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Publisher’s Note
With this Internet-First publication we formalize a new publishing genre, an ‘Incremental Book’ that becomes 
feasible due to the Internet. Unlike paper-first book publishing – in which each contribution is typically held in 
abeyance until all parts are complete and only then presented to the reading public as part of a single entity – with 
Internet publishing, book segments (Increments) can be released when finalized.  Book parts that have not been 
completed at the time of the initial release may be published as they become available.  We anticipate releasing 
updated editions from time-to-time (using dated, rather than numbered editions) that incorporate these incre-
ments. These digital collections may be freely downloaded for personal use, or may be ordered as bound copies, at 
user expense, from Cornell Business Services (CBS) Digital Services by sending an e-mail to digital@cornell.edu 
or calling 607.255.2524. In the body of the message include the URL for the book or article, and request contact 
regarding payment.

The initial release of this Incremental Book of 782 pages, spread over two volumes includes a complete list of the 
publications of Nobel Laureate Barbara McClintock. In addition, with publisher’s permissions, we have reprint-
ed many of McClintock’s research articles (45 of 106, or 42%), provided online links for free access to 32 (30%) 
more, and cited traditional sources for the remaining 29 (27%) articles. Only six (6) of the citations listed in the 
Contents are not presently accessible online. In this initial release we include fourteen essays (“perspectives”), 
which are paired with the original scholarship being discussed. Ten more perspectives are forthcoming, and will 
be offered as additional ‘increments’ when they become available.

As these and other new perspectives become available online, the eCommons@Cornell digital repository will 
automatically provide a listing of the most recent additions to this collection. Furthermore, we will provide a 
chronologically ordered PDF file named ‘Increments and Forthcoming Sections’ for Perspectives added to this 
eCommons collection. From time-to-time these ‘increments’ will be integrated into Volumes 1 and 2, which will 
then bear a new edition date.

The Internet-First University Press
December 2013

Copyright © 2013 by Lee B. Kass and the Department of Plant Breeding and Genetics at Cornell University
All rights reserved.  The online version of this book may be downloaded for personal use only.
Mass reproduction and any further distribution requires written permission of the copyright holder.

Published by The Internet-First University Press
Ithaca, New York
Co-founders: J. Robert Cooke and Kenneth M. King

Scanning by the Digital Media Group of the Cornell University Library
Copyright discussions with Peter Hirtle
Proofread by Judy L. Singer, Marion Timothy and Kathleen Gale 
Produced by J. Robert Cooke 

Front and Back Covers:
Left to Right, Back Row: Charles Russell Burnham, Marcus M. Rhoades, Rolland A. Emerson, Barbara McClintock; 
Front Row: and George Beadle (kneeling with dog).
(Courtesy William B. Provine and Department of Plant Breeding & Genetics, Cornell University)

Plant Breeding Garden, Cornell University, outside the Department Field Laboratory, now  
fondly called “The McClintock Shed.” 
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To the memory of Royse P. Murphy, 
Mentor, collaborator, and friend

& 
To

William B. Provine, 
For inspiring this project

& 
My husband, Robert E. Hunt

For his constant encouragement of my efforts

0.5



0.6



Volume I
CONTENTS  [page 0.7]

Barbara McClintock & Harriet Creighton at Cornell University 1929, 
Stone Hall, Cornell University  [0.2]   frontispiece 

Publisher’s Note  [0.4]

Dedication  [0.5]

Foreword by Mark Sorrells  [0.16]

Preface and Acknowledgments by Lee Kass  [0.17]

Introduction by Lee Kass [0.21]

Barbara McClintock: Life & Work by Lee B. Kass  [0.23]

The Publications of Barbara McClintock: Updated 2013 by Lee B. Kass  [0.26]

 Table I.  Annotated Chronological List of The Publications of Barbara McClintock, Updated 2013  [0.27]

NOTE: In the digital version, click a citation below to scroll to that section header; use ‘previous page view’ to return to the Contents. 

 References preceeded by an asterisk (*) are not reprinted herein, but were collected and published previously in McClintock, B. 
1987a. The Discovery and Characterization of Transposable Elements. The Collected Papers of Barbara McClintock. Genes Cells 
and Organisms; Great Books in Experimental Biology, J.A. Moore, series editor, Garland Publishing Co. New York.  However, 
some of these are accessible online at the URL provided.

Part I: GOLDEN AGE OF CORN GENETICS (1926-1936)  [1.1]

1926  Perspective: forthcoming  [1.3]1

 Randolph, L. F. & B. McClintock. 1926. Polyploidy in Zea mays L. American Naturalist LX(666): 99–
102.  

1928 Perspective: Genetic analysis of meiosis using the asynaptic 1 mutant: A perspective on George W.  
Beadle and Barbara McClintock’s 1928 contribution. by Wojciech P. Pawlowski, Cornell University  [1.9]

 Beadle, G. W. and B. McClintock. 1928. A genic disturbance of meiosis in Zea mays. Science 
68(1766): 433.

1929 Perspective: Commentary on Barbara McClintock’s 1929 cytogenetic analysis of triploid maize: A cyto-
logical and genetical study of triploid maize. by Mark E. Sorrells, Cornell University  [1.15]

 McClintock, B. 1929a. A cytological and genetical study of triploid maize. Genetics 14(2): 180–222. 

 McClintock, B. 1929b. A method for making aceto-carmin[e] smears permanent. Stain Technology IV(2): 
53–56.  [1.69]

1 Page numbers in brackets take readers to sections in these volumes where perspectives, with links and/or relevant reprinted publi-
cations originate.
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 McClintock, B. 1929c. A 2N-1 chromosomal chimera in maize. Journal of Heredity XX(5): 218.  [1.75]

 Perspective: Identifying the individual chromosomes of maize. by Randy Wayne, Cornell University 
[1.77]

 McClintock, B. 1929d. Chromosome morphology in Zea mays.  Science 69(1798): 629. 

1930 Perspective: McClintock’s presence of mind and forward vision as illustrated in the analysis of an inter-
change in maize. by Ron Phillips, University of Minnesota  [1.87]

 McClintock, B. 1930a. A cytological demonstration of the location of an interchange between two 
non-homologous chromosomes of Zea mays. Proceedings of the National Academy of Sciences 16(12: 
791–796.

 McClintock, B. 1930b [ABSTRACT #9] A cytological demonstration of the location of an inter-
change between two non-homologous chromosomes of Zea mays. Anatomical Record 47(3): 380.

 (McClintock, B. and H. E. Hill. 1929 [ABSTRACT #32]. The cytological identification of the chromo-
somes associated with the ‘R-golden’ and ‘B-liguleless’ linkage groups in Zea mays. Anatomical Record 
44(3): 291.)  [1.103]

1931 McClintock, B. and H. E. Hill. 1931. The cytological identification of the chromosome associated with 
the R-G linkage group in Zea mays. Genetics 16(2): 175–190.

 Perspective: Proof of physical exchange of genes on the chromosomes. by Edward Coe, University of 
Missouri  & Lee B. Kass, Cornell University  [1.123]

 McClintock, B. 1931a. The order of the genes C, Sh, and Wx in Zea mays with reference to a cyto-
logically known point in the chromosome.  Proceedings of the National Academy of Sciences 17(8): 
485–491.

 Creighton, H. B. and B. McClintock. 1931. A correlation of cytological and genetical crossing-over 
in Zea mays. Proceedings of the National Academy of Sciences 17(8): 492–497.

      Perspective: forthcoming  [1.147]

 McClintock, B. 1931b. Cytological observations of deficiencies involving known genes, translocations 
and an inversion in Zea mays. Missouri Agricultural Experiment Station Research Bulletin 163: 1–30.

1932 Creighton, H. B. and B. McClintock. 1932 [EXHIBIT/ABSTRACT]. Cytological evidence for 4-strand 
crossing over in Zea mays. Proceedings of the International Congress of Genetics II: 392.  [1.181]

 Perspective: An attempt at identifying the position of genes on the chromosomes of maize using X-ray 
induced chromosome deficiencies. by Randy Wayne, Cornell University  [1.183]

 McClintock, B. 1932b. A correlation of ring-shaped chromosomes with variegation in Zea mays. 
Proceedings of the National Academy of Sciences 18(12): 677–681.

1933  (McClintock, Barbara. 1932a [ABSTRACT]. Cytological observations in Zea on the intimate association 
of non-homologous parts of chromosomes in the mid-prophase of meiosis and its relation to diakinesis 
configurations. Proceedings of the International Congress of Genetics II: 126–128.)  [1.197]

 McClintock, Barbara. 1933a. The association of non-homologous parts of chromosomes in the mid-
prophase of meiosis in Zea mays, with 51 figures in the text and plates VII–XII. Zeitschrift für Zellfor-
schung und mikroskopische Anatomie 19(2): 191–237.

 McClintock, Barbara. 1933b. News Items from Ithaca: 11. Brown midrib1 (bm1) … . Maize Genetics Co-
operation News Letter 4 [18 December 1933]: 2.  [1.259]
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 McClintock, Barbara. 1933c. News Items from Ithaca: 12. A new narrow leafed character is linked with 
a1. Maize Genetics Cooperation News Letter 4 [18 December 1933]: 2.

1934 Perspective: McClintock’s pioneering studies of the nucleolar organizer region in maize: exact chromo-
somal localization and its function. by Stephen E. Bloom, Cornell University  [1.261]

 McClintock, B. 1934a. The relation of a particular chromosomal element to the development of 
nucleoli in Zea mays with 21 figures in the text and plates VIII–XIV. Zeitschrift für Zellforschung und 
mikroskopische Anatomie 21(2): 294–328. 

1935  Perspective: forthcoming  [1.313]

 Creighton, H. B. and B. McClintock. 1935. The correlation of cytological and genetical crossing-over in 
Zea mays. A corroboration. Proceedings of the National Academy of Sciences 21(3): 148–150. 

 Rhoades, M. M. and B. McClintock. 1935. The cytogenetics of maize. Botanical Review. 1(8): 292–325  
[1.317]

1936  McClintock, B. 1936a. Cornell University, Ithaca, N.Y. — 8. Mosaic plants in part heterozygous and 
in part homozygous for a chromosome 5 deficiency. Maize Genetics Cooperation News Letter 10: 5–6.   
[1.355]

 McClintock, B. and H. Creighton. 1936. Cornell University, Ithaca, N.Y. — 9. Several inversions … chro-
mosome 9 … and chromosome 4,… detected and isolated by Creighton and [McClintock]. Maize Genet-
ics Cooperation News Letter 10: 6.

 McClintock, B. 1936b. Cornell University, Ithaca, N.Y. — 10. Disjunction studies on interchanges show 
that sister spindle fiber regions do not separate in I, … . Maize Genetics Cooperation News Letter 10: 6

 

Volume II [See other volume for dimmed entries.]

Part II: ROAD TO TRANSPOSITION (1937-1945)

1937  See 1938 

1938  McClintock, B. 1938a. [ABSTRACT] A method for detecting potential mutations of a specific chromo-
somal region. Genetics 23(1): 159.

   (McClintock, B. 1937a. [ABSTRACT] The production of maize plants mosaic for homozygous deficien-
cies: Simulation of the bm1 phenotype through loss of the Bm1 locus. Genetics 22(1): 200.)    

 McClintock, B. 1938b. The production of homozygous deficient tissues with mutant characteristics by 
means of the aberrant mitotic behavior of ring-shaped chromosomes. Genetics 23(4): 315–376.  

 Perspective: forthcoming

 *1McClintock, B. 1938c. The fusion of broken ends of sister half-chromatids following breakage at meiot-
ic anaphase. Missouri Agricultural Experiment Station Research Bulletin 290: 1-48. 

1939 *McClintock, B. 1939. The behavior in successive nuclear divisions of a chromosome broken at meiosis. 

1 References preceeded by an asterisk (*) are not reprinted herein, but were collected and published previously in McClintock, B. 
1987a. In most instances, we’ve provided an Internet link to the original article.
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Proceedings of the National Academy of Sciences 25(8): 405–416.

1941  Perspective: forthcoming

 *McClintock, B. 1941a. The stability of broken ends of chromosomes in Zea mays. Genetics 26(2): 234–
282. 

 McClintock, B. 1941b. The association of mutants with homozygous deficiencies in Zea mays. Genetics 
26(5): 542–571. 

 McClintock, B. 1941c. Spontaneous alterations in chromosome size and form in Zea mays. pp. 
72–80. In: Genes and Chromosomes - Structure and Organization. Cold Spring Harbor Symposia on 
Quantitative Biology, Volume IX.  Katherine S. Brehme, ed, The Biological Laboratory, Cold Spring Har-
bor, Long Island, New York. 

1942  Perspective: forthcoming

 *McClintock, B. 1942a. The fusion of broken ends of chromosomes following nuclear fusion. Proceedings 
of the National Academy of Sciences 28(11): 458–463.

 *McClintock, B. 1942b. Maize genetics: The behavior of “unsaturated” broken ends of chromosomes. 
Phenotypic effects of homozygous deficiencies of distal segments of the short arm of chromosome 9. Car-
negie Institution of Washington Year Book No. 41, 1941-1942: 181–186.

1943 *McClintock, B. 1943. Maize genetics: Studies with broken chromosomes. Tests of the amount of cross-
ing over that may occur within small segments of a chromosome. Deficiency mutations: Progressive 
deficiency as a cause of allelic series. Carnegie Institution of Washington Year Book No. 42, 1942-1943: 
148–152.

1944 McClintock, B. 1944a. Carnegie Institution of Washington, Department of Genetics, Cold Spring Har-
bor [sic], Long Island, N.Y. Maize Genetics Cooperation News Letter. 18: 24–26.  

 McClintock, B. 1944b. The relation of homozygous deficiencies to mutations and allelic series in maize. 
Genetics 29(5): 478–502.    

 *McClintock, B. 1944c. Maize genetics: Completion of the study of the allelic relations of deficiency mu-
tants. The chromosome-breakage mechanism as a means of producing directed mutations. Continuation 
of the chromatid type of breakage-fusion-bridge cycle in the sporophytic tissues. Homozygous deficiency 
as a cause of mutation in maize. Carnegie Institution of Washington Year Book No. 43, 1943-1944: 127–
135.

1945 *McClintock, B. 1945a. Cytogenetic studies of maize and Neurospora: Induction of mutations in the 
short arm of chromosome 9 in maize. Carnegie Institution of Washington Year Book No. 44, 1944-1945: 
108–112.

Part III: MOBILE GENETIC ELEMENTS: Corn & the Nobel Prize (1946-1987)

1946 *McClintock, B. 1946. Maize genetics: Continuation of the study of the induction of new mutants in 
chromosome 9. Modification of mutant expression following chromosomal translocation. The unexpect-
ed appearance of a number of unstable mutants. Carnegie Institution of Washington Year Book No. 45, 
1945-1946: 176–186.

1947 Perspective: forthcoming

 *McClintock, B. 1947. Cytogenetic studies of maize and Neurospora: The mutable Ds locus in maize.  
Carnegie Institution of Washington Year Book No. 46, 1946-1947:  146–152.
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1948 *McClintock, B. 1948. Mutable loci in maize: Nature of the Ac action. The mutable c loci. The mutable wx 
loci. Conclusions. Carnegie Institution of Washington Year Book  No. 47, 1947-1948: 155–169.  

1949 *McClintock, B. 1949.  Mutable loci in maize: The mechanism of transposition of the Ds locus. The or-
igin of Ac-controlled mutable loci. Transposition of the Ac locus. The action of Ac on the mutable loci it 
controls. Mutable loci c m-2 and wx m-1. Conclusions. Carnegie Institution of Washington Year Book No. 
48, 1948-1949: 142–154.

1950 Perspective: Transposable controlling elements step out onto the broader scientific stage. by Clifford 
Weil, Purdue University [see also Fedoroff  PNAS, 2012, 109(50): 20200-20203] 

 *McClintock, B. 1950a. The origin and behavior of mutable loci in maize. Proceedings of the Nation-
al Academy of Sciences. 36(6): 344–355.

 *McClintock, B. 1950b. Mutable loci in maize: Mode of detection of transpositions of Ds. Events oc-
curring at the Ds locus. The mechanism of transposition of Ds. Transposition and change in action of 
Ac. Consideration of the chromosome materials responsible for the origin and behavior of mutable loci. 
Carnegie Institution of Washington Year Book No. 49, 1949-1950: 157–167.

1951 *McClintock, Barbara. 1951a. Mutable loci in maize. Carnegie Institution of Washington Year Book No. 
50, 1950-1951: 174–181.

 Perspective: forthcoming

 *McClintock, B. 1951b [©1952]. Chromosome organization and genic expression. Pgs. 13–47.  In: Genes 
and Mutations. Cold Spring Harbor Symposia on Quantitative Biology, Volume XVI.   Katherine Brehme 
Warren (ed.), The Biological Laboratory, Cold Spring Harbor, Long Island, New York.

1952 *McClintock, B. 1952. Mutable loci in maize: Origins of instability at the A1 and A2 loci. Instability of 
Sh1 action induced by Ds. Summary. Carnegie Institution of Washington Year Book No. 51, 1951-1952: 
212–219.

1953 *McClintock, B. 1953a. Induction of instability at selected loci in maize. Genetics 38(6): 579–599.  

