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Cytological Observations of Deficiencies Involving Known 
Genes, Translocations and an Inversion in Zea mays 

BARBARA McCLINTOCK* 

ABSTRACT-lAt the mid-prophase of meiosis homologous parts of chromosomes are closely synapsed. At this stage the chromoson1es are approximately ten times longer than at diakinesis. Plants having known genetic constitutions which arose from X-ray treated pollen or from X-ray treated embryos were examined at the mid-prophase of meiosis. Thus it was possible to measure comparatively short defic iencies in chromosomes, to detect inversions and to determine, cytologically, the location of translocations between chromosomes. By means of deficiencies which were correlated with genie losses it was possible to determine the regional location of the genes lg, A, Pl and R and to determine the order of the genes in the Y-Pl linkage group. From approximately thirty plants examined no case of the translocation of a part of one chromosome to another whole chromosome was observed. Evidence was obtained which suggests that the process giving rise to internal deficiencies and ring chromosomes is similar to that which produces translocations between chromosomes. 

This investigation was undertaken primarily to determine the 
location of specific genes in their respective chromosomes, and to 
analyze, from a cytological point of view, the nature of chromo
somal alterations which are related to specific genetic changes in~ 
duced by X-ray treatment. Through a cytological and genetical 
analysis of trisomes (McClintock and Hill, 1931) and of reciprocal 
translocations (Burnham, 1!)30), it has been possible to associate 
an individual linkage group with its morphologically identifiable 
chromosome. At the pr<>sent '.vriting, eig·ht of the ten linkage 
groups have been associated ·with their respective chromosome5. 
This en:i.hles one to correlate a genie loss with an alteration in the 
chromosome known to carry thi5 gene. 

For the privilege of undertaking this investigation the author is 
indebted to Dr. L. J. Stadler, who suggested the problem and fur
nished all the material in the grmving state. 

The following methods were utilized. Pollen grains possessing 
known dominant genes were X-rayed with a determined dosage for 
a definite period and then placed upon the silks oF, an individual 
carrying the allelomorphic recessive genes. Most of the individuals 
resulting from this cross were dominant for all the genes concern
ed. However, an occasional inrlividual appeared which was reces
sive for one of these genes. These individuals, recessive for a 
known gene, wer.e selected for cytological investigation. Second
ly, young embryos in the few-celled stage, heterozygous for known 
genes, were irradiated. In certain cases the dominant genes came 

*Nationnl Research Council F€1low in the Biologic-al Sciences. 



4 MISSOURI AGRICULTURAL EXPERIMENT STATION 

from the female par.ent, in other cases from the male parent. Such 
treatment affects the entire plant since the root and stem arise 
from but one cell of the few-celled .embryo. Here, also, individuals 
showing a recessive instead of an expected dominant character 
were selected for cytological analysis. 

The mid-prophase of meiosis in microsporocytes is most serv
iceable for a study of deficiencies, inversions and translocations. 
In this stage the chromosomes are approximately ten times as 
long as at diakinesis. The chromomere composition of an in
dividual chromosome is readily visible. Thus, it is possible to 
study the synapsis of two homologous chromosomes, chromomere 
with chromomere. If the X-ray treatment of the pollen or embryo 
caused a deficiency of a part of a chromosome or an inversion of a 
section of a chromosome, synapsis of this altered chromosome with 
its unaffected homologue should produce a configuration which 
would reveal the nature of the chromosomal derangement. Sim
ilarly, if a direct or a reciprocal translocation occurred between two 

chromosomes, a determination of the two chromosomes involved 
and the approximate regions translocated should be possible 
through an analysis of the configuration formed when the two af
fected chromosomes synapse with their normal homologues. The 
chromosomes of the complement at this stage and with this method 
have been found to correspond in relative size and in r.elative 
lengths of the two arms with the chromosomes as studied in sec
ti<oned material or in smears of uncrushed microspores.1 The rec
ognition of an individual chromosome of the complement is great
ly facilitated by the presence of knobs of definite size and position,. 
pycnotic portions and even prominent chromomeres which char
acterize certain regions of particular chromosomes. 

Aceto-carmin smears were used entirely. The method for 
making these very long, closely synapsed chromosomes lie fl.at on 
the slide has been described in a previous paper (McClintock, 1930). 
The method sometimes causes stretching of a whole chromosome 
or of a region in the chromosome. These stretched regions are no 
source of confusion since they are readily recognizable (see photo
graph, figure 25). In cases of simple alterations involving a sin
gle chromosome, such as a loss of a terminal segment, or a deleted 
region within the chromosome, so many excellent figures were 
available that such distorted ones could be discarded. In the more 
complex alterations, such as reciprocal translocations, good figures 
were more difficult to obtain. In studying this latter group a figure, 
if excellent in all ways except for a stretched region in one of the 
chromosomes, was not discarded but was drawn and the stretched 
region indicated. In all of the more complex chromosomal altera-

1. See note, page 10. 
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tions to be described in this paper, sufficient material was available 

so that reliance on such figures was unnecessary. 

An explanation is needed with regard to the illustrations. In 

the preparations the two parental chromosomes sometimes lie 

side-by-side for some distance before a twist in the chromosome re

verses the side which a particular parental chromosome occupies. 

In other cases several twists may occur close together. The photo

graph of the satellite chromosome, figure 8, can be used as an il

lustration. There are no twists in the upper arm of this chromo

some. The first twist appears a short distance below the insertion 

region, followed by another close to it. In other cases a very close 

:approximation of the two parental chromosomes simulates a twist. 

