in one nucleus of Escherichia coli (SERLUPI-CRESCENZI, personal communi
cation), around 7 x 109 daltons. The size of the sub-unit would thus be of the 

order of -
1
- , i.e. c. 3.5 X 107 daltons, or 5 X IO! nucleotide pairs, an esti-

200 
mate somewhat in excess of the estimate of the length of the his operon 
(AMES & HARTMAN, 1962) in Salmonella (1.3 - 2 X 104 nucleotide pairs). 
In terms of expanded DNA molecules, the length of the his region would 
be around IO fL, or perhaps a lower value, if the possible under-estimation 
of the total map length in S. coelicolor is considered. 

This size is quite comparable with that assumed for the sub-units of 
FREESE {1958) (5fL) and for the fìbri]s of KELLENBERGER (1960) (3 fL), and Ìt 
is also in good agreement with the length of the loops of the lampbrush 
chromosomes of the amphibians (CALLAN & LLOYD, 1960), also considered 

to be DNA sub-units. 

More interesting stili, the length of the his sub-unit appears comparable to • that {16.3 fL) of the DNA of a small temperate phage (R1s & CHANDLER, 1963), 
and of a molecule of messenger RNA (RICH, WARNER & GOODMAN, 1963). 

The classic work of .A!ttES & HARTMAN {1962) on the his operon in Sal
monella has shown that the whole group of adjacent his genes operates as 
a single physiological unit, probably producing a single RNA messenger 
molecule (AMEs & HARTMAN, 1963; MARTIN, 1963). The hypothesis may 
now be put forward that such a physiological unit corresponds to a structural 
sub-unit in the DNA ribbon. 
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