 Perspective: McClintock and epigeneitcs: changes in phase of transposition activity. by Nina V. Fedoroff, 
King Abdullah University of Science and Technology & Penn State University

 *McClintock, B. 1953b.  Mutations in maize: Origin of the mutants. Change in action of genes lo-
cated to the right of Ds. Comparison between Sh1 mutants. Change in action of genes located to the 
left of Ds. Meiotic segregation and mutation. Carnegie Institution of Washington Year Book No. 52, 
1952-1953: 227–237.

1954 *McClintock, B. 1954. Mutations in maize and chromosomal aberrations in Neurospora: Mutations in 
maize. Carnegie Institution of Washington Year Book No. 53, 1953-1954: 254-260.

1955 McClintock, B. 1955a. Carnegie Institution of Washington, Department of Genetics, Cold Spring Har-
bor, Long Island, N.Y. 1. Spread of mutational change along the chromosome. 2. A case of Ac-induced 
instability at the bronze locus in chromosome 9. 3. Transposition sequences of Ac. 4. A suppressor-muta-
tor system of control of gene action and mutational change. 5. System responsible for mutations at a1m-2. 
Maize Genetics Cooperation News Letter 29: 9–13. 

 *McClintock, B. 1955b. Controlled mutation in maize: The a1m-1-Spm system of control of gene action 
and mutation. Continued studies of the mode of operation of the controlling elements Ds and Ac. Carne-
gie Institution of Washington Year Book No. 54, 1954-1955: 245–255.

1956 *McClintock, B. 1956a. Intranuclear  systems controlling gene action and mutation. p. 58–74. In: Mu-
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tation, Brookhaven Symposia in Biology, No. 8. Biology Department, Brookhaven National Laboratory, 
Upton, NY. [R.C. King, Symposium Chairman.]

 McClintock, B. 1956b. Carnegie Institution of Washington, Department of Genetics, Cold Spring Har-
bor, Long Island, N.Y. 1. Further study of the a1m-1-Spm system. 2. Further study of Ac control of muta-
tion at the bronze locus in chromosome 9. 3. Degree of spread of mutation along the chromosome in-
duced by Ds. 4. Studies of instability of chromosome behavior of components of a modified chromosome 
9. Maize Genetics Cooperation News Letter 30: 12–20. 

 *McClintock, B. 1956c.  Mutation in maize: Ac control of mutation at the bronze locus in a1m-1-Spm 
system of control of gene action. Changes in chromosome organization and gene expression produced by 
a structurally modified chromosome 9. Carnegie Institution of Washington Year Book No. 55, 1955-1956: 
323–332.

 Perspective: forthcoming

 *McClintock, B. 1956d [© 1957]. Controlling elements and the gene. Pp. 197–216. In: Genetic Mecha-
nisms: Structure and Function, Cold Spring Harbor Symposia on Quantitative Biology, Volume XXI. K. B. 
Warren (ed.), The Biological Laboratory, Cold Spring Harbor, Long Island, New York.

1957 McClintock, B. 1957a. Carnegie Institution of Washington, Department of Genetics, Cold Spring Har-
bor, Long Island, N.Y. 1. Continued study of stability of location of Spm. 2. Continued study of a struc-
turally modified chromosome 9. Maize Genetics Cooperation News Letter 31: 31–39. 

 *McClintock, B. 1957b. Genetic and cytological studies of maize: Types of Spm elements.  A modifier 
element within the Spm system.  The relation between a1m-1 and a1m-2. Aberrant behavior of a fragment 
chromosome. Carnegie Institution of Washington Year Book 56, 1956-1957: 393–401.

1958 *McClintock, B. 1958. The suppressor mutator system of control of gene action in maize: The mode of 
operation of the Spm element. A modifier element in the a1m-1-Spm system. Continued investigation of 
transposition of Spm. Carnegie Institution of Washington Year Book 57, 1957-1958: 415–429.

1959 *McClintock, B. 1959. Genetic and cytological studies of maize: Further studies of the Spm system. Car-
negie Institution of Washington Year Book 58, 1958-1959: 452–456.

1961 Perspective: Comparative studies relevant to transposon function in plant development. by Allan M. 
Campbell, Stanford University

 *McClintock, B. 1961a. Some parallels between gene control systems in maize and in bacteria. 
American Naturalist XCV(884): 265–277.

 *McClintock, B. 1961b. Further studies of the suppressor-mutator system of control of gene action in 
maize: Control of a1m-2 by the Spm system. A third inception of control of gene action at the A1 locus 
by the Spm system. Control of gene action at the locus of Wx by the Spm system. Control of reversals in 
Spm activity phase. Nonrandom selection of genes coming under the control of the Spm system. Carnegie 
Institution of Washington Year Book 60, 1960-1961: 469–476.

1962 *McClintock, B. 1962. Topographical relations between elements of control systems in maize: Origin 
from a1m-5 of a two-element control system. Analysis of a1m-2. The derivatives of bz m-2. Carnegie Insti-
tution of Washington Year Book, 1961-1962: 448–461.

1963 *McClintock, B. 1963. Further studies of gene-control systems in maize: Modified states of a1m-2. Ex-
tension of Spm control of gene action. Further studies of topographical relations of elements of a control 
system. Carnegie Institution of Washington Year Book 62, 1962-1963: 486–493.

1964 *McClintock, B. 1964. Aspects of gene regulation in maize: Parameter of regulation of gene action by 
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the Spm system. Cyclical change in phase of activity of Ac (Activator). Carnegie Institution of Washington 
Year Book 63, 1963-1964: 592–601, plus 2 plates and 2 plate legends.

1965 McClintock, B. 1965a. Department of Genetics, Carnegie Institution of Washington, Cold Spring Har-
bor, N.Y.: 1. Restoration of A1 gene action by crossing over. Maize Genetics Cooperation News Letter 39: 
42–[45].  

 McClintock, B. 1965b. Department of Genetics, Carnegie Institution of Washington, Cold Spring Har-
bor, N.Y.: 2. Attempts to separate Ds from neighboring gene loci. Maize Genetics Cooperation News Letter 
39: [45]–51.   

 *McClintock, B. 1965c. Components of action of the regulators Spm and Ac: The component of Spm 
responsible for preset patterns of gene expression. Transmission of the preset pattern. Components of 
action of Ac. Carnegie Institution of Washington Year Book 64, 1964-1965: 527–534, plus 2 plates and 2 
figure legends.

 *McClintock, B. 1965d. The control of gene action in maize. Pp. 162–184. In: Genetic Control of Differen-
tiation, Brookhaven Symposia in Biology: No. 18. Biology Department, Brookhaven National Laboratory, 
Upton, N.Y. [H. H. Smith Chairman of Symposium Committee.]

1967 *McClintock, B. 1967.  Regulation of pattern of gene expression by controlling elements in maize: Pig-
ment distribution in parts of the ear. Pigment distribution in the pericarp layer of the kernel. Presetting 
of the controlling element at the locus of c2m-2. Inheritance of modified pigmentation patterns. Carnegie 
Institution of Washington Year Book 65, 1965-1966: 568–576, plus 2 plates and 2 plate legends.

1968 *McClintock, B. 1968a. The states of a gene locus in maize: The states of a1m-1. The states of a1m-2. Car-
negie Institution of Washington Year Book 66, 1966-1967: 20–28, plus 2 plates and 2 plate  legends.

 *McClintock, B. 1968b. Genetic systems regulating gene expression during development. In: Control 
Mechanisms in Developmental Processes, II. The Role of the Nucleus. Michael  Locke, ed. The 26th Sympo-
sium of the Society for Developmental Biology (June 1967) [La  Jolla, CA, USA]. Developmental Biology, 
Supplement 1: 84–112. Academic Press. New York.

1971 *McClintock, B. 1971.  The contribution of one component of a control system to versatility of gene 
expression: Relation of dose of Spm to pattern of pigmentation with the class II state of a2m-1. Distinctive 
phenotypes associated with activation of an inactive Spm. An example of versatility of control of gene 
expression associated with component-2 of Spm. Carnegie Institution of Washington Year Book 70, 1970-
1971: 5–17.

1978 Perspective: forthcoming

 *McClintock, B. 1978b. Development of the maize endosperm as revealed by clones. Pp. 217–237. In: The 
Clonal Basis of Development. Stephen Subtelny and Ian M. Sussex eds. The 36th Symposium of the Soci-
ety for Developmental Biology (June 1977) [Raleigh, North Carolina, USA]. Academic Press, Inc., New 
York. 

 *McClintock, B. 1978c. Mechanisms that rapidly reorganize the genome. Stadler Genetics Symposia, vol. 
10, pp. 25–48. University of Missouri, Agricultural Experiment Station, Columbia, Missouri. 

1980 *McClintock, B. 1980. Modified gene expressions induced by transposable elements. In: Mobilization and 
Reassembly of Genetic Information. Proceedings of the Miami Winter Symposium. W. A. Scott, R. Werner, 
D. R. Joseph, and Julius Schultz eds. Miami Winter Symposium 17: 11–19. Academic Press, Inc. New York. 

1984 Perspective: The special character of McClintock’s Nobel Prize address. by James A. Shapiro, University 
of Chicago
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  (McClintock, B. 1983. [ABSTRACT]. Trauma as a means of initiating change in genome organiza-
tion and expression. In vitro 19(3, Part II) [March 1983]: 283–284.)

 *McClintock, B. 1984a [Nobel lecture]. The significance of responses of the genome to challenge.  
Science 226(4676): 792-801.

 McClintock, B. 1984b. The significance of responses of the genome to challenge. Pp. 174– 193. Les 
Prix Nobel 1983.

 McClintock, B. 1993. The significance of responses of the genome to challenge. Pp. 180–199. In: 
Tore Frangsmyr and Jan Lindsten, eds. Nobel Lectures in Physiology or Medicine 1981–1990. World 
Scientific Pub. Co., Singapore, for the Nobel Foundation. 

1987 McClintock, B. 1987b. Introduction. Pp. vii-xi. In: The Discovery and Characterization of Transposable 
Elements. The Collected Papers of Barbara McClintock. Genes Cells and Organisms; Great Books in Experi-
mental Biology, J.A. Moore, series editor, Garland Publishing Co. New York.

Part IV:  ORIGIN AND DIVERSITY OF MAIZE IN THE AMERICAS (1957-1981)

 Moreno, U., A. Grobman, and B. McClintock. 1959. Escuela Nacional de Agricultura, La Molina, Lima, 
Peru: 5. Study of chromosome morphology of races of maize in Peru. Maize Genetics Cooperation News 
Letter 33: 27–28.

 *McClintock, B. 1959.  Genetic and cytological studies of maize: Chromosome constitutions of some 
South American races of maize. Carnegie Institution of Washington Year Book 58, 1958-1959: 452–456.

 *McClintock, B. 1960.  Chromosome constitutions of Mexican and Guatemalan Races of Maize: General 
Conclusions. Carnegie Institution of Washington Year Book 59, 1959-1960: 461–472.

 Perspective: Barbara McClintock’s Cytogenetic Studies of Chromosome Constitutions of Races of Maize 
in the Americas. by David B. Walden,  The University of Western Ontario

 McClintock, B. 1978a. Significance of chromosome constitutions in tracing the origin and migra-
tion of races of maize in the Americas. Chapter 11, pp. 159–184. In: Maize Breeding and Genetics, 
David B. Walden ed., John Wiley and Sons, Inc., New York.   

 Perspective: Significance of McClintock’s pattern concept in the analysis of chromosome knob distribu-
tion in the races of maize. by T. Angel Kato Y, Colegio de Postgraduados, Montecillo, Mexico

 McClintock, B., T. Angel Kato Y. and Almiro Blumenschein. 1981. Chromosome Constitution of 
Races of Maize. Its Significance in the Interpretation of Relationships Between Races and Varieties 
in the Americas. Colegio de Postgraduados, Escuela Nacional de Agricultura, Chapingo, Edo. Monte-
cillo, Mexico. xxxi, 517 pp.

 Perspective/Book Revew: McClintock et al. Chromosome Constitution of Races of Maize. Its Sig-
nificance in the Interpretation of Relationships Between Races and Varieties in the Americas [1981].  
Theoretical and Applied Genetics 67(2-3): 130 (1983). by David H. Timothy

Part V:  CYTOGENETIC STUDIES OF Neurospora crassa (1945-1954)

 *McClintock, B. 1945a. Preliminary studies of the chromosomes of the fungus Neurospora crassa. Carn-
egie Institution of Washington Year Book No. 4: 108–112.
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 McClintock, B. 1945b. Neurospora. I. Preliminary observations of the chromosomes of Neurospora cras-
sa. American Journal of Botany 32(10): 671–678. 

 *McClintock, B. 1947 [1 July 1946–30 June 1947]. Cytogenetic studies of maize and Neurospora: Contin-
uation of studies of the chromosomes of Neurospora crassa. Carnegie Institution of Washington Year Book 
No. 46, 1946-1947: 146–152.

 *McClintock, B. 1954. Mutations in maize and chromosomal aberrations in Neurospora: Chromosome 
aberrations in Neurospora. Carnegie Institution of Washington Year Book No. 53, 1953-1954: 254-260.

 *Reprinted in McClintock 1987a. The articles in the issues of the Carnegie Institution of Washington Year Book may be 
viewed online or downloaded: 
http://carnegiescience.edu/carnegie_institution_year_books_numbers_1_through_99_years_1903_through_2001

 Note: The webpage title (Carnegie Institution Year Books Numbers 1 through 99, years 1902 through 2000) differs slightly.

APPENDICES (Volumes I and II)
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 A-2. Contributors Biographical Sketches  [App.3]

 B.  Manuscript Reviewers  [App.6]
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Foreword
Mark E. Sorrells

I had the good fortune to meet Dr. Barbara McClintock at the 75th anniversary of the Department of Plant Breeding 
and Genetics and the Synapsis Club reunion (1982).  I first became acquainted with Dr. Lee B. Kass in the mid-
2000s while we were planning the centennial celebration for the Cornell Plant Breeding Department.  At that time, 
Dr. Kass was working with Dr. Royse P. Murphy on compiling the history of our department, founded in 1907.  
Their book1 called “Evolution of Plant Breeding at Cornell University” was completed and released to mark this 
milestone.  Through this interaction, I came to appreciate the fact that Dr. Kass is the foremost authority on the life 
and work of Dr. Barbara McClintock. Dr. Kass has published four book chapters, six invited articles, and 12 articles 
in various other publications about the life and work of McClintock in preparation for her forthcoming intellectual 
biography, “From Chromosomes to Mobile DNA: The life and work of Nobel Laureate Barbara McClintock.”  
In addition, her training with Cornell’s Botany faculty, strong affiliation with Cornell’s Plant Breeding faculty, 
and over 30 years of teaching botany and genetics has eminently qualified her for this project.  This companion 
volume “Perspectives on Nobel Laureate Barbara McClintock’s publications (1926-1984),” is a compilation of 
summaries and analyses of McClintock’s early work by experts familiar with her field of research.  Consequently, 
this volume serves to provide unique perspectives that will complement Dr. Kass’ forthcoming book and highlight 
Dr. McClintock’s extraordinary talents as a scientist.  

It has been nearly 30 years since McClintock was awarded the Nobel Prize for “her discovery of mobile genetic 
elements,” and nearly 90 years since her first publication.  What can we learn by analyzing the published works of 
brilliant scientists?  McClintock’s thinking was clearly decades ahead of her time, and perhaps we can gain some 
insight that would influence our own investigations.  Was her genius simply dedication and hard work, or did she 
have a unique way of thinking or approaching her work?  In his analysis, Shapiro points out that our knowledge of 
molecular mechanisms of sensing, regulation, DNA repair, and mobile genetic elements has grown tremendously, 
and yet molecular biology research is bringing us ever closer to McClintock’s cognitive view.  These perspective 
analyses lead one to appreciate that McClintock understood much more about cell biology than just the basic ideas 
of chromosome mechanics and transposition.  As early as 1929, McClintock described genome damage and made 
the observation that the chromatin had the ability to reorganize in some of the cells suggesting that they can sense 
and repair genome damage.  As Phillips points out in his review of her 1930 paper on reciprocal translocations, 
McClintock’s genius probably allowed her to recognize the importance of chromosome landmarks such as knobs, 
and helped to guide her to important conclusions.  Dr. Wayne reviewed her 1929 paper, where she described the 
morphology of the 10 chromosomes of maize applying her knowledge of chromosome landmarks.  Once she was 
able to identify which chromosome appeared in triplicate in the cells of trisomic plants she could assign traits to 
a chromosome. In her 1932 paper, she took the mapping of traits a step further by using Stadler’s X-ray mutated 
corn plants that had a ring-shaped chromosome.  But probably the most elegant application of her knowledge of 
chromosome morphology was in the 1931 paper by Creighton and McClintock, where they showed for the first 
time that exchange between genes was accompanied by exchange of physical parts of chromosomes. Coe and Kass 
(2005) published a fascinating analysis of that work that has been lauded as one of the great experiments in biology.

Perspectives on Nobel Laureate Barbara McClintock’s publications (1926-1984), is indeed a novel compilation 
of perspectives of leading scientists decades later on the many discoveries of Barbara McClintock.  These new 
perspectives, along with Kass’ forthcoming biography of McClintock, will provide readers with valuable insights 
and interpretations of McClintock’s approach to genetics, offer an appreciation for the primitive state of that field 
in the early years, and reveal her unique approach to research.