Sometimes it is impossible to distinguish between these two, and 

thus to follow with assurance a particular chromosome throughout 

its length. Where knowledge of the exact course of each parental 

·chromosome was essential to the correct interpretation of a partic

ular configuration, figures were sought in which the two· parental 

chromosomes could be followed. Such figures served as a key to 

the interpretation of those in other sporocytes which showed 

the same synaptic configuration. A camera lucida was used 

in all cases in making the drawings. In the sketches the twists 

in the chromosomes, except where they are essential in showing a 

special relationship, have been omitted, in order that the sketch 

may serve both as an outline drawing and as a diagrammatic rep

resentation. In all of the sketches the achromatic spindle fiber 

insertion region has been represented as a slight bulge in the 

chromosome. Photographs are included to supplement the draw

ings in cases where the perishable aceto-carmin preparations sur

vived until facilities for photography were available, which was 

not until several months .after much of this work was completed. 

Most of the preparations had deteriorated. A few from plant 

:397.1-5 (figures 23, 25, 27, 31, 34, 36-30) and one from plant 396.1-3 

{figure 18) were still in fairly satisfactory condition, although some 

signs of deterioration were visible in these preparations. This 

showed itself in a decreased contrast between cytoplasm and 

<:hromosomes, a slight swelling and fuzziness about the edges of 

the chromosomes and a spotted condition of the cytoplasm. Never

theless, these photographs were considered of sufficient value to 

be included. The photographs in figures 8, 9 and 16 were taken 

from preparations which were one to two weeks old. They illus

trate more accurately the type of preparation available for this 

study. 
The term deficiency will be used to indicate any chromosomal 

loss. The term deletion will be confined to deficiencies involving 

:an internal region of the chromosome. 
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I. THE REGIONAL LOCATION OF THE LIGULESS GENE 
(lg) IN THE B-lg CHROMOSOME 

Genetic investigations have placed lg at one end of the genetic 
map. The evidence to be presented here indicates that the locus 
of this gene is in the extreme end region of the short arm of the 
B-lg chromosome. 

Pollen from plants homozygous for the gene lg was placed on 
silks of plants homozygous for the dominant allelomorph, Lg. 
After 50 hours the young embryos were irradiated with a dosage 
of 22 r per minute for 2·0 minutes. Of the individuals resulting 
from this cross, two were lg, plants 332-108 and 835-30. In each 
of these individuals one member of the two synapsed B-lg chromo
somes was deficient for a small piece at the end of the short arm. 
Such deficiencies are relatively easy to detect and measure. When 
the deficient chromosome syn~pses with its unaffected homologue, 
chromomere-by-chromomere, the unaffected chromosome extends 
as a single thr,ead1 beyond the point where the deficient chromo
some ends. 

The extent of the deficiency in the one B-lg chromosome of 
plant 332-108 is shown in figures 1 and 2. It involves a loss of ap
proximately 13 per cent of the length of the chromosome. The defi-

Figure 1.-Plornt 3:l!.!-10S. n. Outline sketch of the two synapsed B-lg 
cliromosomes from a microsporoeyte in mi'l-prophase of meiosis. One 
chromosome is deficient f.or a segment at tl:e end of the short arm. The 
bulging portion represents the spindle fiber insertion region. In each 
·Clhromosome a conspic·nou~ knob lies toward the encl of the long arm. b. 
Same, from another sporocyte. ).fag. x160-0 . 

. 1. See note, page 23. 
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cient region in plant 835-30 was much shorter, involving only 1' per 
cent of the total length of the chromosome (figures 3 and 4). The 
lost piece included only four small chrornomeres. This was deter
mined by observations of the chromomeres of the corresponding 
region in the unaffected homologue (figure 5). 

,, 

a 

,, ., ., 

b 
Figure 3.-Plant 830-30. Outline sketch of two 

synapsed B-lg chromosomes, one with a small defi
denc;· at the end of the short arm. Same stage of 
meiosis as figure 1 and 2. ~Ing. xlGOO. 

Figure 2.-Plant 332-108. 
Same as Jlg·ure 1 showing only 
a segment of tllc short urm 
involving the deficiency. a. 
and h. from different sporo
cytes n t sa Ine .stage in rneio
sis. l\Iag. x1600. 

_j i 
':.~... JI 

a JI ,, 
b 

c 

Figure 4.-Plant 83:1-aO. Same as fig
une 3 showing on!~· that port.ion of the 
chro1nosome possessing tlrn cleficiency, 
a, b, and c, from three .different sporo
cstes at snn1e .st.tge of rneiosis. .Mag. xrnoo. 

Figure 6.-Plant 332-102. The two 
synapsed U-lg chromosomes trom a 
plant giving no genetic evidence of defi
ciency. There Is no ohservahle deficien
cy in these chromosomes. Mag. x1600. 

Figure ti.-Plnnt 835-30. 'l'l1e ehromo-
111ere composition of the en -:1 n\t;ion of 
the short arms of tile two B-Jg chromo
somes shown in Jlgurn 3. •.r!Jis deficient 
rep:iou, cnrrying the locus of tbe lg 
gene, is composerl of only four distinct 
cl!ro1non1eres. l\lag. x4GOO. 

Figure G is a sketch of the B-lg 
chromosome in a sister plant, 
3:12-102, which suffered no loss d 
the dominant gene, Lg. In this 
case there was no deficiency in 
the B-lg chromosome. 