1 http://ecommons.library.cornell.edu/handle/1813/23087
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Preface

This collection of papers and perspectives on the publications of Nobel Laureate Barbara McClintock emerged 
while I was preparing my forthcoming intellectual biography of McClintock’s life and work (Kass & Provine 
1997a, Kass 2003).  While reading McClintock’s primary papers, I recognized that many secondary sources did 
not provide an accurate representation of her scientific contributions (Kass 2002, Kass 2004, Kass 2005, Kass 
& Bonneuil 2004, Coe & Kass 2005a).  I soon realized that starting at the beginning of her scientific career was 
essential for an understanding of her insights and an appreciation of McClintock’s unconventional approach to 
research. 

History of Science Professor William B. Provine provided reprints of McClintock’s publications.  Many of these 
reprints originally belonged to her major professor, Lester W. Sharp, and are included here.  In this volume readers 
will also gain access to McClintock’s early research reports, first published in the Maize Genetics Cooperation 
Newsletter (MNL).  This cooperative publication was founded at Cornell in 1929 by R.A. Emerson, head of the 
Department of Plant Breeding (Kass & Bonneuil 2004; Coe & Kass 2005b, Kass et al. 2005, Murphy & Kass 2007, 
2011), and continues publication to this day. I published my first annotated list of McClintock’s publications in the 
MNL (Kass 1999a), and offer here an updated and expanded account (Kass this volume, Table I).  

Barbara McClintock was recognized by her scientific peers in Plant Biology and Genetics years before she had 
won the 1983 Nobel Prize for her discovery of “mobile genetic elements” and became a public figure (Fedoroff & 
Botstein 1992, Kass & Bonneuil 2004, Kass & Chomet 2009).  As a graduate student at Cornell University in the 
early 1970s, I observed first-hand how McClintock had long been honored and revered by faculty, students and 
staff (Kass 2003, Murphy & Kass 2007, 2011). 

McClintock was a Cornell University A.D. White Professor-at-Large (1965-1974; Cornell 2013a,b), when I first met 
her in the spring of 1972.  She was hosted by the department where I was a graduate student, and where years before 
she had received her undergraduate and graduate degrees.  Perhaps because I was a first year graduate student and 
did not know of her reputation for intimidation, I accepted the invitation (extended to all graduate students) to 
meet with her to discuss my research. I was quite impressed with her depth of knowledge in my subject area of 
plant chloroplast development.  As we talked, we drew pictures together on the blackboard and talked about the 
recent literature in this field.  She asked me about a paper recently published on the subject. When I said I had not 
read it she stopped talking and looked at me.  “Come back after you have read the paper,” I recall her saying, “and 
we will continue the conversation.”  So that is exactly what I did.  

Years later, when I told this story to Harry Stinson, the former head of our Section of Genetics, Development and 
Physiology, and who had hosted McClintock’s visits to Cornell, he responded that this was an example of her 
daunting personality.  I, however, felt no threat, but was grateful for her lead to the literature, which I eventually 
cited in my doctoral dissertation.  Perhaps because we both grew up in Brooklyn, or because I was just too naive 
to know better, I truly enjoyed talking with Barbara McClintock about my research, attending her seminars, and 
especially joining her for dinner and beer, with my graduate student colleagues at local restaurants or in our 
homes.   She taught us to be open minded, well informed, and to think independently -- A great legacy for a great 
mind.

In 1976, following McClintock’s visiting professorship at Cornell University (1965-1974), Professor Provine 
interviewed McClintock about her life and work. In 1980, Provine and Paul Sisco, then a graduate student in 
Cornell’s Department of Plant Breeding, interviewed McClintock again at her laboratory at Cold Spring Harbor, 
with the goal of writing about her early career at Cornell.  Their project was supplanted by other commitments, 
and subsequently Provine invited me to take responsibility for this task.  We secured funding from the National 
Science Foundation to support and expand the research for this project (Kass & Provine 1997a).  Provine shared 
his McClintock interviews with me, and in 1999 the interviews became available to scholars at the Division of Rare 
and Manuscript Collections, Cornell University (Kass & Provine 1999; Kass 2003). Using the conversations as a 
guide, I searched for period documents to place in historical perspective the many reminiscences, recollections, and 
stories told by and about McClintock. This research led me to read McClintock’s primary papers, and determine 
that her seminal papers were crucial to an understanding of her later discoveries (Kass & Provine 1997b; Kass 
1999b, 2000, 2002, 2003; Coe & Kass 2005a).
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My own interviews with McClintock’s colleagues and friends, along with teaching her work in my genetics 
and biology courses at the college level, gave me an appreciation of McClintock’s early contributions. I quickly 
recognized that her early papers were not all readily available.  It also inspired me to invite my colleagues to share 
their knowledge and understanding of McClintock’s primary papers with others by contributing perspectives on 
one or more of McClintock’s publications.  

This book is a work in progress (an Incremental Book).1  The goal is to have perspectives (summaries and analyses) 
for all of McClintock’s published papers. The e-book format permits perspectives to be posted after they have been 
reviewed and revised as needed.  Authors whose perspectives are currently in revision are listed as “forthcoming.” 
If one of the publications currently has no accompanying perspective, it may be available at a later date. 

Lee B. Kass
20 September 2013
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Introduction 
Barbara McClintock’s Nobel Laureate lecture (McClintock 1984) described significant early investigations that 
were basic to an understanding of her discovery of “mobile genetic elements” (controlling elements, transposable 
elements, transposons) in maize, for which she received the Prize in 1983.   McClintock’s publications relevant 
to her Nobel Prize-winning work were collected and reprinted in The Discovery and Characterization of 
Transposable Elements [The Collected Papers of Barbara McClintock] for the Great Books in Experimental Biology 
Series (McClintock 1987a). The reprinted papers begin in 1938, yet McClintock had published major contributions 
to cytology and genetics between 1926 and 1938 (See Kass this volume, Table I) that proved important to her most 
renowned work.

McClintock’s (1987b) introductory remarks to the anthology offered brief commentary on the significance of 
each contribution to her discovery of transposable elements.  She also mentioned earlier studies that “proved to be 
highly significant for later studies” (p. vii), but the relevant papers are not reprinted.  Included in that collection 
is a “numbered list” (p. xiii-xv) of McClintock’s published papers beginning with the earliest study (Randolph & 
McClintock 1926).  Kass and Chomet (2009) recently expanded the list, based on Kass’ (1999) initial findings, and 
an update appears here (Kass this volume, Table I).  

Previous anthologies of classical papers in genetics or biology have reprinted excerpts of McClintock’s work (Gabriel 
& Fogel 1955, Peters 1959).  Some offered brief remarks and limited analysis, yet omitted details that might have 
fostered a complete understanding of the work.  Others provided much commentary, but only reproduced sections 
of her papers (Phillips & Burnham 1977).  A Festschrift published for McClintock’s 90th birthday by her friends 
and colleagues Nina Fedoroff and David Botstein (1992) also reprinted a limited number of her ground-breaking 
papers, and offered an excellent and informative review of the discovery of “Maize Transposable Elements” 
(Fedoroff 1992).  The editors recognized that, “The influence of her early work is greater than that of any of her 
peers… Had she done no more, McClintock would have become a major figure in the history of genetics” (Fedoroff 
& Botstein 1992, p. 1; Kass 2003).

McClintock’s research builds on work she began in the 1920s, and the only way to understand how she arrived 
at her conclusions is to start at the beginning. This Companion Volume includes reproductions of McClintock’s 
earliest publications and abstracts, and her investigations on Neurospora and Races of Maize in Latin America, 
with accompanying “perspectives” (summaries and analyses) preceding individual articles or sets of papers.  It 
also provides perspectives on papers previously reprinted (McClintock 1987a), without reprinting them here (See 
Kass this volume, Table I. Online links to the Carnegie Institution Year Books Numbers 1 through 99, years 1902 
through 2000 are provided.)

The contributors of “Perspectives” essays are maize cytogeneticists or geneticists, experts in the field, who have 
taught the work or have cited it in their research.  They were asked to write on the subject as if they were teaching 
it to a college class, summarizing the main points of the paper and giving an analysis of its importance.  Many 
analyses include discussions of the impact of the paper on future work.  They also try to clarify any genetic jargon 
or techniques that the reader may have difficulty understanding.  

One goal of this work is to assist those who are hesitant to use McClintock’s primary papers for teaching. Many 
summaries and reviews of McClintock’s papers found in the published literature misrepresent work that she 
actually reported in her early papers (see Kass & Chomet 2009). I anticipate that these collections will clarify 
many of those inaccuracies, which apparently stem from authors (often non-scientists and even science text-book 
authors) relying on the literature without having read the primary papers.

With the publication of this work, all of McClintock’s published papers are now collected. The McClintock 
anthology, published previously (1987a), focused on papers relevant to Mobile Genetic Elements (1938-1984).  My 
two volume collection reprints her earlier papers beginning in 1926 through 1938, and demonstrates their influence 
on her later work. We also reprint McClintock’s articles on the evolution of corn in the Americas (1957-1981), and 
her cytogenetic studies of the red bread mold Neurospora (1945-1954). We offer web-links to McClintock’s papers 
not reprinted in this two volume collection.  Additionally, we present accompanying perspectives on many of her 
contributions. As a result of this effort, all but six of McClintock’s publications are now freely available online.
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Barbara McClintock: Life & Work*
by Lee B. Kass, Visiting Professor, Cornell University
*modified from Kass 2007b

Barbara McClintock (1902-1992), one of the foremost women scientists in 20th century America, is most noted 
for her pioneering research on transposable elements in maize.  For this work she was awarded the Nobel Prize 
in Physiology or Medicine in 1983.  She was the third woman to receive an unshared Nobel Prize in the sciences.

In this volume we focus on (and reprint) McClintock’s early contributions to plant genetics, which have often 
been overshadowed by her Nobel Prize-winning discovery.  In the Dynamic Genome, a gift to McClintock on her 
ninetieth birthday, Nina Fedoroff commended McClintock’s early achievements: “The Influence of her early work 
is greater than that of any of her peers ... .  Had she done no more, McClintock would have become a major figure 
in the history of genetics.”

Born in Hartford, Connecticut, on June 16, 1902, Barbara McClintock was raised in Brooklyn, New York.  After 
graduating from Erasmus Hall High School, she entered Cornell University at age 17, and in 1923 earned a B.S. in 
agriculture, concentrating in plant breeding and botany.  She received both her master’s (1925) and doctoral degrees 
(1927) from Cornell’s College of Agriculture.  She majored in cytology with Lester W. Sharp in the Department of 
Botany, and minored in genetics and zoology with Allan C. Fraser and Hugh D. Reed in the Departments of Plant 
Breeding and Zoology, respectively.  As a graduate student, McClintock was a research and teaching assistant in 
the Department of Botany, Cornell University, College of Agriculture.  During these years, Sharp referred both 
botany and plant breeding graduate students and post-doctoral researchers to her.  Most notable were George 
Beadle (Ph.D. 1930), who learned cytology from McClintock, and went on to head the biology division at Caltech 
and win a Nobel Prize (1958); and L. J. Stadler (NRC Fellow 1926), later elected to the National Academy of 
Sciences.

McClintock’s career as one of the most prominent geneticists of the 20th century was launched while she was at 
Cornell.  Upon receiving her doctorate, McClintock was made an Instructor.  At that time, this appointment was 
the first step leading to tenure at colleges and universities like Cornell.  Jobs in academia were scarce during the 
Depression, and jobs for women were limited.  While employed at Cornell, Instructor McClintock continued to 
mentor and collaborate with graduate students.  She befriended graduate student Marcus Rhoades (Ph.D. 1932), 
who also rose to preeminence in genetics and was McClintock’s lifetime supporter.  From 1927 to 1931, she taught 
undergraduate and graduate courses in Cornell’s Department of Botany.

In early 1929, McClintock published her Ph.D. dissertation in Genetics, the foremost journal in the field.  Within 
two years, she had published six other articles in major journals, all of which made important contributions to the 
newly emerging field of plant cytogenetics, and furthered the world’s knowledge about the location of genes on 
chromosomes.  McClintock collaborated with students on the most notable of these investigations.

Instructor McClintock gave graduate students Henry Hill and Harriet Creighton two important projects for their 
thesis research, and co-authored these pioneering contributions with them.  The first was a method to connect 
chromosomes with linkage groups in corn (McClintock & Hill 1931) and the second was the cytological proof for 
crossing over (McClintock 1931, Creighton & McClintock 1931).  Creighton and McClintock’s significant study 
gave further confirmation to T. H. Morgan’s chromosome theory of inheritance, for which he won a Nobel Prize 
in 1933.  These collaborative projects were based on important work that McClintock had pioneered: identification 
of corn’s ten chromosomes at mitosis (and later at meiotic pachytene stage), confirmation of Belling’s translocation 
hypothesis, and the sequence of the genes in chromosome 9.  Creighton (Ph.D. 1933) became head of Botany at 
Wellesley College and President of the Botanical Society of America in 1956.

From 1931 through 1934, sponsored by two National Research Council Fellowships, and a prestigious Guggenheim 
Fellowship, McClintock traveled to a series of important research institutions across the U.S., Germany, and back 
to Cornell, where she worked in the Department of Plant Breeding as an assistant to R. A. Emerson, head of the 
department.  There, she conducted research, funded by the Rockefeller Foundation, which would provide insights 
to an understanding of variegation, and would eventually lead to her Nobel award-winning investigations.
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In 1936, McClintock accepted an appointment as Assistant Professor of Botany at the University of Missouri to join 
L. J. Stadler’s genetics research group.  Upon learning that the research unit might be eliminated, and preferring 
research over teaching, McClintock requested a leave of absence from Missouri in 1941 to seek employment 
elsewhere.  In 1943, she accepted a position as a permanent staff member of the Carnegie Institution of Washington’s 
Department of Genetics at Cold Spring Harbor on Long Island, New York.  It was there, continuing work she began 
at Cornell and at Missouri, that she discovered “mobile genetic elements” in corn, for which she was awarded the 
Nobel Prize in Medicine or Physiology in 1983.  She remained at Cold Spring Harbor for the duration of her career, 
accepting only short term appointments at national and international institutions elsewhere.

McClintock achieved considerable recognition within her lifetime.  In 1944, prior to her most celebrated work, 
she was elected to the National Academy of Sciences, the third woman so honored.  McClintock also became the 
first woman elected Vice President (1939) and President (1945) of the Genetics Society of America.  By 1947, she 
received the Achievement Award from the American Association of University Women.

But it is for McClintock’s work with maize, beginning in the mid-1940s, her meticulous observations of the 
dynamism of the genome, her communications of her theory of genetic transposition — the idea that genes 
could spontaneously change their position on a chromosome — that reinforced her reputation as a pioneering 
geneticist, which was widely acknowledged in later years.  In 1957, the Botanical Society of America recognized 
her achievements with their esteemed Merit Award, and Cornell appointed her one of their first A.D. White 
Professor’s-at-Large in 1965 (renewed in 1971).

McClintock also won a number of prizes during her later career. A few months before she formally retired in 
1967, she received the Kimber Genetics Award from the National Academy of Sciences.  In that year, the Carnegie 
Institution of Washington appointed her a Distinguished Service Member, one of their highest honors, which made 
it possible to continue working at Cold Spring Harbor Laboratory.  During the 1970s she received the National 
Medal of Science (1970), the Lewis S. Rosensteil Award (1978), and the Louis and Bert Freedman Foundation 
Award (1978).  A few years before receiving the Nobel Prize, she was honored with many awards; more notable 
were the Thomas Hunt Morgan Medal, the Wolf Foundation Prize in Medicine, a shared Albert Lasker Basic 
Medical Research Award, and the first Prize Fellow Laureate of the MacArthur Foundation.

McClintock’s life as a scientist was not always easy.  Full appreciation of the implications of her work on mobile 
genetic elements, which challenged generally held beliefs that the chromosome had a stable structure, was not 
possible until molecular biologists found similar phenomena in bacteria and other organisms.  Her work continues 
to influence and inspire the field of transposons and genomic dynamics in plants.

As one of the early women scientists in this country, McClintock earned timely recognition for her pioneering 
achievements, gaining a star in American Men of Science by 1944.  Yet, as an aspiring young geneticist, she 
experienced injustice because of her gender.  Determined to succeed in her chosen field, and respected and helped 
by devoted colleagues, McClintock eventually found a position at an institution at Cold Spring Harbor that gave 
her the freedom to pursue her love of science and which, she said, “fit her personality rather well.”
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The Publications of Barbara McClintock: Updated 2013
by Lee B. Kass
12 September 2013

Here I present an updated, annotated list of the publications of Nobel Laureate Barbara McClintock (Table I).

I reported my first annotated list of Barbara McClintock’s publications in the Maize Genetics Cooperation 
Newsletter (Kass 1999). In collaboration with Paul Chomet, I modified that list for an invited book chapter (Kass 
& Chomet 2009) in the Handbook of Maize. Since then, additional McClintock publications have been brought to 
light (Kass 2009).

Notation: This updated list also identifies McClintock’s publications, including abstracts, which are reprinted in 
this Companion Volume; these are followed by ➀. Papers identified as relevant to the discovery and characterization 
of transposable elements were previously collected and published (McClintock, 1987); these are followed by 
➁. Citations to McClintock’s collected papers [previously cited as Moore, J. (ed.), 1987] are now cited here as 
McClintock (1987).

Thirteen reviews that McClintock contributed to Biological Abstracts between 1928 and 1957 are followed by ➂ in 
this updated and corrected annotated list of McClintock’s publications (Table I).

Many journal titles have changed over the years: Stain Technology is now Biotechnic & Histochemistry; Zeitschrift 
fur Zellforschung und mikroskopische Anatomie has undergone a number of name changes and is now Cell and 
Tissue Research; Maize Genetics Cooperation News Letter is now Maize Genetics Cooperation Newsletter; In Vitro 
is now In vitro Cellular & Developmental Biology – Plant; and Carnegie Institution of Washington Year Book is now 
Carnegie Institution for Science Year Book.
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Table I. Annotated Chronological List of
the Publications of Barbara McClintock [Updated 2013]

1. McClintock, Barbara. 1925. A Resume of Cytological Investigations of the Cereals with Particular Reference 
to Wheat. Ithaca, NY. 52 pp. plus 25 unnumbered pp. of tables and bibliographies. [Thesis, M. A. Cornell 
University. A literature review; no original research. Acknowledges Prof. L. W. Sharp.]

2. Randolph, L. F. and B. McClintock. 1926. Polyploidy in Zea mays L. American Naturalist LX(666) [Jan./Feb. 
1926, received — no date given]: 99–102. ➀1

3. McClintock, Barbara. 1927. A Cytological and Genetical Study of Triploid Maize. Cornell University, Ithaca, 
New York. 104 pp. plus 39 unnumbered pp. of tables, plates, and bibliographies. [Thesis, Ph.D. Acknowledges 
L. W. Sharp and A. C. Fraser.]

4. McClintock, B. 1927 [Abstract #] 2047. KISSER, J. On Kernschwarz and its serviceability for botanical 
purposes (Über Kernschwarz und seine Anwendungsmoglichkeit für botanische Zwecke). Zeitschr. Wiss. 
Mikrosk. 43(1): 116-119, 1926. Biological Abstracts, vol. 1. ➂1

5. McClintock, B. 1927. [Abstract #] 2052. NODA, KOI. The chromosomes of R[umex] scutatus (Über die 
Chromosomen von Rumex scutatus). Japanese Jour. Bot. 3(1): 21-24, 1926. Biological Abstracts, vol. 1. ➂

6. McClintock, B. 1928. [Abstract #] 106. SCHWEMMLE, J. The hybrid Oenothera berteriana X Onagra 
(muricata) and its cytology (Der Bastard Oenothera berteriana X Onagra (muricata) und seine Zytologie). 
Jahrb. Wiss. Bot. 66(4): 579-595, 1927. Biological Abstracts, vol. 2. ➂

7. McClintock, B. 1928. [Abstract #] 8915. LAIBACH, F. Artificial abortions in plants with respect to their 
importance for hybrid and hereditary investigation (Künstliche Frühgeburten bei Pflanzen in ihrer Bedeutung 
für die Bastard- und Vererbungsforschung. F. Laibach). Naturwissenschaften 15(34): 696-700, 1927. Biological 
Abstracts, vol. 2. ➂

8. Beadle, G. W. and Barbara McClintock. 1928. A genetic disturbance of meiosis in Zea mays. Science 68(1766) 
[2 November 1928, received – no date given]: 433. [This became George Beadle’s dissertation research project.] 
➀

9. McClintock, Barbara. 1929a. A cytological and genetical study of triploid maize. Genetics 14(2) [11 March 
1929, received 11 July 1928]: 180–222. [Publication of 1927 Ph.D. thesis. Genetics was issued bimonthly (every 
two months) at this time.] ➀

10. McClintock, Barbara. 1929b. A method for making aceto-carmin[e] smears permanent. Stain Technology 
IV(2) [April 1929, received - no date given]: 53–56. [In this publication carmine is spelled “carmin” in the title, 
throughout the text, and in the citation to Belling 1926.] ➀

11. McClintock, Barbara. 1929c. A 2N-1 chromosomal chimera in maize. Journal of Heredity XX(5) [May 1929, 
received - no date given]: 218. [McClintock annotated the reprint she sent to T. H. Morgan indicating that 
only one photograph was intended to be published. She apparently submitted two exposures with the intent 
that the best one would be printed. The citation to Blakeslee and Belling Science, 55, should be 60 (LX), not 
55, and the year of publication, 1924, was omitted.] ➀

12. McClintock, Barbara. 1929d. Chromosome morphology in Zea mays. Science 69(1798) [14 June 1929, 
submitted - no date given]: 629. [The first published ideogram of Zea chromosomes. The chromosomes were 
identified in the “first division in the microspore” (Mitosis) not at pachytene of Meiosis I as described by some 
text book authors. In the citation for McClintock Genetics, 14, the year, 1929, was omitted.] ➀

13. McClintock, Barbara and Henry E. Hill. 1929. [ABSTRACT #32]. The cytological identification of the 
chromosomes associated with the ‘R-golden’ and ‘B-liguleless’ linkage groups in Zea mays. Anatomical Record 
44(3) [25 December 1929]: 291. [The paper was “to be read by title” at the Joint Genetics Sections of the 
American Society of Zoologists and the Botanical Society of America, held with the AAAS, Des Moines, and 

1 The notations ➀ and ➂ are explained at the begining of this list of publications.
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Ames, Iowa, December 1929 – January 1930. Resulting manuscript submitted March 1930, and published one 
year later in Genetics 16: 175–190, March 1931. See McClintock 1933a (p.209) for correction of B-lg linkage 
group association with Chromosome 2 not Chromosome 4.] ➀

14. McClintock, Barbara. 1930a. A cytological demonstration of the location of an interchange between two non-
homologous chromosomes of Zea mays. Proceedings of the National Academy of Sciences 16(12) [15 December 
1930, communicated 6 November 1930]: 791–796. ➀

15. McClintock, Barbara. 1930b. [ABSTRACT #9]. A cytological demonstration of the location of an interchange 
between two non-homologous chromosomes of Zea mays. Anatomical Record 47(3) [25 December 1930]: 380. 
[Paper presented on 30 December 1930, at the Joint Genetics Sections of the American Society of Zoologists 
and the Botanical Society of America, held with the AAAS, Cleveland, Ohio, December 1930 - January 1931. 
Two weeks prior to these meetings, the results were published in PNAS 16(12): 791–796, December 1930.] ➀

16. McClintock, Barbara and Henry E. Hill. 1931. The cytological identification of the chromosome associated 
with the R-G linkage group in Zea mays. Genetics 16(2) [16 March 1931, received 1 March 1930]: 175–190. ➀

17. McClintock, Barbara. 1931a. The order of the genes C, Sh, and Wx in Zea mays with reference to a cytologically 
known point in the chromosome. Proceedings of the National Academy of Sciences 17(8) [15 August 1931, 
communicated 7 July 1931]: 485–491. [Communicated the same date and issued as one reprint with Creighton 
and McClintock 1931. The results reported in McClintock 1931a are necessary for an understanding of 
Creighton & McClintock 1931, which follows directly in the Journal. These papers were intended to be 
read together. McClintock 1931a ends with the following statement: “It was desired to present briefly the 
evidence at this time, since it lends valuable support to the argument in the paper which follows.” Creighton 
& McClintock, 1931 state: “In the preceding paper it was shown that the knobbed chromosome carries the 
genes for colored aleurone” etc. Unfortunately the “preceding paper” (McClintock 1931a) is neither cited nor 
referenced.] ➀

18. Creighton, Harriet B. and Barbara McClintock. 1931. A correlation of cytological and genetical crossing-
over in Zea mays. Proceedings of the National Academy of Sciences 17(8) [15 August 1931, communicated 7 
July 1931]: 492–497. [Communicated the same date and issued as one reprint with McClintock 1931a; see 
annotation for McClintock 1931a.] ➀

19. McClintock, Barbara. 1931b. Cytological observations of deficiencies involving known genes, translocations 
and an inversion in Zea mays. Missouri Agricultural Experiment Station Research Bulletin 163 [December, 
authorized 23 December 1931]: 1–30. [McClintock NRC Fellow at Missouri and Cal Tech, investigation 
conducted at Missouri beginning June 1, 1931; L. J. Stadler suggested the problem and furnished all the 
material in the growing state.] ➀

20. McClintock, Barbara. 1932a [ABSTRACT]. Cytological observations in Zea on the intimate association 
of non-homologous parts of chromosomes in the mid-prophase of meiosis and its relation to diakinesis 
configurations. Proceedings of the International Congress of Genetics II [24–31 August 1932, preface dated 26 
July 1932]: 126–128. [McClintock NRC Fellow at Cal Tech with E. G. Anderson. This paper was presented 
at the 6th International Congress of Genetics as a Sectional Paper in the session titled “Cytology I, Saturday 
August 27.” McClintock presented paper number 6 of 11 papers. Resulting manuscript submitted in April 
1933 and published in ZZMA 19:191–237, September 1933.] ➀

21. Creighton, Harriet B. and Barbara McClintock. 1932, [EXHIBIT/ABSTRACT]. Cytological evidence for 
4-strand crossing over in Zea mays. Proceedings of the International Congress of Genetics II [24–31 August 
1932, preface dated 26 July 1932]: 392. [This was an exhibit that was part of the section on “General Cytology: 
Cytological Evidence Bearing on Crossing Over” in the “General Exhibits.” The section was organized by 
Ralph E. Cleland.] ➀

22. McClintock, Barbara. 1932b. A correlation of ring-shaped chromosomes with variegation in Zea mays. 
Proceedings of the National Academy of Sciences 18(12) [15 December 1932, communicated 2 November 1932]: 
677–681. [McClintock NRC Fellow at Missouri with L. J. Stadler; her address is given as U of Missouri; 
Contribution from Dept. of Field Crops, Missouri Agricultural Experiment Station, Journal Series No. 355.] 
➀
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23. McClintock, Barbara. 1933a. The association of non-homologous parts of chromosomes in the mid-prophase 
of meiosis in Zea mays, with 51 figures in the text and plates VII–XII. Zeitschrift für Zellforschung und 
mikroskopische Anatomie 19(2) [22 September 1933, received 21 April 1933]: 191–237. [McClintock NRC Fellow 
in the Biological Sciences, University of Missouri with L. J. Stadler and California Institute of Technology 
with E. G. Anderson; investigations conducted at Missouri and at Cal Tech.] ➀

24. McClintock, Barbara. 1933b. News Items from Ithaca: 11. Brown midrib1 (bm1) … . Maize Genetics Cooperation 
News Letter 4 [18 December 1933]: 2. ➀

25. McClintock, Barbara. 1933c. News Items from Ithaca: 12. A new narrow leafed character is linked with a1. 
Maize Genetics Cooperation News Letter 4 [18 December 1933]: 2. ➀

26. McClintock, B. 1933d. [Abstract #] 17720. IMAI, YOSHITAKA; TABUCHI, KIYOO. The relative loci of some 
genes in the variegated chromosome of Pharbitis nil. Zeitschr. Indukt. Abstamm. U. Vererbungsl. 58(1): 166-
168, 1931. Biological Abstracts, vol. 7 ➂

27. McClintock, Barbara. 1934a. The relation of a particular chromosomal element to the development of nucleoli 
in Zea mays with 21 figures in the text and plates VIII–XIV. Zeitschrift für Zellforschung und mikroskopische 
Anatomie 21(2) [23 June 1934, received 2 March 1934]: 294–328. [McClintock NRC Fellow in the Biological 
Sciences, California Institute of Technology with E. G. Anderson; investigation conducted at Cal Tech. Paper 
written while McClintock was a Guggenheim Fellow in Berlin and Freiburg, Germany and submitted just 
prior to leaving Germany.] ➀

28. McClintock, B. 1934b. [Abstract #] 7687. McCLINTOCK, BARBARA; HILL, HENRY E. The cytological 
identification of the chromosome associated with the R-G linkage group in Zea mays. Genetics 16(2): 175-190, 
1931. Biological Abstracts, vol. 8. [Biol. Ab. 8(4, April): 840, Cytology, Plant 1934]. ➂

29. McClintock, B. 1934c. [Abstract #] 12787. McCLINTOCK, BARBARA. The order of the genes C, Sh and Wx 
in Zea mays with reference to a cytologically known point in the chromosome. Proc. Natl. Acad. Sci. U.S.A. 
17(8): 485-491. [2 fig], 1931. Biological Abstracts, vol. 8. [Biol. Ab. 8(6, June/July), p. 1376, Cytology, Plant, 
1934]. ➂

30. McClintock, B. 1934d. [Abstract #] 64. FUKUSHIMA, EIJI. Formation of diploid and tetraploid gametes in 
Brassica. Jpn. J. Bot. 5(3): 273-283, 1931. Biological Abstracts, vol. 8. ➂

31. McClintock, B. 1934e. [Abstract #] 5174. KOZHUCHOW, Z. A. Über die Natur der Extrachromosomen bei 
Zea mays L. Zeitschr. Wiss. Biol. Abt. E Planta 19(1): 91-116, 1933. Biological Abstracts, vol. 8. ➂

32. Creighton, Harriet B. and Barbara McClintock. 1935. The correlation of cytological and genetical crossing-
over in Zea mays. A corroboration. Proceedings of the National Academy of Sciences 21(3) [15 March 1935, 
communicated 9 February 1935]: 148–150. [Written while McClintock was a research assistant in the 
Department of Plant Breeding, Cornell University (address Botany Department).] ➀

33. Rhoades, Marcus M. and Barbara McClintock. 1935. The cytogenetics of maize. Botanical Review. 1 (8) 
[August 1935, received - no date given]: 292–325. [Written while McClintock was a research assistant in the 
Department of Plant Breeding, Cornell University.] ➀

34. McClintock, B. 1936. [Abstract #] 20257. CHIZAKI, YOSHIWO. Another new haploid plant in Triticum 
monococcum L. Bot. Mag. [Tokyo]. 48(573): 621-628, 1934. Biological Abstracts, vol. 10. ➂

35. McClintock, Barbara. 1936a. Cornell University, Ithaca, N.Y. — 8. Mosaic plants in part heterozygous and in 
part homozygous for a chromosome 5 deficiency. Maize Genetics Cooperation News Letter 10 [4 March 1936]: 
5–6. ➀

36. McClintock, Barbara and Harriet Creighton. 1936. Cornell University, Ithaca, N.Y. — 9. Several inversions 
… chromosome 9 … and chromosome 4,… detected and isolated by Creighton and [McClintock]. Maize 
Genetics Cooperation News Letter 10 [4 March 1936]: 6. ➀
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37. McClintock, Barbara. 1936b. Cornell University, Ithaca, N.Y. — 10. Disjunction studies on interchanges show 
that sister spindle fiber regions do not separate in I, … . Maize Genetics Cooperation News Letter 10 [4 March 
1936]: 6. ➀

38. McClintock, Barbara. 1936c. [ABSTRACT PREPRINT] The production of maize plants mosaic for homozygous 
deficiencies: Simulation of the bm1 phenotype through loss of the Bm1 locus. Abstracts of papers presented at 
the December 29–31, 1936 meetings of the Genetics Society of America, Atlantic City, New Jersey; Preprinted 
from Genetics 22: 183–212 (McClintock’s abstract p. 200), 1937, In: Records of the Genetics Society of America, 
Number 5, 1936. [Paper delivered 29 December 1936.]

39. McClintock, Barbara. 1937a. [ABSTRACT] The production of maize plants mosaic for homozygous 
deficiencies: Simulation of the bm1 phenotype through loss of the Bm1 locus. [In: Abstracts of papers 
presented at the 1936 meetings of the Genetics Society of America, M. Demerec, Secretary.] Genetics 22(1) 
[January 1937, presented 29 December 1936]: 200. [Investigations funded by the Rockefeller Foundation and 
conducted in Department of Plant Breeding, Cornell University; McClintock’s address - Cornell University. 
In September 1936, McClintock left Cornell to begin her Assistant Professor appointment at U of Missouri. 
Results reported are part of a manuscript submitted February 1938 and published in Genetics 23: 315–376, 
July 1938. Note subheadings for sections V and VI in published paper are exactly the same as title of this 
abstract.] ➀

40. McClintock, Barbara. 1937b. [ABSTRACT PREPRINT] A method for detecting potential mutations of a 
specific chromosomal region. Abstracts of papers presented at the December 28–30, 1937 meetings of the 
Genetics Society of America, Indianapolis, Indiana. Preprinted from Genetics 23: 139–177 (McClintock’s 
abstract p. 159), 1938, In: Records of the Genetics Society of America, Number 6, 1937. [Demonstration Paper 
delivered 28 December 1937.]