In all three plants the B-lg 
chromosome was distinguishable 
by its relative size and the rela
tive lengths of the two arms and 
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by the pr.esence of a large knob toward the end of the long arm. 
Recognition of this chromosome was facilitated by the fact that 
each of the other nine chromosomes could be readily di:fferentiated.1 

This evidence indicates that the loc•us of the gene lg is in the 
extreme end of the short arm of the B-lg chromosome, within a 
region which includes only 4 chromomeres. 

In both cases of deficiency the pollen was examined for steril
ity. Half of the pollen grains should contain the defective B-lg 
chromosome. Since in these cases the full genome complement is 
not represented, it was not surprising to find that half of the pollen 
grains of both plants were defective. In plant 835-30, in which the 
deficient region was shorter, the pollen grains representing the ster
ile class were partly filled with starch. In contrast, the pollen 
grains representing the sterile class in plant 332-108, with the long
er deficiency, were nearly empty. 

1. In certain genetic cultures the insertion region on the B-Jg chromosome is 
nearer to median. Synaptic configurations suggest a short in'l'ersion which changed 
the po·sition of the insertion region. 
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II. THE REGIONAL LOCATION OF THE GENE A IN THE 
A-d1-cr CHROMOSOME 

Irradiated pollen (dose 900r) carrying the dominant gene A 
(associated with anthocyanin color in the plant) was placed upon 
ailks of a plant with the genetic constitut10n Aa. A green plant, 
378-33, resulting from this cross, was examined for a cytological 
explanation of the loss of the A g.t::ne. Recognition of the A
chromosome is facilitated by the fact that in many cultures it is the 
only long chromosome with a marked difference in the relative 
length of its two arms.1 The long arm is twice the length of the 
short arm. In this plant one of the A-chromosomes 3uffered a loss 
of a segment at the end of the long arm amounting to approximat.ely 
one-fifth of the total length of the chromosome. A sketch of the syn
apsed A-chromosomes showing this deficiency is given in figure 7. 

Fig-.ure 7.-Plnnt 378-33. Synup
~is of rr normal A-d1-cr chromo
ROlllP with its homologue deficient 
for a .segment at the end of the 
long nrm. The Joens of the gene 
A bas been placed in the region 
demarlted by the deficiency. Mng. 
x1600. 

The pollen of this plant showed approximately 50 per cent of 
abortive grains. When this pollen was placed on an a-tester (aCR) 
only colorless kernels were produced. 

A similar deficiency involving a loss of the A gene appeared 
in plant 397.1-5. Since this deficiency was accompanied by other 
alterations a description has been deferred to Section VT!, B 
(page 21). 

Cytological placement of the gene A toward the encl of the long 
arm of the chromosome is in agreement with genetic placement 
which has given A an end position in the genetic map. 

1. In certain genetic cultures a second chromosome (chromosome 4 of the com-rilPn1t1nt1 gives a sin1ilnr sizn relationship of its two armH. 'r l1 il:\ ha~ hPNl found to be due to an inversion which ilwolvedi an internal section including the insertion re- · gion. Since this chromo.s·ome has distinctiYe chromomeres and n distinctive knobm111·iwr it would n ot lie <"Ollftlst>d with tlw A-<l,-cr chromosome. 
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HI. THE REGIONAL LOCATION OF THE GENE Pl IN 
THE SATELLITE CHROMOSOME 

Evidence obtained from trisomic inheritance has shown that 
the gene Pl lies in the satellite chromosome. The satellite chromo
some is readily distinguishable in the prophase complement be
cause of its relation to the nucleolus. This relatjonship is shown 
photographically in figures 8 and 9. At the position of union be
tween the satellite chromosome and the nucleolus there is a dis
tinct enlargement of the chromosome, forming a deep-staining 
mass1 . The satellite proper is formed from the short chromatin 
thread lying to the left of the attached portion. A short distance 
to the right of this region in each photograph, the continuity of the 
stainable chromatin thread is broken by a practically unstained re
gion. This, the so-called primary constriction, is the spindle fiber 
insertion region. The long arm of the satellite chromosome is 
characterized by a small, deep-staining knob approximately one
third of the distance in from the encl of the chromosome2 • The 
evidence to be presented suggests that the locus of the gene Pl 
probably lies a short distance above this conspicuous knob. 

Plants homozygous for Pl were crossed with pollen from plants 
homozygous for pl. About 20 hours after pollination, the young 
embryos were treated for 20 minutes ·with a dosage of 22 r per min
ute. Of the 7:14 individuals obtained from this cross, two were 
obviously pl, plants 821.7-1 and 825.8-5. 

Many clear figures obtained from plant 821.~l-1 showed con
clusively that one satellite chromosome had suffered a loss of 
about three-fifths of the lower part of its long arm, figures ·10 and 
11. The break occurred just below the most conspicuous chromo
mere in the long arm of the satellite chromosome. 

Since this plant had lost the dominant gene, Pl, which is known 
to lie in the satellite chromosome, it can be assumed that the locus 
of the gene Pl lies in this region of the chromosome. 

Genetic evidence obtained from plant 821.7-1 has established 
the order of the genes of this linkage group with respect to the satel
lite chromosome. The locus of the gene Pl is in the lower part 
of the long arm of the satellite chromosome very probably close to 
the position shown by the arrow in figure 10. The following evi
dence indicates that the break occurred between the loci of the 
genes Y and Pl. Before X-raying, the two satellite chromosomes in 

1. It is believed that this region, which is sometimes reticulate in appearance, 
contributes relatively more to the line-nr dimension of the short arm of the metaphase 
chromosome than the renrnininp: chromatin thread. Thus a disparity will be fonnd 
in comparing the relative lengths of the two arms in propbase with those in meta
phase. 

2. There is n sf>conc1 conspicuous knob which lies a short distan<'e below the 
knob shown in the photop:raph but found only in certain cultures. Furthermore, 
-con-spicuons chromomeres with constant positions in the chromosome serve as position 
markers for the clift'nent regions of the chromosome. 
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Figul'e S.-Photo1nierograph of two syuapsed 
satellite chromosomes in 111i<l-prop\iase of meio
sis. For de:;.a:ri11tio11, see Png·e JO. .Mag". xUOO. 

/ ~ 
.; ' 

• 

F'igure 9.-SntnQ tlS :fignre S fron1 anotlier rni
('1'0s porocyte. Mag-. x900. 

11 
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the fe,\·-cellecl embryo plant 82L'l-1 had the constitution Y pl and y 

PI. X-raying inclucecl a l()ss .of the gene Pl \Yhich was correlated 

\\·ith a loss of the lo\\·er part of the satellite chromosome, fignres 10 

and 11. The pollen of this plant exhibited ;i-± per cent abortive grains 

which undoubtedly included those with the deficient satellite chro

mosome. This poHen was placed o n silks of plants homozygous 

for y ,,·ith the result shown in table 1. The y kernels represent 

crossovers between the normal and the deficient satellite chromo

some from the locus of the gene y to the point of breakage. This 

Pii-!'11 l'P 10.-.. -·-l'l:111t R:.:?1.7-J. ( >11tlit10 ~keh'h 
1d' two S,\'llilf>Sl'll ~a t<.•lllt.1;~ C'.lll'OlllO~Olllf'S ill 

111icl-proplia~C'~ of 111r·io:-:.;i ~. One n1<~ 111hpr is 
dl·ticil'Il t frJl' n :-;p1·t'ion n t. tht1 e-tHl of the 
le111 .!.:.' nrm. TI1v n1·row point:-. to t he R11~

JH•c1'Pd 11wn tio11 of thP Pl g·e 11t~ . .\Ing. x13i:"10. 

Fi .~·11rP J1 ... - P]:u11 S:!1.7-l. RnmP ns fi;:n1re 
]() fJ'Olll llllol l1t 1 1' lllil'l'OSJIOl'O(',\"f-l1 • ~In;;. 

x I ;:;-~o. 

percentage of crossing-over is approximately one-half the amount 

\vhich has been observed t o occur bctvveen the genes Y and Pl. 

lt can b.e conclndecl, therefore, that the genes Y and al lie in the 

satelJite chromosome from the point of breakage toward the satel

lite in the order given, and similarly Pl ancl sm lie on the opposite 

side of the point of breakage in the order given. 

TABLE 1.-Frec1uency of Functional Male Gametes Carrying yin Crosses of 

821.7-1 

Pollination 
112-15 x 821.7-1 

137-19 x 821.7-1 

137-25 x 821.7-1 

y 

..... . . ·· ······· ··· ···· ....... . ......... .... .... .... 164 

.... ................ ...... .... ...... ................... .... 224 

............ ............ ..................... ......... ...... 146 

Total ......................... ............................ . ......................... 534 

Percentage ........................ ................................. . ........ 84.1 

y Total 
33 197 

36 260 

32 178 

101 635 
15.9 100 
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Evidence suggesting a more definite location of the gene Pl was 
obtained from plant 825.8-5. This was a pl plant from an F 1 prog
eny of the cross Pl x pl, irradiated 50 hours after pollination. 
The plant was fully vigorous but 98 per cent of the pollen 
was aborted. A n analysis of the meiotic prophase in this 
plant has led to the following interpretation of the figures seen. 
An interchange occurred between the satellite chromosome and 
another of the complement, chromosome ·1. The interchange pos
sibly was accompanied by a small deletion in the satellite chromo
some at the position of the interchange. This deleted region in
cluded the locus of the Pl gene. Diagrammatically, this is rep
resented in figure 12. In this figure, a represents the two normal 

I 

I ) 

n ___ _ 

o ----

)() 

c 

a b 
Fig·nre J2. 

chromosomes, the satellite chromosome to the left, chromosome 4 
to the right. The region between n and o represents the assumed 
section deleted. The upper portion of chromosome 4, at the position 
of the arrow, became attached to the satellite chromosome at o; the 
lower portion of chromosome 4, became attached to the satellite 
chromosome at point n. The deleted section did not contain an 
insertion region and presumably was lost in the first mitosis fol
lowing the interchange. Synapsis of the two normal chromosomes 
of the complement with the two altered chromosomes should pro-
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duce the prophase synaptic configuration shown in c. In chromo
some 4 a second alteration involved a short section of the chro
mosome about the insertion region. Synaptic behavior indicated 
an inversion. Loops occurred in this region in some of the figures, 
More frequently the synaptic configuration was a rod instead of a 
ring. In most of these figures it was obvious that the insertion 
region on 1each thread did not correspond in relative position. For 
simplification the inverted section has not been included in the dia
grams. 

An outline sketch of a synaptic complex from a microsporocyte 
of plant 825.8-5 is given in figure 13. Notwithstanding the fact 
that the insertion region on the unmodified chromosome 4 was ob
scured by a thread from another chromosome passing above it, 
the course of the synapsed threads was exceptionally clear. The 
position of the second in
sertion region has been 
indicated by dotted lines. 
In this culture the satel
lite chromosome in all the 
plants examined showed 
two small knobs toward' 
the end of the long arm. 
It is certain that the arm 
with the two small knobs, 
figure 13, rather than the 
arm with the heterozy
gous large knob, belongs 
to the satellite chromo-
so1ne. Pig-ure- 113.-Plant 825.8-5. For description, see 

page 13. Mag. :s:1350. 