41. McClintock, Barbara. 1938a. [ABSTRACT] A method for detecting potential mutations of a specific 
chromosomal region. [In Abstracts of papers presented at the 1937 meetings of the Genetics Society of 
America] Genetics 23(1) [January 1938, presented 28 December 1937]: 159. [McClintock Assistant Professor 
of Botany at U of Missouri; results reported here were based on investigations funded by the Rockefeller 
Foundation and previously conducted in Department of Plant Breeding, Cornell University.] ➀

42. McClintock, Barbara. 1938b. The production of homozygous deficient tissues with mutant characteristics 
by means of the aberrant mitotic behavior of ring-shaped chromosomes. Genetics 23(4) [July 1938, received 
25 February 1938]: 315–376. [Most of work undertaken at Cornell with aid of grant from the Rockefeller 
Foundation; original material supplied by L. J. Stadler.] ➀

43. McClintock, Barbara. 1938c. The fusion of broken ends of sister half-chromatids following breakage at 
meiotic anaphase. Missouri Agricultural Experiment Station Research Bulletin 290 [July 1938, authorized 12 
July 1938]: 1–48. [Continuation of investigations begun at Cornell University between 1934 & 1936; cites 
McClintock 1938b.] ➁2

44. McClintock, Barbara. 1939. The behavior in successive nuclear divisions of a chromosome broken at meiosis. 
Proceedings of the National Academy of Sciences 25(8) [15 August 1939, communicated 7 July 1939]: 405–416. ➁

45. [1940 No Publications]

46. McClintock, Barbara. 1941a. The stability of broken ends of chromosomes in Zea mays. Genetics 26(2) 
[March 1941, received 27 November 1940]: 234–282. [Paper published just prior to McClintock’s academic 
leave (1941–1942).] ➁

47. McClintock, B. 1941. [Abstract #] 14129. McCLINTOCK, BARBARA. The stability of broken ends of 
chromosomes in Zea mays. Genetics 26(2): 234-282, [1 fig], 1941a. Biological Abstracts, vol. 15. [Vol. 15 
(August-Dec), p. 1264, Cytology, Plant, 1941]. ➂

2 This notation ➁ is explained at the begining of this list of publications.
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48. McClintock, Barbara. 1941b. The association of mutants with homozygous deficiencies in Zea mays. Genetics 
26(5) [September 1941, received 3 May 1941]: 542–571. [Both the journal article and reprints are dated 
inaccurately as September 1940; only reprint cover page is accurately dated.] ➀

49. McClintock, Barbara. 1941c [Issued December 1941, Symposium held June 1941]. Spontaneous alterations 
in chromosome size and form in Zea mays. pp. 72–80. In: Genes and Chromosomes - Structure and 
Organization. Cold Spring Harbor Symposia on Quantitative Biology Volume IX [June 1941, Issued December 
1941]. Katherine S. Brehme, ed. The Biological Laboratory, Cold Spring Harbor, Long Island, New York. 
[McClintock was appointed guest investigator for academic year 1941–42, Department of Botany, Columbia 
University. During the summer of 1941, and from December 1941 through December 1942, McClintock was 
also guest investigator, Carnegie Institution of Washington, Department of Genetics, Cold Spring Harbor. 
McClintock resigned from University of Missouri effective August 1942.] ➀

50. McClintock, Barbara. 1942a. The fusion of broken ends of chromosomes following nuclear fusion. Proceedings 
of the National Academy of Sciences 28(11) [15 November 1942, communicated 22 September 1942]: 458–463. ➁

51. McClintock, Barbara. 1942b [1 July 1941–30 June 1942]. Maize genetics: The behavior of “unsaturated” broken 
ends of chromosomes. Phenotypic effects of homozygous deficiencies of distal segments of the short arm of 
chromosome 9. Carnegie Institution of Washington Year Book, No. 41, 1941-1942 [Issued 18 December 1942, 
submitted June 1942]: 181–186. [In the text McClintock cites her work as “McClintock 1941; see bibliography.” 
The reprints do not include the bibliography, which lists three McClintock publications (1941a, b, & c, 
published in March, September, & December 1941, respectively.] ➁

52. McClintock, Barbara. 1943 [1 July 1942–30 June 1943]. Maize genetics: Studies with broken chromosomes. 
Tests of the amount of crossing over that may occur within small segments of a chromosome. Deficiency 
mutations: Progressive deficiency as a cause of allelic series. Carnegie Institution of Washington Year Book, 
No. 42, 1942-1943 [Issued 7 December 1943, submitted June 1943]: 148–152. [McClintock was permanently 
appointed to the staff of Carnegie Institution of Washington, Department of Genetics, Cold Spring Harbor, 
in 1943.] ➁

53. McClintock, Barbara. 1944a. Carnegie Institution of Washington, Department of Genetics, Cold Spring 
Harber [sic], Long Island, N.Y. [This report is untitled in the MGCNL. This is a report on deficiencies in 
Chromosome 9]. Maize Genetics Cooperation News Letter. 18 [31 January 1944, submitted 1943]: 24–26. 
[The report concludes, “ … the chromosomal breakage mechanism is a “mutation” inducing process which 
“induces” the same mutant time and again.” McClintock (1987) cites title as: “Breakage-fusion-bridge cycle 
induced deficiencies in the short arm of chromosome 9.” However, the term “Breakage-fusion-bridge cycle” 
is not used in this report.] ➀

54. McClintock, Barbara. 1944b. The relation of homozygous deficiencies to mutations and allelic series in maize. 
Genetics 29(5) [Sept. 1944, received 8 Feb. 1944]: 478–502. ➀

55. McClintock, Barbara. 1944c [1 July 1943–30 June 1944]. Maize genetics: Completion of the study of the allelic 
relations of deficiency mutants. The chromosome-breakage mechanism as a means of producing directed 
mutations. Continuation of the chromatid type of breakage-fusion-bridge cycle in the sporophytic tissues. 
Homozygous deficiency as a cause of mutation in maize. Carnegie Institution of Washington Year Book No. 
43, 1943-1944 [Issued 15 December 1944, submitted June 1944]: 127–135. [The text cites McClintock 1938, 
and McClintock 1941, but no references are listed.] [Compare with McClintock 1944a] ➁

56. McClintock, Barbara. 1945a [1 July 1944–30 June 1945]. Cytogenetic studies of maize and Neurospora: 
Induction of mutations in the short arm of chromosome 9 in maize. Preliminary studies of the chromosomes 
of the fungus Neurospora crassa. Carnegie Institution of Washington Year Book No. 44, 1944-1945 [Issued 14 
December 1945, submitted June 1945]: 108–112. ➁

57. McClintock, Barbara. 1945b. Neurospora. I. Preliminary observations of the chromosomes of Neurospora 
crassa. American Journal of Botany 32(10) [December 1945, issued 14 January 1946, received 28 August 1945]: 
671–678. ➀

58. McClintock, Barbara. 1946. [Abstract #] 6165. McClintock, Barbara. (Carnegie Inst. Washington, Cold Spring 
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Harbor, N.Y.) Neurospora. I. Preliminary observations of the chromosomes of Neurospora crassa. Am. J. Bot. 
32(10): 671-678, 1945. Biological Abstracts, vol. 20. [Vol. 20 (Jan-July), p. 675, Cytology, Plant, 1946]. ➂

59. McClintock, Barbara. 1946 [1 July 1945–30 June 1946]. Maize genetics: Continuation of the study of the 
induction of new mutants in chromosome 9. Modification of mutant expression following chromosomal 
translocation. The unexpected appearance of a number of unstable mutants. Carnegie Institution of 
Washington Year Book No. 45, 1945-1946 [Issued 13 December 1946, submitted June 1946]: 176–186. ➁

60. McClintock, Barbara. 1947 [1 July 1946–30 June 1947]. Cytogenetic studies of maize and Neurospora: The 
mutable Ds locus in maize. Continuation of studies of the chromosomes of Neurospora crassa. Carnegie 
Institution of Washington Year Book No. 46, 1946-1947 [Issued 12 December 1947, submitted June 1947]: 
146–152. ➁

61. McClintock, Barbara. 1948 [1 July 1947–30 June 1948]. Mutable loci in maize: Nature of the Ac action. The 
mutable c loci. The mutable wx loci. Conclusions. Carnegie Institution of Washington Year Book No. 47, 1947-
1948 [Issued 10 December 1948, submitted June 1948]: 155–169. ➁

62. McClintock, Barbara. 1949 [1 July 1948–30 June 1949]. Mutable loci in maize: The mechanism of transposition 
of the Ds locus. The origin of Ac-controlled mutable loci. Transposition of the Ac locus. The action of Ac on 
the mutable loci it controls. Mutable loci c m-2 and wx m-1. Conclusions. Carnegie Institution of Washington 
Year Book No. 48, 1948-1949 [Issued 9 December 1949, submitted June 1949]: 142–154. ➁

63. McClintock, Barbara. 1950a. The origin and behavior of mutable loci in maize. Proceedings of the National 
Academy of Sciences. 36(6) [15 June 1950, communicated 8 April 1950]: 344–355. ➁

64. McClintock, Barbara. 1950b [1 July 1949–30 June 1950]. Mutable loci in maize: Mode of detection of 
transpositions of Ds. Events occurring at the Ds locus. The mechanism of transposition of Ds. Transposition 
and change in action of Ac. Consideration of the chromosome materials responsible for the origin and behavior 
of mutable loci. Carnegie Institution of Washington Year Book No. 49, 1949-1950 [Issued 15 December 1950, 
submitted June 1950]: 157–167. ➁

65. McClintock, Barbara. 1951a [1 July 1950–30 June 1951]. Mutable loci in maize. Carnegie Institution of 
Washington Year Book No. 50, 1950-1951 [Issued 14 December 1951, submitted June 1951]: 174–181. ➁

66. McClintock, Barbara. 1951b [©1952, Symposium held June 1951]. Chromosome organization and genic 
expression. Pgs. 13–47. In Genes and Mutations, Cold Spring Harbor Symposia on Quantitative Biology, 
Volume XVI [7–15 June 1951]. Katherine Brehme Warren ed. The Biological Laboratory, Cold Spring Harbor, 
Long Island, New York. [©1952. This reference has been cited as 1951 or 1952- see Citation Index; McClintock 
(1987) lists it as 1951; McClintock (1951b) cites it as 1951. Carnegie Institution of Washington Year Book No. 
51, Department of Genetics Bibliography, lists it as McClintock 1951.] ➁

67. McClintock, Barbara. 1952. [1 July 1951–30 June 1952]. Mutable loci in maize: Origins of instability at the A1 
and A2 loci. Instability of Sh1 action induced by Ds. Summary. Carnegie Institution of Washington Year Book 
No. 51, 1951-1952. [Issued 12 December 1952, submitted June 1952]: 212–219. ➁

68. McClintock, Barbara. 1953a. Induction of instability at selected loci in maize. Genetics 38(6) [November 1953, 
issued 20 January 1954, received 14 April 1953]: 579–599. [McClintock (1987, p. x) recalled receiving only 
three reprint requests for this paper.] ➁

69. McClintock, Barbara. 1953b [1 July 1952–30 June 1953]. Mutations in maize: Origin of the mutants. Change 
in action of genes located to the right of Ds. Comparison between Sh1 mutants. Change in action of genes 
located to the left of Ds. Meiotic segregation and mutation. Carnegie Institution of Washington Year Book No. 
52, 1952-1953 [Issued 11 December 1953, submitted June 1953]: 227–237. [Listed in McClintock (1987, p. xiv) 
as a 1954 publication.] ➁

70. McClintock, Barbara. 1954 [1 July 1953–30 June 1954]. Mutations in maize and chromosomal aberrations in 
Neurospora: Mutations in maize. Chromosome aberrations in Neurospora. Carnegie Institution of Washington 
Year Book No. 53, 1953-1954 [Issued 10 December 1954, submitted June 1954]: 254-260. ➁
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71. McClintock, Barbara. 1955a. Carnegie Institution of Washington, Department of Genetics, Cold Spring 
Harbor, Long Island, N.Y. 1. Spread of mutational change along the chromosome. 2. A case of Ac-induced 
instability at the bronze locus in chromosome 9. 3. Transposition sequences of Ac. 4. A suppressor-mutator 
system of control of gene action and mutational change. 5. System responsible for mutations at a1m-2. Maize 
Genetics Cooperation News Letter 29 [17 March 1955]: 9–13. ➀

72. McClintock, Barbara. 1955b [1 July 1954–1955]. Controlled mutation in maize: The a1m-1-Spm system of 
control of gene action and mutation. Continued studies of the mode of operation of the controlling elements 
Ds and Ac. Carnegie Institution of Washington Year Book No. 54, 1954-1955 [Issued 9 December 1955, 
submitted June 1955]: 245–255. ➁

73. McClintock, Barbara. 1956a [Issued Feb. 1956, Symposium held 15–17 June 1955]. Intranuclear systems 
controlling gene action and mutation. pp. 58–74. In: Mutation, Brookhaven Symposia in Biology, No. 8. 
Biology Department, Brookhaven National Laboratory, Upton, NY. [No editor listed for this volume. R. C. 
King, Symposium Chairman. Cited in McClintock (1987) as “Issued 1956” but listed chronologically with 
the 1955 publications. Listed in Carnegie Institution of Washington Year Book No. 55 Bibliography as a 1956 
publication.] ➁

74. McClintock, B. 1957. [Abstract #] 6784. McClintock, Barbara. Intranuclear systems controlling gene action 
and mutation. Brookhaven Symp. Biol. 8:58-74, 1956. Biological Abstracts, vol. 31. [Vol. 31 (Jan-Mar), p. 676, 
Genetics, Animal, 1957]. ➂

75. McClintock, Barbara. 1956b. Carnegie Institution of Washington, Department of Genetics, Cold Spring 
Harbor, Long Island, N.Y. 1. Further study of the a1m-1-Spm system. 2. Further study of Ac control of mutation 
at the bronze locus in chromosome 9. 3. Degree of spread of mutation along the chromosome induced by 
Ds. 4. Studies of instability of chromosome behavior of components of a modified chromosome 9. Maize 
Genetics Cooperation News Letter 30 [15 March 1956]: 12–20. [In McClintock (1987) the number 9 is missing 
following the last word of descriptive subtitle. This deletion is also transcribed in Buckner’s (1997, Women in 
the Biological Sciences: Greenwood Press) bio-bibliography of McClintock.] ➀

76. McClintock, Barbara. 1956c [1 July 1955–1 June 1956]. Mutation in maize: Ac control of mutation at the bronze 
locus in chromosome 9. Control of gene action by a non-transposing Ds element. Continued examination of 
the a1m-1-Spm system of control of gene action. Changes in chromosome organization and gene expression 
produced by a structurally modified chromosome 9. Carnegie Institution of Washington Year Book No. 55, 
1955-1956 [Issued 14 December 1956, submitted June 1956]: 323–332. ➁

77. McClintock, Barbara. 1956d [©1957, Symposium held June 1956]. Controlling elements and the gene. pp. 197–
216. In: Genetic Mechanisms: Structure and Function, Cold Spring Harbor Symposia on Quantitative Biology, 
Volume XXI [4–12 June 1956]. K. B. Warren ed. The Biological Laboratory, Cold Spring Harbor, Long Island, 
New York. [Listed in Carnegie Institution of Washington Year Book 56 Bibliography as McClintock 1956.] ➁

78. McClintock, Barbara. 1957a. Carnegie Institution of Washington, Department of Genetics, Cold Spring 
Harbor, Long Island, N.Y. 1. Continued study of stability of location of Spm. 2. Continued study of a 
structurally modified chromosome 9. Maize Genetics Cooperation News Letter 31 [15 March 1957]: 31–39. ➀

79. McClintock, Barbara. 1957b [1 July 1956–30 June 1957]. Genetic and cytological studies of maize: Types of 
Spm elements. A modifier element within the Spm system. The relation between a1m-1 and a1m-2. Aberrant 
behavior of a fragment chromosome. Carnegie Institution of Washington Year Book 56, 1956-1957 [Issued 9 
December 1957, submitted June 1957]: 393–401. ➁

80. McClintock, Barbara. 1958 [1 July 1957–30 June 1958]. The suppressor mutator system of control of gene 
action in maize: The mode of operation of the Spm element. A modifier element in the a1m-1-Spm system. 
Continued investigation of transposition of Spm. Carnegie Institution of Washington Year Book 57, 1957-1958 
[Issued 19 December, submitted June 1958]: 415–429. ➁

81. Moreno, Ulises, Alexander Grobman, and Barbara McClintock. 1959. Escuela Nacional de Agricultura, 
La Molina, Lima, Peru: 5. Study of chromosome morphology of races of maize in Peru. Maize Genetics 
Cooperation News Letter 33 [1 April 1959]: 27–28. ➀
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82. McClintock, Barbara. 1959 [1 July 1958–30 June 1959]. Genetic and cytological studies of maize: Further 
studies of the Spm system. Chromosome constitutions of some South American races of maize. Carnegie 
Institution of Washington Year Book 58, 1958-1959 [Issued 14 December 1959, submitted June 1959]: 452–456. ➁

83. McClintock, Barbara. 1960 [1 July 1959–30 June 1960]. Chromosome constitutions of Mexican and Guatemalan 
races of maize: General Conclusions. Carnegie Institution of Washington Year Book 59, 1959-1960 [Issued 
12 December 1960, submitted June 1960]: 461–472. [No mention of Transposable Elements appears in this 
publication.] [Milislav Demerec, Director, Department of Genetics, retired 30 June 1960. He was succeeded 
by Berwind Kaufman.] ➁

84. McClintock, Barbara. 1961a. Some parallels between gene control systems in maize and in bacteria. American 
Naturalist XCV(884) [Sept.- Oct. 1961, received-no date given]: 265–277. ➁

85. McClintock, Barbara. 1961b [1 July 1960–30 June 1961]. Further studies of the suppressor-mutator system 
of control of gene action in maize: Control of a1m-2 by the Spm system. A third inception of control of gene 
action at the A1 locus by the Spm system. Control of gene action at the locus of Wx by the Spm system. Control 
of reversals in Spm activity phase. Nonrandom selection of genes coming under the control of the Spm system. 
Carnegie Institution of Washington Year Book 60, 1960-1961 [Issued 11 December 1961, submitted June 1961]: 
469–476. [Berwind P. Kaufman, Acting Director, Department of Genetics.] ➁