The chromosomal alterations shown in figure 13 do not account 
for the loss of Pl, the phenotyptic change which led to the examina
tion of the plant. The loss of Pl may have resulted either from 
defici,ency or from recessive mutation. The high percentage of 
sterility favors the former alternative, since no alterations could be 
found in other chromosomes of this plant, and since the chromo
somal alterations described above would not be expected to cause 
so high a proportion of abortive pollen. No obvious evidenc.e of 
deficiency was obtained from plant 825.8-5 possibly because no fig
ures showing close synapses at the center of the cross were found. 
It is possible also that the deletion was too small to be readily de
tected. 

The position at which the interchange occurred in the Pl chro
mosome of plant 825.8-5 is within the r,egion at which the locus of 
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Pl is placed by the evidence from plant 821.7-1. The point of 
breakage of the satellite chromosome in 821.7-1 is on the long arm, 
about one-third of the arm length below the insertion region. The 
Pl locus must be between this point and the end of the chromosome. 
Since the gene sm, ten map units from Pl, is still farther below the 
breakage point, Pl must be far enough from the end of the chromo
some to permit at least ten per cent crossing over. The place of 
interchange in the satellite chromosome in plant 825.8-5 is toward 
the middle of the long arm. It is therefore, not improbable that 
the loss of Pl in plant 825.8-5 was due to a short deletion at the 
point of interchange in the satellite chromosome, although the pos
sibility is not excluded that it was due to recessive mutation. If 
the former hypothesis is correct, the locus of Pl in the satellite 
chromosome is in the approximate position indicated in figure 10, or 
in the reg·ion of the bend in the long arm of the satellite chromo
some in the photograph, figure 8. 

IV. THE REGIONAL LOCATION OF THE R GENE IN THE 
R-G CHROMOSOME 

In plant 1516-10, both the pollen used as the male par.ent an<l 
the young embryo received X-ray treatment. The long arm of one 
s:nallest chromosome was broken at the insertion region, figure 14. 
The chromosome fragment thus formed which was capable of func
tioning in the spindle figure, was composed of the short arm of the 

I•'i,;:1ire H.-Plant 1516-10. Outline sketch 
of the synnpsis of a normal R-g chromo
some ""ith its homologue which is deficient 
for all of the long arm. Mug. x1600. 

smallest chromosome and 
its insertion region. Trisom
ic investigations have shown 
that this chromosome is as
sociated with the R-g link
age group, (McClintock and 
Hill , 1931). In this case, the 
male nucleus contained the 
genes A, B, r-r, whereas the 
female nucleus was of the 
constitution a, b, R-g, Loss 
of either the r-r or the A 

gene would result in a green rather than a dilute sun red plant. 
Plant 1516-10 developed into a totally green plant. Cytological ob
servations indicated that the R-g and not the A chromosome was in
volved. Genetic tests confirmed these observations. Therefore, the 
locus of the R gene is placed in the long arm of the smallest chro
mosome. 
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V. A DEFICIENCY INVOLVING THE SHORT ARM OF 
THE SATELLITE CHROMOSOME 

To add to the range of deficiencies already described one other 
will be included. Irradiated pollen (dose 900 r) was used as the 
male parent of plant 585-1. As a result of this irradiation, a break 
occurred close to the insertion region in the short arm of the satel
lite chromosome. This 
was obvious from the 
synaptic figures observ
ed in the first meiotic 
prophase. See figures 
15 and 16. It can be 
seen that one of the 
two synapsed chromo
somes ends abruptly a 
short distance to the 
left of the insertion re
g 1 on. Its unaltered 
homologue continues as 
a single thread form
ing a single attachment 
to the nucleolus and a 
single satellite. 

Figure 15.-0utlinc sketch of a normal satellite 
ch romosome synapsed with its homologue which is 
•1eficient for n region involving most of the short 
"rm. Mag. x1600. See photomicrograph of same, 
figure lfl. 

VI. A DELETION WITHIN THE LONG ARM OF CHRO
MOSOME 7 

Chromosome 7 (4th smallest chromosome of the complement) 
is recognizable in prophase by its relative size and the relative 
lengths of its two arms. Immediately below the clear insertion re
gion in the long arm there is a short deep-staining portion ·which 
allows the chromosome to be readily distinguished. In many cul
tures a knob is present toward the end of the long arm. 

The pollen used as the male parent of plant 396.1-3 had been 
irradiated (dose 600 r) before being placed on the silks of an un
treated plant. The meiotic prophase figures indicated that a dele
tion occurred a short distance below the insertion region in the 
long arm of ~hromosome 7. Approximately one-fifth of the length 
of the long arm was involved in this . deletion. Diagrammatically 
this is shown in figure 17. The normal chromosome is given in a, 
figure 17. In the chromosome 7 contributed by the male parent 
of plant 396.1-3, the region between the arrows was deleted form
ing the chromosome shown in b. Synapsis of the normal chro
mosome 7 and its homologue with the deletion would result in a 
figure shown in c. In some cases the synapsis of the chromosomes 
about the deleted region is not as close as that shown in the dia
gram. See figures 18 and 19. 
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.,, 

b c 

~ 
Fig1ne 16.-Photomic>rog'l'aJlh of the microsporo

eyte showing the defi cieuc:y sl,etchc<l in fi g .ure lG. 
1\fag. x~OO . 

lt'ignre 17- n. Dingrnm of a nor
mal <.:hromoson1e 7. b. 'l'lle chro~ 
mosorne produced as tl1e result of 
:t deletion of the region between 
the arrows in u. e . Con'fhnn·ution 
fo n11 e1l hy t he synapsis of .tlrn nor
mal with the deleted chromosome. 