86. McClintock, Barbara. 1962 [1 July 1961–30 June 1962]. Topographical relations between elements of control 
systems in maize: Origin from a1m-5 of a two-element control system. Analysis of a1m-2. The derivatives of 
bz-m-2. Carnegie Institution of Washington Year Book 61, 1961-1962 [Issued 10 December 1962, submitted 
June 1962]: 448–461. [Annual Report of the Director of the Department of Genetics: “as this report goes to 
press the Department is being terminated” (p. 438). Berwind P. Kaufman Director, retired on 30 June 1962. 
Subsequently McClintock’s reports are published in the Annual Report of the Director (Alfred D. Hershey) 
Genetics Research Unit, Carnegie Institution of Washington. The Unit replaced the former Department of 
Genetics, active at Cold Spring Harbor from November 1, 1920 to June 30, 1962.] ➁

87. McClintock, Barbara. 1963 [1 July 1962–30 June 1963]. Further studies of gene-control systems in maize: 
Modified states of a1m-2. Extension of Spm control of gene action. Further studies of topographical relations of 
elements of a control system. Carnegie Institution of Washington Year Book 62, 1962-1963 [Issued 9 December 
1963, submitted June 1963]: 486–493. ➁

88. McClintock, Barbara. 1964 [1 July 1963–30 June 1964]. Aspects of gene regulation in maize: Parameters of 
regulation of gene action by the Spm system. Cyclical change in phase of activity of Ac (Activator). Carnegie 
Institution of Washington Year Book 63, 1963-1964 [Issued December 1964, submitted June 1964]: 592–601, 
plus 2 plates and 2 plate legends. [Cited in McClintock 1987 as 592–602.] ➁

89. McClintock, Barbara. 1965a. Carnegie Institution of Washington, Cold Spring Harbor, N.Y.: 1. Restoration of 
A1 gene action by crossing over. Maize Genetics Cooperation News Letter 39 [15 April 1965]: 42–[45]. [Page 45 
is unnumbered. This report and the one that follows are separate reports in the MGCNL. McClintock 1968b 
cites this report.] ➀

90. McClintock, Barbara. 1965b. Carnegie Institution of Washington, Cold Spring Harbor, N.Y.: 2. Attempts to 
separate Ds from neighboring gene loci. Maize Genetics Cooperation News Letter 39 [15 April 1965]: [45]–51. 
[Page 45 is unnumbered. This report and the one that precedes it are separate reports in the MGCNL; both 
are listed in McClintock 1987 as one report.] ➀

91. McClintock, Barbara. 1965c [1 July 1964–30 June 1965]. Components of action of the regulators Spm and Ac: 
The component of Spm responsible for preset patterns of gene expression. Transmission of the preset pattern. 
Components of action of Ac. Carnegie Institution of Washington Year Book 64, 1964-1965 [Issued December 
1965, submitted June 1965]: 527–534, plus 2 plates and 2 figure legends. ➁

92. McClintock, Barbara. 1965d [Issued December 1965, Symposium held 7–9 June 1965]. The control of gene 
action in maize. pp. 162–184. In: Genetic Control of Differentiation, Brookhaven Symposia in Biology: No. 18. 
Biology Department, Brookhaven National Laboratory, Upton, N.Y. [No editor listed; H. H. Smith Chairman 
of the Symposium Committee.] ➁
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93. McClintock, Barbara. 1967 [1 July 1965–30 June 1966]. Regulation of pattern of gene expression by controlling 
elements in maize: Pigment distribution in parts of the ear. Pigment distribution in the pericarp layer of the 
kernel. Presetting of the controlling element at the locus of c2m-2. Inheritance of modified pigmentation 
patterns. Carnegie Institution of Washington Year Book 65, 1965-1966 [Issued January 1967, submitted June 
1966]: 568–576, plus 2 plates and 2 plate legends. [Cited in McClintock 1987 as pp. 568–578, which includes a 
non-relevant page and one plate legend.] ➁

94. McClintock, Barbara. 1968a [1 June 1966–1 June 1967]. The states of a gene locus in maize: The states of a1m-
1. The states of a1m-2. Carnegie Institution of Washington Year Book 66, 1966-1967 [Issued January 1968, 
submitted May 1967]: 20–28, plus 2 plates and 2 plate legends. [In 1967, McClintock was honored with the 
appointment of Distinguished Service Member of the Carnegie Institution of Washington. She held that 
position until her death in 1992.] ➁

95. McClintock, Barbara. 1968b [Symposium held June 1967]. Genetic systems regulating gene expression 
during development. In: Control Mechanisms in Developmental Processes, II. The Role of the Nucleus. Michael 
Locke, ed. The 26th Symposium of the Society for Developmental Biology (June 1967) [La Jolla, CA, USA]. 
Developmental Biology, Supplement 1: 84–112. Academic Press. New York. ➁

96. McClintock, Barbara. 1971 [1 July 1970–30 June 1971]. The contribution of one component of a control system 
to versatility of gene expression: Relation of dose of Spm to pattern of pigmentation with the class II state 
of a2m-1. Distinctive phenotypes associated with activation of an inactive Spm. An example of versatility 
of control of gene expression associated with component-2 of Spm. Carnegie Institution of Washington Year 
Book 70, 1970-1971 [Issued December 1971, submitted June 1971]: 5–17. [This is the last report McClintock 
published in the CIW Year Book. The Genetics Research Unit closed 30 June 1971. McClintock was awarded 
the National Medal of Science that same year (Award year 1970, presented 21 May 1971).] ➁

97. McClintock, Barbara. 1978a [Symposium held September 1975]. Significance of chromosome constitutions 
in tracing the origin and migration of races of maize in the Americas. Chapter 11, pp. 159–184. In: Maize 
Breeding and Genetics, David B. Walden ed., John Wiley and Sons, Inc., New York. [McClintock, 1987a 
cites editor as W. D. Walden. This volume is the Proceedings of the International Maize Symposium held 
September 1975, Champaign, Urbana, Illinois, USA. Note that page v misdates the Symposium as September 
1977.] ➀

98. McClintock, Barbara. 1978b [Symposium held 13–15 June 1977]. Development of the maize endosperm as 
revealed by clones. 217–237. In: The Clonal Basis of Development. Stephen Subtelny, and Ian M. Sussex eds. 
The 36th Symposium of the Society for Developmental Biology (June 1977) [Raleigh, North Carolina, USA]. 
Academic Press, Inc., New York. [McClintock’s paper appears in section IV. Nuclear and Genetic Events in 
Clone Initiation. Note correct spelling of endosperm in title.] ➁

99. McClintock, Barbara. 1978c. [Symposium held 7–8 April 1978] Mechanisms that rapidly reorganize the 
genome. Stadler Genetics Symposia, vol. 10, pp. 25–48. University of Missouri, Columbia, MO. [P. 48 is a 
plate of photographs of Symposium participants. Symposium held at Columbia, Missouri, USA. Proceedings 
published by University of Missouri, Agricultural Experiment Station.] ➁

100. McClintock, Barbara. 1980 [January 1980]. Modified gene expressions induced by transposable elements. 
In: Mobilization and Reassembly of Genetic Information. Proceedings of the Miami Winter Symposium. W. 
A. Scott, R. Werner, D. R. Joseph, and Julius Schultz eds. Miami Winter Symposium 17 [January 1980]: 
11–19. Academic Press, Inc. New York. [Lecture given on 7 January 1980. Symposium sponsored by Dept. 
of Biochemistry, University of Miami School of Medicine, Miami, Florida, and by The Papanicolaou Cancer 
Research Institute, Miami, Florida, USA]. ➁

101. McClintock, Barbara, T. Angel Kato Y. and Almiro Blumenschein 1981. Chromosome Constitution of Races 
of Maize. Its Significance in the Interpretation of Relationships Between Races and Varieties in the Americas. 
Colegio de Postgraduados, Escuela Nacional de Agricultura, Chapingo, Edo. Montecillo, Mexico. xxxi, 517 
pp.
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Part I: GOLDEN AGE OF CORN GENETICS (1926-1936)
“The Golden Age of Corn Genetics” was the theme for the first day celebration of the 75th Anniversary of Cornell’s 
Department of Plant Breeding and its Synapsis Club in 1982. Many students who were responsible for Cornell’s “Golden 
Age” were invited to reminisce about that unique time in their lives (Murphy & Kass 2011, pp. 23-24). Marcus Rhoades, 
McClintock’s closest friend and colleague, presented a handout of the accomplishments of their group (reproduced in 
Murphy & Kass 2011, pp. 22-23), which was largely taken from a paper published by Rhoades and McClintock (1935; reprinted 
in this volume). Over half of the 17 accomplishments listed were made by Barbara McClintock. McClintock’s contributions 
to the maize genetics group had also been prominently emphasized by Rollins A. Emerson, head of Cornell’s Plant Breeding 
Department (Emerson 1932; Emerson, et al. 1935), and throughout the cytology textbook written by McClintock’s major 
professor at Cornell, L. W. Sharp (Sharp 1934). 

In this section we offer perspectives and reprints of many of McClintock’s papers that demonstrate her contributions to the 
“Golden Age of Corn Genetics.” Readers will learn that once McClintock identified the 10 chromosomes of corn in mitotic 
metaphase chromosomes in 1929, maize cytology soon joined with genetic studies to launch the field of maize cytogenetics 
at Cornell. By 1930, a strain of corn brought by Charles R. Burnham to Cornell from Wisconsin would help McClintock 
describe pachytene stage chromosomes for the first time in maize and provide the cytogenetic proof for crossing over 
in 1931. By 1935, Rhoades and McClintock’s review revealed the prominent role played by Cornellians, and especially 
McClintock, in the development of maize cytogenetics. By 1936, these contributions had solidified her reputation as “the 
best cytologist in the world” (Kass 2005).
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Reprint: 2.1  Randolph, L. F. and B. McClintock. 1926. Polyploidy in Zea mays L. American Naturalist LX(666): 
99–102. ➀2 

  [This article is in the public domain.]

  

1 For cross-reference purposes, this is the publication number in the annotated, chronological list of McClintock’s publications (Ta-
ble I) in the Front Matter.

2 The symbol ➀ indicates that the McClintock publication is reprinted herein.
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Genetic analysis of meiosis using the asynaptic 1 mutant: A perspective 
on George W. Beadle and Barbara McClintock’s 1928 contribution.

Wojciech P. Pawlowski
Department of Plant Breeding and Genetics
Cornell University
Ithaca, NY 14853
E-mail: wp45@cornell.edu

Abstract

The 1928 paper by George Beadle and Barbara McClintock is the first description of a mutant defective in 
meiosis in maize, and one of the first meiotic mutants found in any species. It reports on a mutant later named 
asynaptic 1 (as1) that lacks proper chromosome pairing and synapsis, and exhibits defects in recombination. These 
abnormalities lead to the presence of univalents (single chromosomes) at metaphase I, unequal chromosome 
segregation in anaphase I, and, eventually, to severe male and female sterility. In the several decades since this 
paper was published, much has been learned about meiotic processes. This paper is at the root of research on 
chromosome dynamics, which is now a large and thriving field with studies conducted in a large number of 
species. The as1 mutant has been used in many genetic studies since 1928, and its stock is maintained at the Maize 
Genetics Coop Stock Center (http://maizecoop.cropsci.uiuc.edu). 

Meiosis

Many of Barbara McClintock’s early papers focus on linking chromosome behavior in meiosis to gene inheritance 
and segregation. In contrast, the 1928 paper by Beadle and McClintock (Beadle & McClintock, 1928) deals with 
processes that underlie chromosome behavior itself. 

During the prophase of meiosis, homologous chromosomes pair, and exchange segments (recombine). Proper 
progression of both pairing and recombination are essential for correct segregation of chromosomes to daughter 
cells. Chromosome pairing includes chromosomes pre-aligning and attaining close proximity, and then 
undergoing the homology search, an intimate process in which homologous chromosomes identify each other 
based on their DNA sequence (Bozza & Pawlowski, 2008). The exact mechanisms of chromosome pairing remain 
poorly understood. However, it is known that in plants, as well as in mammals and fungi, homolog pairing is 
dependent on the initiation of meiotic recombination and successful progression through its early steps. Several 
pieces of evidence support a hypothesis that single-stranded DNA ends created during the early recombination 
stages are used as molecular “probes” to search for homology (Bozza & Pawlowski, 2008). 

Homologous chromosome pairing is followed by installation of a proteinaceous synaptonemal complex structure 
between the paired chromosomes, which stabilizes the pairing interaction. The synaptonemal complex consists of 
three components: two lateral elements and a central element that connects them (Page and Hawley, 2004). Lateral 
elements, referred to as chromosome axes or the axial elements before chromosomes pair, form in very early 
meiotic prophase or even during the pre-meiotic interphase. Axial element installation is essential for establishing 
a specific meiotic chromosome structure, which is a prerequisite for all meiotic processes, including pairing, 
synapsis, and recombination (Zickler and Kleckner, 1999). After homologous chromosomes pair in zygotene, 
the two juxtaposed axial elements are joined together by installation of a coiled-coil protein that constitutes the 
central element (Page & Hawley, 2004). The installation of the central element of the synaptonemal complex is 
referred to as “synapsis.” 

Meiotic recombination is initiated by formation of double-strand breaks (DSBs) in chromosomal DNA. DSB 
formation also takes place very early in meiotic prophase, in most species including plants before the onset of 
chromosome pairing. The DSBs are then processed and repaired by several recombination complexes. Eventually, 
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a small fraction of DSB repair products become crossovers. Barbara McClintock, in another milestone discovery 
of her early career (Creighton and McClintock, 1931), demonstrated that the sites of crossovers are chiasmata, 
cytological structures connecting homologous chromosomes that are visible during late stages of meiotic 
prophase. Crossovers have two critical functions: (i) they facilitate exchanges of genetic information between 
parental chromosomes and (ii) they play a structural role in keeping homologous chromosomes together until 
they segregate in anaphase I. 

Description of asynaptic 1 in the 1928 Beadle and McClintock paper

The less-than-a-page-long paper by Beadle and McClintock contains a description of abnormal progression of the 
first division of meiosis in a mutant now known as asynaptic 1 (as1), although the name of the mutant does not 
appear in the paper. as1 was first identified as a male sterile mutant and later also found to be female sterile. Presence 
of both male and female sterility is a strong indication of a meiotic defect. The paper brilliantly demonstrates that 
basic cellular processes, such as meiosis, are genetically controlled and can be understood by analyzing mutants 
defective in single genes. 

The 1920s and 1930s were the period of the first modern studies focused on understanding meiotic processes. The 
knowledge about meiosis gained since that time, particularly molecular genetic studies of meiotic mechanisms 
conducted during the past twenty years, allow interesting insights into this early work of Beadle and McClintock. 

Although cytological methods for studying meiotic mutants have become much more sophisticated since the 
1920s, the overall methodology of the Beadle and McClintock investigation was very similar to what we would 
do today. One of the first analyses that they performed to elucidate chromosome behavior in the as1 mutant was 
examining the presence of bivalents (chromosome pairs) and univalents (single chromosomes) at metaphase I. 
They found that most mutant meiocytes (pollen mother cells) exhibited exclusively or nearly exclusively univalents 
– a sign of a severe meiotic defect. Since the 1920s, the nomenclature of meiotic processes has changed radically. 

Beadle and McClintock wrote that the reason for the presence of univalents at metaphase I was “a complete failure 
of synapsis” in diakinesis. However in today’s meiotic literature, the term “synapsis” is reserved for installation 
of the synaptonemal complex in zygotene, something that the authors could not have examined because (i) the 
synaptonemal complex was not discovered until the 1950s (Fawcett, 1956; Moses, 1956) and (ii) the synaptonemal 
complex dissolves by the beginning of diakinesis. Moreover, the extent of synapsis would normally be examined 
during meiotic pachytene stage, which McClintock observed in maize for the first time only in 1929 or 1930 (Kass, 
2003) and published in 1930 (McClintock, 1930; see also Phillips’ perspective, this volume). In today’s language, 
we would say that Beadle and McClintock observed that chromosomes in diakinesis failed to form bivalents due 
to the absence of chiasmata. The reasons for the lack of chiasmata may include defects in meiotic recombination 
and formation of crossovers, abnormal chromosome pairing, as well as defects in chromosome axis formation and 
synapsis. 

Eight decades of follow up studies of as1

The subject of the 1928 paper became the bases of Beadle’s Ph.D. dissertation (Beadle, 1930a). Beadle’s research and 
other later studies (Beadle, 1930b; Beadle, 1933; Maguire, 1978a; Maguire, 1978b; Maguire and Riess, 1991; Miller, 
1963; Pawlowski et al., 2003) showed that as1 mutant meiocytes indeed exhibit defects in synapsis, chromosome 
pairing, and early steps of recombination. In 1930, Beadle published a detailed description of meiosis in as1, 
including a very interesting observation that the presence of univalents at metaphase I, instead of bivalents, led to 
formation of unreduced gametes (Beadle, 1930b). The latter feature continues to be very exciting today, as it could 
be used to engineer apomictic propagation (i.e., propagation without fertilization) in maize. In another follow-
up paper in 1933, Beadle suggested that meiotic abnormalities in the as1 mutant were due to a defect in meiotic 
recombination. He also reported mapping the as1 locus to chromosome 1. 