Figure lS.-PJant 3DG.1-3. Photo
n1icrOgr:.iph showing the synapsis of 
~ norn1al chro111osome 7 with its 
homologue deficient for the inte·rnal 
segment diag ramurn tically represent
e<l in figure 17. Mag. x900. See sketch 
of same, figure 19. 

J•'igure l!l.-Plant 3%.1-3. Outline sket ch of 
the s:rnaps is of a normnl chromosome 7 with 
its h omologue 'leficient for an internal seg
nient <1:li:1grnmmatically represented in figure 
17. M:1.0::. x2000. See photomicrograph of same, 
figure IS. 
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VII. AN ANALYSIS OF SEVERAL CHROMOSOMAL AL
TERATIONS WITHIN AN INDIVIDUAL PLANT 

A. Cytological Evidence for Inversion of a Long Section of a 
Chromosome.-Pollen was irradiated (1200r) and placed upon 
silks of an untreated plant. Plant 397 .1-5 resulted from this cross. 
An examination of the first meiotic prophase in this plant revealed 
that a derangement of the chromatin had occurred in several of the 

a 

b 
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e 

~ 

0.-
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a 
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c 

b 

":·, c 
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chromosomes. Between two 
of the chromosomes in the 
male nucleus a translocation 
occurred accompanied by 
deficiencies. In one of these 
chromosomes a deletion pro
duced a functional fragment. 
This alteration is described 
111 B of this section. In a 
third chromosome which 
measured to be the second 
largest, an inversion of a 
large section occurred. 

The normal chromosome, 
its homologue with a large 
inverted section, and the 
synaptic figure resulting 
from the side-by-side asso
ciation of homologous parts 
of the two chromosomes are 
diagrammatically represent
ed in figure 20. An outline 
sketch illustrating such a 
configuration is given in fig
ure 21. Figures 22, 24, and 
26 are outline sketches of the 
configuration shown by pho
tographs in figures 23, 25, 
and 27, respectively. It can 
be noted that the threads are 

,J!'igure 20.-a. Diagram of normal chromo
some which underwent an inversion of the 
segment between the two arrows forming the 
chromosome shown in b. c. Configuration 
expect~d from the synapsis of the normal 
chromosome with ·the chromosome possessing 
the inversion. The proportions in this d!a-
gmm are bn-sed· •upon ten clear figures. No 1 1 1 · t 
adjustments have been made for slightly not a ways c ose y assoc1a -
stretched regions in the chromosome. ed ·about the points demarking 
the inversion. Such an .opening out often appears . at regions 
where chromosomes are subjected to a sudden change in their 
synaptic relations. In many cases, this opening out probably is 
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Figure 21.-Plaut 397.1-5. Synapsis 
of a normal cllromosome nncl its homo
logue possessing an inversion. l\fid
prophase of meiosis. Mag. x1600. See 
ding-ran1, figure 20. 

Figure 22.-Same as fig-ure 21 from an. 
other sporocyte. Mag. x2000. See photo
micrograph of i:;arne, figure 22. 

Figure 2:3.-Photomicrograph of 
chromosomes shown. in sketch, 
figure 22. Mag. x900. 

Figure 24.-Sarue as figure 21, from another microsporocyte. Mag. 
x200-0.. See photomicrograph of same, figure 25. 
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Figure 2!3.-Photon1icrograph 
sonws shown in sketch, figure '24. 

of cllromo
:.\lag. x900. 

Figure 27.-Photomierograph of chron1osomes 
sliown in sketd1, figu re 26. ~Ing. x900. 

Fig ure 26.-Snme a s figure 21, frorn another mierosporocyte. 

:i\I::tg. x2000. See photo1nicrograph of sa1ne, figure 27. 
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produced by the pr,essure of the cover slip which forces the chromo
somes to lie flat on the slide. The opening out is sometimes ac
centuated by a stretching of the chromosomes in this region of ten
sion. Such stretching is readily r,ecognizable (see photograph, fig
ure 25). Since this opening out permits the individual chromo
somes to be more readily followed, these figures have been chosen 
for study of the course of the threads. 

A single figure from the many observed showed a rod instead 
of a ring. Close synapsis occurred only between the two normal 
(uninverted) ends, figure 28. In this case it is possible that me
chanical pressure opened out a ring type of synapsed configuration. 

I•'igure 28.-Pl:rnt. 397.1-5. Same as figure 
21, from another sporocyte. In this case 
wh<.'re no ring is formed, only the uninverted 
ends are closely synapsed. Mag. x1600. 

B. A Case of a Reciprocal Translocation Accompanied by 
Deficiencies, and a Deletion Producing a Functional Ring Frag
ment, Involving Two Chromosomes of the Haploid Complement.~ 
The origin of plant 397.1-5 has been given in A of this section. Be
sides the above described inversion in one of the long chromosomes, 
there were alterations in two other chromosomes. The two chro-
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mosiames involved were the satellite, Y-Pl, chromosome and the 
long chromosome associated with the A-di-cr linkage group. These 
two chromosomes are diagrammatically represented in a, figure 29. 

l 

a 

b c 
Figure 29.-Jr·or description, see page 22. 