In 1963, Oscar Miller, a student of Charles Burnham (who like McClintock and Beadle was a member of the 
Cornell maize genetics group; see cover photo) again examined recombination in the as1 mutant and concluded 
that distribution of recombination events found in some mutant meiocytes differed from those of normal maize 
plants (Miller, 1963). Marjorie Maguire, a student of L. F. Randolph at Cornell (Ph.D. 1952), conducted studies 
of chromosome synapsis in as1 using transmission electron microscopy, and identified several types of synaptic 
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defects (Maguire, 1978a; Maguire, 1978b; Maguire & Riess, 1991). Her studies were followed by more detailed 
examinations of synaptonemal complex components by Golubovskaya et al. (2011), who showed that they were 
properly installed in the mutant, albeit not always between homologous chromosomes. Finally, Pawlowski et al. 
(2003) reported that as1 exhibited a defect in an early step of meiotic recombination. 

The identity of the as1 gene still remains unknown. However, the meiotic defects observed in this mutant could 
suggest that the as1 gene plays a role in early steps of the recombination pathway. Abnormalities in chromosome 
pairing and synapsis are likely downstream results of recombination defects as homologous chromosome pairing 
and synapsis are tightly linked to recombination in maize (Pawlowski & Cande, 2005; Pawlowski et al., 2004). 

Early observations of meiotic spindle and superb technical abilities of Beadle and McClintock

Another important observation reported by Beadle and McClintock (1928) is abnormal installation of the division 
spindle in as1 mutant meiocytes. They found that not all chromosomes attached to the spindle and there were 
often multiple spindles, some associated with just a few chromosomes. The spindle abnormalities were one of the 
causes of the unequal segregation of chromosomes in anaphase I, which led to male and female sterility. Even 
though little was known about chromosome segregation mechanisms in 1928, Beadle and McClintock recognized 
spindle installation as critical for this process. The insightful observations of spindle installation dynamics in the 
as1 mutant were made by Beadle and McClintock using very simple methods. Chromosomes were stained using 
the acetocarmine method, but spindle microtubules were just seen as shadows in the lightly staining meiocyte 
cytoplasm. To make drawings, a camera lucida was used, a device that employs a mirror to superimpose the 
image of a piece of paper on which the drawing is made onto the microscope image (see Sorrells’ perspective, this 
volume). Nevertheless, the drawing shows a high degree of accuracy. This paper superbly demonstrates not only 
the observation and critical thinking abilities of Beadle and McClintock but also their technical skills. 
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Commentary on Barbara McClintock’s 1929 cytogenetic analysis of 
triploid maize: A Cytological and Genetical Study of Triploid Maize

M.E. Sorrells
Professor of Plant Breeding and Genetics
Department of Plant Breeding and Genetics, Cornell University, 240 Emerson Hall, Ithaca, NY 14853 USA
Email address: mes12@cornell.edu

McClintock’s 1929 report, published in the journal “Genetics,” is a remarkably detailed description and analysis 
of chromosome behavior in a spontaneous triploid maize plant originally described by Randolph and McClintock 
(1926). The original analysis was explored further in this paper by cytological study of chromosome behavior in 
the progenies of triploid/diploid crosses. This paper (McClintock 1929) is the publication of her Ph.D. dissertation 
(McClintock 1927, Kass & Chomet 2009). It is difficult for modern scientists to comprehend and appreciate 
how little was known about cytogenetics and polyploid genetics in the 1920s making this work all the more 
impressive. Interestingly, in the early 1920s, there was still considerable uncertainty about the basic number of 
maize chromosomes (Kiesselbach & Petersen 1925, Kass & Bonneuil 2004). 

Among McClintock’s many discoveries during her career was the observation that plant cells can sense and repair 
genome damage and that they contain latent elements that, when activated, alter patterns of genome expression 
and restructure chromosomes. This was one of her earliest publications describing genome damage and in it 
she even made the observation that the chromatin had the ability to reorganize in some of the cells. The work 
described in this paper likely had a strong influence on the direction she took in her long career of investigation of 
cytogenetic phenomena leading to the discovery of transposable elements. 

McClintock’s cytogenetic analysis in context

In their earlier work Randolph and McClintock (1926), described the spontaneous occurrence of a vigorous plant 
with a thick stalk, broad leaves, large anthers, and large microsporocytes. In addition, it was a dilute sun red color, 
had sugary kernels and was heterozygous for tunicate tassel. Almost certainly the triploid arose from the fusion 
of a normal gamete and an unreduced gamete. Randolph and McClintock (1926) alluded to this as a possible 
mechanism and documented the observation with figures showing unreduced microsporocytes. This is clearly 
one of the earliest documented cases of the mechanism for formation of 2N gametes (Harlan & de Wit 1975). 

Some of the unusual conventions of style and language in the 1920s are apparent in McClintock’s report. The 
literature review was very concise and McClintock stated that she chose not to repeat the earlier review by “Miss 
Fisk” on “Zea chromosomes” but she cited the earlier publications anyway (Fisk 1927). Apparently it was common 
to refer to women researchers as “Miss” because Emma Fisk, in her 1927 paper, also referred to Mary Gordon, 
an author of another publication as “Miss Gordon” (Gordon 1925). McClintock used a curious choice of words 
when she said “It is possibly unjust to restrict the term triploid to those 3N forms which show trivalents during 
meiosis.” Although she did not explain her choice of words, presumably she was referring to the fact that triploids 
can exhibit many different kinds of chromosome behavior other than trivalents. Subsequently she specifically 
referred to “triploids showing trivalents.” Also, the statement of objectives of the research appeared early in the 
introduction and stated: “Since the triploid plant possessed certain known genetic characters it was desired to 
follow the genetics along with the cytology in the descendants of this individual.” This study was the first to 
demonstrate an association between a genetic trait, in this case Tu, C, and R, and an extra chromosome in maize. 
In her discussion, McClintock cited earlier studies on trisomic inheritance in Datura (Blakslee & Farnham 1923), 
tomato (Lesley 1923), and others.

The Materials and Methods were equally concise and simply described the classical aceto-carmine staining method, 
balsam mounts and paraffin mounted thin sections. She seemed rather proud of the preps that had been preserved 
for seven months. The conciseness of the literature review and materials and methods is even more striking given 
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that the entire paper is 41 pages long1. The next section consisted of “A brief résumé of meiotic behavior in diploid 
individuals.” The fact that she devoted nearly two pages to a description of meiosis was an indication of just 
how new the understanding of meiosis was at that time. In the résumé, she took special care to describe the 
morphology of the chromosomes, although the identification of the 10 individual maize chromosomes was yet to 
be determined (McClintock 1929b), and concluded with a description of meiotic irregularities. Indicative of the 
state of the technology at that time was her statement on page 212, “When it was determined that photography 
could be of service in describing the results, this same figure was photographed (figure 14, plate 6).”

The main body of the paper led with an extensive description of meiosis in the triploid plant reported by Randolph 
and McClintock (1926). The description was accompanied by many figures, but illustrations of pachytene stage 
chromosomes are not depicted—these would be found later in semi-sterile maize strains brought to Cornell by 
Charles Burnham in 1929 (McClintock 1930, see Phillips perspective this volume; Kass 2003, Coe & Kass 2005, 
reprinted this volume). Plates 1-5 with 47 figures were all done with an Abbe camera lucida. The camera lucida 
was an apparatus that projected the microscopic image onto paper to facilitate the drawing of the image (Figure 1) 
(http://www.antique-microscopes.com). Most of the drawings were from aceto-carmine stained sporocyte smears 
because it was much easier to visualize the chromosomes than those in the thin-sectioned materials. She makes 
the point that there is no typical or constant morphology for trivalents and then documents this with figures and 
descriptions. McClintock also noted a tendency for one of the three homologous chromosomes to dissociate from 
the other two and presented an elaborate description of univalent behavior in the triploid as well as for the cross 
populations. The novelty of the chromosome behavior was exemplified by her multiple references to the variation 
in behavior in adjacent sporocytes within the same anther. Her elaborate and detailed description of the abnormal 
chromosome movements, fragmentation, and reorganization demonstrated that this phenomenon was clearly 
fascinating to her. 

In the section referred to as “Plasmodial Sporogenous Tissue” McClintock described anther loculi that did not 
have well defined cells but instead consisted of various degrees of cytoplasmic fusion. In some anthers she noted 
that nuclei were also fusing. This was followed by “Chromatin Extrusion in Sporogenous Tissue” that documented 
micronuclei, supernumerary nuclei, and chromatin threads, all of which might result in “cytomixis.” Although not 
commonly used today, cytomixis is a term describing the extrusion of chromatin from one cell into the cytoplasm 
of an adjoining cell.

The primary focus of this study was the behavior of extra chromosome(s) in the progenies from crosses between the 
triploid plant and diploids and their correlation with genetic traits. She specifically noted that extra chromosomes 
do not affect the size, vigor or fertility of some genetic strains of maize such as Black Mexican sweet corn; whereas 
they did in the progenies of these triploid x diploid crosses. Unlike Black Mexican, the extra chromosomes were 
not always transmitted in the pollen. Further, the extra Black Mexican chromosome did not pair with the other 
chromosomes whereas in the diploid x triploid progenies, trivalents were common. The implication of these 
observations was that there was something unusual about the extra chromosomes in Black Mexican sweet corn.

McClintock clearly recognized the importance of using reciprocal crosses for investigating chromosome behavior 
and the effects of aneuploidy on the function of male versus female gametes and the resulting zygotes. She noted 
that reduced fertility resulted from gamete selection when the triploid was the male parent. This produced only 
diploid offspring from some crosses; however, other crosses produced several 21 and 22 chromosome offspring. 
The reason for the dissimilar selectivity was unknown at that time but could have been related to the specific 
chromosome that was transmitted. The reciprocal crosses resulted in functional aneuploid female gametes but still 
had reduced fertility because of poor kernel development. She noted that the least vigorous plants had the most 
extra chromosomes and probably that affected the development of the embryo. Later in the paper where meiosis 
in plants with 2N+3 to 2N+7 chromosomes are described she again noted that they only occurred in crosses where 
the triploid was the female. Meiosis in diploids pollinated with pollen from the triploid produced mostly ten pairs 
of chromosomes as if they were pollinated by a diploid. In the 2N+1 plants, 9 bivalents + 3 univalents were twice 
as frequent as 10 bivalents + 1 univalent suggesting that either those gametes were more competitive or that there 
was a higher likelihood of multiple chromosomes being involved in abnormal assortment. 

1 There were a few anomalies in the format of the paper. For example, Table 1 is cited in the materials and methods on page 181 but 
the actual table does not appear until later between pages 201 and 202 on an unnumbered page. Figures were numbered consecutively 
in plates 1-5 but started over with 1 in plate 6 and again with 1 in the text on page 197. 
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There was great variation in vigor and morphology of the aneuploid plants and McClintock documented this with 
photographs and extensive descriptions of the behavior of the extra chromosomes during meiosis. In general, the 
chromosome movements, fragmentation, and reorganization were similar to those observed in the triploid. She 
describes (p. 209) unusual meiotic phenomena in 2N+1 individuals. As in the case of the triploids, some anther 
loculi were filled with a plasmodial mass with nuclei of various sizes. Interestingly, she describes a large nucleus 
that had a single chromatic thread lying against the nuclear membrane surrounded by karyolymph (a colorless, 
watery liquid found inside the nucleus of a cell). But then adjacent to it was a small nucleus densely packed with 
a “chromatin spireme.” Spireme refers to threadlike chromatin filaments. (Sharp 1921 p. 145 defines spireme as 
chromosomes “arranged end to end in a more or less continuous thread.”) Nuclei of different sizes can result from 
aberrant orientation of the spindle and subsequent chromosome separation.

McClintock described a special greenhouse plant (683) that exhibited more meiotic irregularities than any other, 
but normally had 8 bivalents + 2 trivalents. As observed in other aneuploids, many of the anthers contained a 
continuous plasmodium with nuclei and spindles of various sizes, however, she described one huge sporocyte 
with parallel metaphase I spindles. Each spindle had four times the normal number of chromosomes. This plant 
also differed from other plants in that homologies were expressed by synaptic union among the four homologues 
in tetraploid metaphase I with quadrivalents or sexivalents. In contrast, plant 942 (2N+5) showed almost complete 
non-synapsis with up to 25 univalents at metaphase I, which she explained was probably caused by early disjunction 
of bivalents and trivalents. These extremes in chromosome behavior captivated her.

McClintock’s final analysis of the triploid/diploid crosses involved the plants that had several extra chromosomes. 
From crosses where the triploid was the female, the plants with 2N+3 to 2N+7 chromosomes, consisted of two 
plants with 7 bivalents + three trivalents, three with 6 bivalents + 4 trivalents, and one each with 5 bilvalents + 5 
trivalents and 3 bivalents + 7 trivalents. In addition, she found a new triploid from a cross between a diploid female 
and a triploid male. 

The extreme variation in chromosome behavior among adjacent sporocytes was of primary interest to McClintock. 
She concluded that there was no satisfactory explanation for the wide variation in synaptic expression among 
sporocytes within the same anther or different anthers at the same stage. However, she did note that non-synapsis 
at diakinesis can be caused by conditions other than the lack of homology of the chromosomes present suggesting 
that there could be genetic control of pairing. 

In the genetic investigations, McClintock sought to understand the effect of triploidy on the segregation of genes 
affecting morphological traits and associate traits with chromosomes. McClintock began with a discussion of 
the expected diploid x triploid segregation ratios despite her understanding that gamete and zygote selection will 
impact the expected segregation. Assuming random assortment of the extra chromosomes the expected gametic 
ratios would be 2A:1AA:2Aa:1a for AAa and 1A:2Aa:2a:1aa for Aaa. When crossed to a tester with the aa genotype, 
the phenotypic segregation would be 5A:1a for AAa and 1A:1a for Aaa. Phenotypic segregation simplifies the 
presentation because segregating genotypes would include both euploids and aneuploids and she would only be 
able to classify the phenotypes. With gamete selection eliminating the extra chromosome, the resulting gamete 
segregation would be 2A:1a and 1A:2a for AAa and Aaa, respectively. She correctly points out that the expected 
segregation will differ depending on whether the aneuploid is used as a male or female because of the differences 
in gamete selection. The segregation she observed for two different aleurone color genes (C and R) with the triploid 
as the male crossed to a recessive tester fit the expectation for the simplex condition. McClintock made reciprocal 
crosses for the dominant tunicate gene and the segregation ratios fit the expected segregation with and without 
gamete selection for the male and female, respectively. This was an elegant use of reciprocal crosses to demonstrate 
that expected segregation still occurs in crosses with a triploid and that genetic traits can be associated with an 
extra chromosome in maize

In the very brief discussion section, McClintock begins by clarifying what is meant by trisomic inheritance. In 
the first case, the expression of the trait of interest is simply dependent on the presence of the extra chromosome 
as described in Datura for the Globe and Poinsettia traits (Blakeslee et al. 1920), whereas in the second category 
the expression of a trait depends on a gene located on the extra chromosome. In the first case, the segregation 
depends solely on the frequency of transmission of the extra chromosome. The second case requires actual genetic 
elements on the extra chromosome and is subject to Mendelian segregation and gamete selection. She concludes 
the discussion by presenting limitations of this study that included limited amounts of pollen, partial sterility 
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and the requirement for cytological examination to recognize chromosomal types, the latter case, a recognition 
of her own limitations. These comments are characteristic of a scientist who has a clear understanding of factors 
affecting the inference space of the study.

This publication exemplifies McClintock’s dedication, attention to detail and her self-confidence that were 
characteristic of her work throughout her career.2 Her “genius” results from the very simple fact that she lived and 
breathed her work and knew her experimental organism inside and out. Such dedication is rare but is nearly always 
associated with significant scientific insight and discovery. The research described in this publication was seminal 
in her life-long interest in genome shock and reorganization, the focus of her Noble Prize address. Investigations 
building on McClintock’s contributions involving the complex patterns of gene and genome evolution and the 
many mechanisms of genome regulation discovered since 1929 have taught us much about how the diversity of 
living organisms arises from information contained in DNA, but even now, we are humbled by their enormous 
complexity.

Acknowledgment: I thank Shawn F. Sorrells and Lee B. Kass for helpful suggestions and critical review of the 
manuscript.
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Figure 1. Picture of a microscope equipped with a camera lucida 
(above) and a camera lucida setup with the microscope and table 
for tracing the projected images (www.antique-microscopes.
com). 
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Identifying the Individual Chromosomes of Maize

Randy Wayne
Department of Plant Biology
Cornell University
Ithaca, New York 14853 USA

Abstract
In the paper entitled, “Chromosome morphology in Zea mays,” McClintock (1929c) produced the first ideogram of the 
ten chromosomes of maize. By being able to identify each of the chromosomes of maize using morphological characters, 
McClintock would be able to use trisomic (2n +1) plants, in which one of the chromosomes would be present in triplicate, to 
assign a gene to a given chromosome. She would do this by correlating that extra chromosome with a trait whose inheritance 
gave a trisomic ratio as opposed to the disomic ratio exhibited by traits that were encoded by chromosomes present in pairs. 
McClintock’s work helped solidify the chromosomal theory of inheritance and provided the foundation for visualizing 
many of the processes involved in heredity.