A translocation occurred between these two chromosomes at the 
position of the arrows, in such a way that the long section of the 
A-di-cr chromosome became attached to the long section of the 
satellite chromosome. Such a translocation would produce a chro
mosome with two inser6on regions. It is unlikely that such a 
chromosome would perpetuate itself in its original translocated 
form for more than a few nuclear divisions. It is probable that 
in one of the early mitoses the two insertion regions on the single 
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chromosome would pull toward opposite poles causing a break to 
occur in the chromatin thread between the two insertion regions. 
In this particular case s'uch a circumstance was made impossible 
by the deletion in the A-d1 -er chromosome of the insertion region 
and several chromomeres to each side of it. The tiny fragment 
thus formed would possess an insertion region and therefore would 
be able to successfully participate in the mitotic process, perpetuat
ing itself through nuclear cycles. As a result of the translocation, 
the regions below the arrows in the satellite chromosome and the 
A-d1 -er chromosome were left with no insertion region. Since 
these fragments lacked the morphological structure which would 
enable them to pass to the poles of a mitotic figure they probably 
were excluded from the daughter nuclei resulting from the first 
mitosis in the zygote. The satellite chromosome resulting from 
this translocation and deletion is represented, diagrammatically, in 
b, figure 29. Synapsis of this chromosome with the homologous 
regions in the two normal chromosomes contributed by the female 
parent is represented in c, figure 29. In c the ring fragment is not 
shown to be synapsed with its homologous region. This was un
expected. Only occasionally did the fragment suggest synaptic 
homology by lying beside the b-..ilge produced in the normal chromo
some at the region of the deletion. The fragment was very small, be
ing composed of the insertion region and only several chromomeres. 

Figure 30.-Plnnt 397.1·5. Outline sketch of synaptic configuration dia
grammatically represented In c, figure 29. i.\fag. x1600. See photomicrograph 
of sporocyte from wllich this configuration was drawn, figure 31. 

Sketches of such synaptic configurations are given in figures :io 
and 321 • Figure 31 is a photograph of the microsporocyte con
taining the configuration drawn in figure 30. It was not possible to 
take photographs of the sporocytes of this plant when the perish
able smears were in the fresh state in which they were studied and 

1. In figure 32 the fragment chromosome is s'l1own -Oistin-ctly double. The 
split in an unsynapsed chromosome or nn unsynapsed region of a chromosome is 
much more obvious at this stage than the split In synapsed chromosomes. 
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drawn. It is still possible, however, to follow in the photograph 
some parts of the threads shown in the sketch. Figure 33 is a 
sketch of the deleted region in another microsporocyte, photograph
ically shown in figure 34. It illustrates particularly well the in
sertion region in the normal chromosome and the extent of the dele
tion. 

Crossing over consequent to the synapsis of these chromosomes 
has been analyzed on the basis of the results observed at the ana
phase of the first meiotic mitosis. Genetic results obtained by 
Marcus M. Rhoades (unpublished) and cytological results ob
tained by Miss Creighton have shown that crossing over 
occurs between two of the four chromatids of the two synapsed 
chromosomes in Zea mays. Thus, we can consider that if a cross
over occurred between the two chromatids at the position marked 
a in figure 35, one chromatid possessing two insertion regions and 
one lacking an insertion region would result. It would be ex
pected that at anaphase, in many sporocytes, the two insertion re
gions in the one chromatid would start to pull toward opposite 
poles. This conflicting movement in the same chromatid would 
tend to retard the poleward movement of the members of the com
plex. In that case, a stage in anaphase would be observed in 
which the 8 bivalent chromosomes in the complement would have 
successfully disjoined and passed to the poles leaving the synaptic 
complex in question at the center of the spindle figure.1 The chro
matid which has no insertion region can not participate in the ana
phase movement but must be left at the equatorial plate region by 
the disjunction of the members of the synaptic complex2 • Illustra
tions of this are found in the photographs, figures 36-39. In a, fig
ure 36, the retarded synaptic complex is shown in the center of the 
figure. The chromatid with no insertion region lies free and 
unmoved at the center of the complex. Figure 36, b, is of the 
same sporocyte at a slightly different level showing a delayed sepa
ration of the split halves of the ring fragment chromosome. In most 
of the sporocytes the two chromatids composing the ring fragment 
separate in the first meiotic mitosis, either at the time of the dis
junction of the bivalents or less frequently, somewhat later. Be
havior in the second meiotic mitosis is irregular. In many cases 
the ring fragment chromatid was seen to be excluded from the 
daughter nuclei. 

1. In some figures there were 8 chromosomes nt oni> pole and 9 at the opposite 
poll' besides n delayed group at the center. '!'he extrn. chromosome originating from 
the ·synaptic complex C'onsists of either a normal satellite chromosome or a satellite 
chromosome with one normal and one intercliange•:l chromatid. The evi<lence strong
ly suggests that the type of figure obs1~rved at anaphase I depernled not only upon 
the chance opposition ·Of insertion regions following a crossover such as descrlhed, 
but also upon addHionnl crossing over "·hieh took place between the homologous 
regions of the satellited chromosomes. 

2. Obsen•ntions on the rlisjnnf"tlon of bivalrnt ehromosornes at anapbase I have 
shown that all four spindle fiber insertion regions participate in the spindle figure. 
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Fign re 3l.·-· P 110tomicrograph of microsporocyte 
containing synaptic co'nfiguration shown in. figure 
30. l\:l:lg. xtl(){J. 

Figure 32.-Snrne as figure 30, from nnother sporocyte. Mag. x1600. 

25 
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F'i~1n·e 33.- -Plant 3.07.1 -0. Out
line -~ketl'11 of short arm of A-d -
<·r ehromosome showing s ynnp
sis of the norm:il with the dele
ter! eh romosome. Note t lla t t he 
dPlt•tPtl r egion includes portions 
on both slfles of the aehromatic 
spindle fiber insertton rf>g·ion. 
:.\fag. xltlO<J . See pl1otowicro
grnph of same. fignrP 3.f. 

Fig ure 3-t.-Photo1nkrogr~ph of 
d 1ron1oson1es sketched in figure 3:1. 
:.\Jag-. x()OO. 

IT 
i i 

a----. ----a 

b----- -----b 

Figure 37 is from another sporocyte showing the two anaphase 
groups at opposite poles between which lies the retarded synaptic 
complex. Again, the chromatid with no insertion region lies be
side the complex in the equatorial plate. Finally, after the dis
junction of the members of the synaptic complex, the chromatid 
with no insertion region is found unmoved at the center of the 
spindle figure, (see photograph, figure 38). 
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If a crossover occurred between the two chromatids at the 
points marked a, figure 35, and also between the other two chro
matids at the points marked b, two chromatids would be formed 
possessing no insertion regions and, conversely, two chromatids 
would be formed each possessing two insertion regions. Cross
overs involving the four chromaticls in this manner would result 
in the exclusion of two chromatids from the anaphase group at 
the first meiotic mitosis. These should be visible as such in the 
anaphase figures. This is illustrated in the photograph, figure 39. 
The two chromatids lacking spindle fiber insertion regions remain 
in the region of the equatorial plate. Anaphase and telophase fig
ures with two unmoved chromatids were much less frequent than 
those >vith one. At telophase of the first meiotic mitosis in many 
more than half of the microsporocytes, an excluded chromatid was 
visible. 

The pollen which had been irradiated and which had been ttse<l 
as the male parent of this plant contained the dominant gene A. 
The female parent possessed the recessive allelomorph, a. From 
its appearance it was obvious that plant 397.1-5 lacked the domi
nant gene A. An examination of the figures will show that the defi
cient region in this A-d1-cr chromosome is almost identical in ex-
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tent to that in plant 378-33 (page 9), which likewise had lost the 
A gene. Since this plant was totally sterile it was impossible to 
obtain a further genetic check. 

CONCLUSIONS 
Translocations and deficiencies are known to occur in untreat

ed material but their relative frequency is so low that they are rare
ly encountered. Cytological and genetical observations have shown 
that such derangements are frequent in X-rayed material. There
fore it is safe to assume that the translocations, deficiencies and in
versions described in this report are causally related to the X-ray 
treatment. 

Cytologically analysis of the resultant derangements of the 
chromosomes leads to several generalizations. 

(1) ·No case of a direct transloca ti on of a part of one chromo
some to another whole chromosome was detected from more than 
thirty plants examined. Where a translocation occurred, it was 
either reciprocal or associated with a deficiency at the point of 
transloca ti on. 

(2) Although some form of translocation was most frequent, 
deficiencies involving the terminal sections of chromosomes were 
common. 

(3) Inversions and deletions are believed to be formed by the 
same process which gives rise to reciprocal translocations. In the 
case of a deletion, a reciprocal translocation within the chromo
some would produce a ring and a rod fragment. If the internal 
section of the chromosome contained the insertion region a ring 
chromosome would result. The rod formed from the two end 
pieces would be dropped out in the first mitosis following the trans
location, since no insertion region would be present to enable it to 
function in the spindle figure. Such a ring chromosome has been 
described by N avashin (1930). Likewise, it has been observed in 
Zea mays in the case of the tiny fragment which was known to have 
arisen as the result of a deletion (Section XII, B) .1 If, however, the 
insertion region was situated in one of the external sections, a rod 
chromosome with a deleted internal section would result (see Sec
tion VI). In this case, the ring segment with no insertion region 
would be dropped out. 

(4) Where two apparently separate derangements were pro
duced in the monoploid complement by pollen treatment, one chro
mosome was sometimes involved in both derangements. As an 
example, a chromosome may have a deletion in one region and may 
be involved in a translocation at another point, often at some dis
tance away from the deletion. 

1. Dr. G. W. Beadle informs the author thnt he has observed a ring chromosome in <>ne of his Zea ma.ye plants. 
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SUMMARY 

1. Thru synaptic configurations observed at the mid-prophase 
of meiosis, it has been possible to obtain evidence of deficiencies 
involving terminal or internal segments of chromosomes, inverted 
sections of chromosomes and interchanges between non-homolo
gous chromosomes. At this stag.e the chromosomes are approxi
mately ten times as long as at diakinesis . Consequently, it was 
possible to detect comparatively short deficiencies in chromosomes. 

2. By observations of deficiencies involving known genes it 
has heen possible to determine the regional location of these genes 
vvithin their respective chromosomes. The locus of the gene lg 
has been placed at or near the end of the short arm of the B-lg chro
mosome. The locus of the gene A has been placed toward the end 
of the long arm of the A-d1 -er chromosome. The locus of the gene 
Pl is in the long arm of the satellite chromosome .. probably near the 
middle of this arm. The gene Y is between Pl and• the satellite. 
The gene R lies in the long arm of the smallest chromosome. 

3. Deficiencies involving end segments of chromosomes, rlele
tions an<l inversions within a chromosome and reciprocal transloca
tions between chromosomes were frequent. No case was found of 
the attachment of a piece of one chromosome to the end of another. 

4. The X-ray treatment sometimes produced alterations at 
two different points in the same chromosome. 
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