Even today, over eighty years after Barbara McClintock (1929c) visualized and identified the individual 
chromosomes of maize [Indian Corn], it is still a thrilling revelation for my plant cell biology students to see the 
physical basis of heredity, the individual metaphase chromosomes, standing out in red against a relatively clear 
cytoplasm. They see the colored bodies or chromo-somes by putting undehisced anthers from a variety of plants 
growing in the conservatory in a drop of acetocarmine or aceto-orcein on a slide. Then they tease the anthers 
apart with rusty iron needles, perhaps even ones that belonged to Barbara McClintock, to free the microspores. 
Then they remove the empty anthers and gently heat the slide for about one second with an alcohol lamp until 
just before the stain bubbles. They repeat this step four or five times. Then they cover the preparation with a cover 
glass; press on the cover glass in order to flatten the cells; and view the preparation with a bright field microscope. 
Mirabile dictu, it never fails, they literally see the invisible and, at that instant, for them, the chromosomal theory 
of inheritance becomes reified (Wayne, 2009). They also get to see chromosomes in slides that had been prepared 
by Barbara McClintock herself.

The nucleus was serendipitously discovered and named by Robert Brown (1831) while he was studying pollination 
in orchids. While the nucleus was often the largest organelle seen in the cell, it did not stand out against the 
cytoplasm, and so it was not obvious that the nucleus was a ubiquitous and persistent organelle until Theodor 
Hartig (1854) and Lord Osborne (1857) developed an alkaline carmine stain that was capable of staining the 
nucleus. The carmine dye was made from the scale insect Dactylopius coccus (The cochineal; family Coccidae). 
Thanks to carmine, it became apparent that a nucleus was in each and every plant and animal cell (Virchow, 1860). 

Prior to the introduction of dyes that stained the nucleus, it seemed that the nucleus appeared and disappeared at 
various times during the life of a cell. However, staining revealed that the nucleus did not disappear but fragmented 
into pieces. Since the nucleus was readily stained by colored dyes, its contents were given the name chromatin and 
the fragments into which the nucleus divided were given the name chromosomes. While the process of nuclear 
division was visualized first in Picea (spruce; Pinaceae) by Eduard Strasburger (1875), his observations were limited 
by the small size of the chromosomes. By contrast, Walther Flemming (1882) studied division of the nucleus in the 
epithelial cells of salamander [Salamandra; Salamandidae] larvae, whose leviathan chromosomes were like long 
threads (Gk. mitos). Consequently, Flemming could see clearly that chromatin was not just equally distributed 
to each daughter cell as was suspected by Strasburger but went through a complicated process to divide the 
chromosomes longitudinally in such a way that each somatic cell had not only the same number of chromosomes, 
but identical copies of the chromosomes. He called this process mitosis. It seemed that the chromosomes were 
transmitted to the cell’s progeny in the same manner that the hereditary factors, known theoretically as ids, 
biophors, pangens, etc., were transmitted (Wilson, 1895, 1896).
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Gregor Mendel (1866) introduced mathematical analysis, a technique he learned from Christian Doppler his 
physics teacher, into biology and specifically into the study of plant heredity. Unfortunately, his mathematically 
rigorous, experimentally sound, botanically insightful and biologically significant work which was published 
apparently unrefereed and unreviewed, in the Proceedings of the Natural History Society of Brünn, received negative 
criticism from Carl Nägeli and neglect from everyone else (Bateson, 1902; Rhoades, 1984). The neglect may not 
be so unimaginable since the majority of traits in a species are continuous; and, in the days before quantum 
theory, it may have been unimaginable to see clearly continuous traits as being constructed from many binary 
traits (Weldon, 1901, 1902). Such tensions are common between scientists who see the fundamentals of nature 
reduced to quantitative models and scientists who see the complexity of nature as irreducible. However, at the 
turn of the twentieth century, coincident with the birth of the quantum theory (Planck, 1900), the rediscovery 
of Mendel’s work by Hugo de Vries (1900a,b), Carl Correns (1900) and Erich von Tschermak (1900), botanists 
who were studying quantized, binary traits, such as sugary versus starchy endosperm and yellow versus white 
endosperm, reintroduced binary quantitative analysis as opposed to continuous statistical analysis into the study 
of heredity and energized the search for the mechanism of inheritance.

Immediately after the rediscovery of Mendel’s Laws, a number of cytological observations supported the idea 
that chromatin was not just correlated with inheritance, but was the material cause of inheritance (Agar, 1920; 
Morgan, 1924; Wilson, 1925; Sharp, 1934; Swanson et al., 1967). This causal relationship grew out of the fusion of 
cytology, which was capable of visualizing cellular structures that were protean in morphology, continuous from 
one generation to another, and divided and moved in a manner that was consistent with a role in inheritance; 
with genetics, which was capable of characterizing inheritance analytically with quantitative laws. For example, 
Clarence McClung (1901, 1902) observed that the accessory chromosome, which was isolated from the rest of 
the chromatin in Xiphidium fasciatum [grasshopper; Orthoptera], was only present in half of the sperm. This 
correlated with the commonplace observation that there were two discrete kinds of offspring in terms of sex, 
and that half of the fertilizations gave rise to males and half of the fertilizations gave rise to females. Assuming 
that the chromosomes were not just random clumps of chromatin and that there were qualitative differences in 
the composition of each chromosome, McClung reluctantly proposed as a working hypothesis that the accessory 
chromosome was the material cause of sex determination. Not aware of any potential gender biases in his 
scientific interpretations, McClung wrongly proposed that the accessory chromosome, which we now know as 
the X chromosome, determined maleness—which he considered to be an advanced developmental condition that 
required an additional chromosome. Nevertheless, McClung’s studies provided a starting point to launch further 
investigations into the chromosomal theory of heredity (McClung, 1924).

William Bateson (1902) predicted that the laws of heredity “must correspond with some symmetrical figure of 
distribution of gametes in the cell-divisions by which they are produced.” In 1902, William Cannon, studying 
microsporogenesis in cotton [Gossypium; Malvaceae] and Walter Sutton investigating spermatogenesis in 
grasshoppers, independently provided the cytological evidence that supported Bateson’s conjecture. They found 
that the independent orientation and segregation of homologous paternally-derived and maternally-derived 
chromosomes during the first meiotic division could explain the laws of inheritance discovered by Gregor Mendel 
in his study of garden peas (Wilson, 1902; McKusick, 1960; Crow & Crow, 2002; Tagarelli et al., 2003). Such 
observations led Sutton (1903) to propose that each chromosome must permanently retain its individuality; and 
that each chromosome must consist of many hereditary characters or allelomorphs, for if not, the number of 
distinct characters in an individual would be equal to the number of its chromosomes. In the vast majority of plants 
and animals, the number of chromosomes were not known with accuracy but was arrived at by taking the average 
of the number of chromosomes counted in many cells (Walker, 1907). Assuming that the chromosome number 
had an absolute value and not just a statistical value, Lester Sharp (1921, 1926), who was Barbara McClintock’s 
Ph.D. adviser at Cornell University (Kass & Chomet, 2009), extensively covered the individuality also known as 
the genetic continuity of the chromosome in his An Introduction to Cytology. From 1921 to 1926, coverage of the 
individuality of the chromosome went from a part of a chapter to a whole chapter.

While the idea that sex was an either/or condition led McClung to propose that the accessory chromosome was 
the material cause of sex determination, Calvin Bridges realized that sex in Drosophila melanogaster was not an 
either/or condition and that there were intersexual flies. Bridges (1913) found that when a red-eyed male was mated 
with a vermillion-eyed female, the progeny consisted of vermillion-eyed males and red-eyed females. When these 
vermillion-eyed males and red-eyed females were mated, the progeny consisted of red-eyed males, vermillion-
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eyed males, red-eyed females and vermillion-eyed females in a 1:1:1:1 ratio. By contrast, when a red-eyed female 
was mated with a vermillion-eyed male, the progeny all had red eyes. When the red-eyed males and the red-
eyed females were mated, the progeny consisted of red-eyed females, red-eyed males and vermillion-eyed males 
in a 2:1:1 ratio. Bridges concluded that this type of inheritance could be explained best if the gene for eye color 
resided on the X chromosome. This was the first demonstration that a particular gene was localized on a particular 
chromosome.

When Bridges (1914, 1916) mated a red-eyed male and a vermillion-eyed female, he occasionally found a red-eyed 
male and a vermillion-eyed female among the progeny. He provided cytological evidence to show that this type 
of inheritance was a consequence of the failure of the X chromosomes to separate during meiosis. When the X 
chromosomes did not separate or disjoin, some eggs contained two X chromosomes while others contained no X 
chromosome. The number of X chromosomes in the progeny that resulted from fertilization of these eggs varied. 
Bridges (1921, 1922) later found that it was not the simple possession of two X chromosomes that determines 
femaleness and one X chromosome that determines maleness. Through genetic and cytological studies he observed 
that the X chromosome has traits that tend to cause femaleness and the autosomes tend to have traits that cause 
maleness. While having two X chromosomes and two sets of autosomes or three X chromosomes and three sets of 
autosomes yields females, two X chromosomes and three sets of autosomes results in intersexuals. This indicated 
that sex was more of a continuum than was once thought and the determination of sex requires specific genes, 
which specifically reside on particular chromosomes. Bridges work further strengthened the idea that a specific 
gene was localized on a particular chromosome.

Due to the importance of maize in agriculture, breeding by both Native Americans and by modern breeders 
had resulted in many varieties of maize with a plethora of easily distinguishable traits that could potentially be 
localized to chromosomes (Mangelsdorf, 1974). Localizing the various well-known traits to specific chromosomes 
in maize required a knowledge of the individuality of the chromosomes in terms of quantity and quality. However, 
prior to the 1920s, even the number of chromosomes in maize was uncertain. The number of chromosomes 
seemed to vary within and between different varieties and even in different cells of the same plant. Kuwada (1915, 
1919) found that the average haploid number of chromosomes was ten in most varieties of maize. However, in 
order to correlate traits with chromosomes, it would be important to know whether the observed variation in 
the haploid chromosome number was due to a real variation in the actual haploid chromosome number, or was 
due to the difficulty in visualizing the correct number of chromosomes in the various preparations. Errors in 
counting chromosomes arose from many sources (Walker, 1907). For example, if two chromosomes were in such 
close contact that they were counted as one, the apparent haploid chromosome number would be lower than 
the actual number. Errors also resulted from the presence of stained fragments of the nucleolus that looked like 
chromosomes. Counting the nucleolus as a chromosome would result in a haploid chromosome number that 
appeared greater than the actual haploid chromosome number. 

Belling (1921, 1923, 1926) developed an iron-aceto-carmine staining procedure that allowed plant chromosomes 
to be visualized better than they had been using previous stains. Longley (1924) introduced the iron-acetocarmine 
method into the study of maize chromosomes and in so doing “ failed to show any deviation from 10 as the 
haploid chromosomes number.” By combining the acetocarmine stain used by Nettie Stevens (1908) for staining 
chromosomes with sufficient iron “dissolved from the razor blades and needles used during the process,” Kiesselbach 
and Petersen (1925) improved the method and concurred that the actual haploid number of chromosomes in maize 
was ten. Emma Fisk (1927) realized that while the individual chromosomes might not be recognized with certainty 
in somatic cells, the greatest individuality in chromosome size and shape could be found in late diakinesis. 

Barbara McClintock (1929b) became an expert cytologist who contributed greatly to the technological innovations 
that facilitated the experimental and theoretical advances that would be made in the emerging field of cytogenetics. 
Improving on previously suggested methods, i.e. Belling (1926), among others, she introduced the heating step 
in the acetocarmine staining protocol, and was able to increase the contrast between the chromosomes and the 
cytoplasm. The heating step also caused the microsporocytes to stick to the slide—a necessary condition to process 
the material further so that the slides could be made permanent. By making permanent slides containing highly 
visible chromosomes, McClintock was able to study a sufficient number of favorable preparations to allow her to 
characterize the chromosomes morphologically, and to reach the stage where she was confident that she could 
identify each chromosome. 
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In “Chromosome morphology in Zea mays,” McClintock (1929c) investigated the mitotic chromosomes during 
the first division of the microspore [microgametogenesis]. In this paper, she mentions that she chose this cell type 
because only the haploid complement of chromosomes is present. McClintock and Hill (1931) expand on the 
reasons for using microspores and state that the chromosomes in the microspores with a haploid complement are 
easier to see than chromosomes in root tip cells with a diploid complement of chromosomes. Moreover, compared 
with mitotic metaphase chromosomes, the chromosomes during late mitotic prophase are longer, the constrictions 
are more obvious and the relative length of their arms is more readily determined. Indeed, investigating the 
chromosomes of the mitotic cells in thin sections made from the root tip of maize, another one of Lester Sharp’s 
students, Lowell F. Randolph, had not been able to realize his goal of characterizing confidently the individual 
chromosomes of maize (Rhoades, 1984). 

Using favorable material, a high-contrast staining procedure, and a method to make the slides permanent, 
McClintock (1929c), formerly L. F. Randolph’s assistant [1925-1926; Kass 2003], was able to identify the ten 
chromosomes in the haploid complement of maize based on their total length, the position of the primary 
constrictions (centromeres), the presence and position of any secondary constrictions, the presence of a satellite, 
which had been observed first by L. F. Randolph, and the presence and position of a deeply staining region. 
McClintock then constructed and published a semi-diagrammatic representation, known as an ideogram, of the 
haploid complement of chromosomes. She did not identify the chromosomes by number in this publication. That 
would have to wait until 1932 when geneticists and cytologists agreed to number the chromosomes from one to 
ten starting with the largest (Kass & Bonneuil, 2004). Other numbering systems are also used (cf. Stadler, 1931; 
Neuffer et al., 1968).

Once the morphology of the ten chromosomes that composed the haploid set in maize was revealed by McClintock, 
she would be able to identify which chromosome appeared in triplicate in the otherwise diploid cells of trisomic 
plants. She could then correlate this chromosome with a given trait using the trisomic ratio test developed by 
Blakeslee et al. (1920) and Belling and Blakeslee (1922). In this test, the inheritance of traits carried by genes on 
the disomic chromosomes show normal Mendelian ratios while the inheritance of traits carried by the trisomic 
chromosomes exhibit non-Mendelian trisomic ratios. By correlating which chromosome was present in triplicate 
in plants that exhibited a trait whose inheritance exhibited a non-Mendelian ratio, one could conclude that the 
gene for that trait resided on the chromosome that was present in triplicate.

The trisomic plants used by McClintock were produced by hybridizing a triploid plant that arose spontaneously 
in A. C. Fraser’s corn field at Cornell University with a diploid plant (McClintock, 1929a). The triploid plant had 
been recognized by the keen eye of a plant breeder because it stood out among the others in the field. It had a 
thicker stock, broader leaves, stouter tillers, larger anthers and microsporocytes and was notably more vigorous. 
Randolph and McClintock (1926) confirmed that the unique plant was triploid by showing that it contained 
thirty chromosomes in each cell and during diakinesis, the chromosomes were arranged in ten groups of three 
chromosomes each i.e., ten trivalents. Randolph and McClintock (1926) suggested that the triploid was probably 
formed by the fusion of a diploid and a haploid gamete. 

Unfortunately the ratios obtained from selfing or crossing trisomic plants do not depend only on the chromosome 
composition of the progeny but also depend on the chromosome composition of the gametophytic generation. Seed 
set resulting in trisomics typically does not occur from aneuploid pollen because the chromosomally unbalanced 
pollen is frequently sterile or unable to compete with the haploid pollen in the race through the transmitting tissue 
to the ovule (Darlington, 1932). Consequently, in maize, the aneuploid pollen, which accounts for 50% of the 
pollen, only accounts for 1-2% of the pollinations while 98-99% of the pollinations are accomplished by the haploid 
pollen. By contrast, the transmission of the aneuploid number of chromosomes through the maternal parent is 
more likely. In maize, when the egg is aneuploid and the pollen is haploid, trisomics occurs in approximately 25-
50% of the progeny (Swanson, 1957, p. 189) 

Making use of the ideogram of maize produced by McClintock (1929c), McClintock and Hill (1931) performed 
both cytological and genetic tests on trisomic individuals (2n + 1) produced directly from a cross of a triploid 
female to a diploid male. If the dominant factor for red aleurone (R) were present in the trisomics in duplicate 
as RRr, then the gamete ratio would be 2R:2Rr:1RR:1r, which is equal to 5R:1r. If the factor for red aleurone (R) 
were present as Rrr, then the gamete ratio would be 1R:2Rr:1rr:2r, which is equal to 1R:1r. After accounting for 
the difference in sterility of gametes with n + 1 versus n chromosomes, McClintock and Hill (1931) showed that 
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the gene for red aleurone color was inherited according to the trisomic inheritance ratio. Since their cytological 
studies showed that, in these plants, the smallest chromosome was present in triplicate, they concluded that the 
gene that coded for red aleurone color resided on the shortest chromosome. By combining cytological studies with 
the trisomic ratio test, McClintock and Hill published the first paper linking a gene [R] in the R-g linkage group 
to the smallest [R-g] chromosome in corn (Kass & Bonneuil 2004; Kass & Cobb 2007). During their study, five 
additional linkage groups were identified with chromosomes using trisomic ratios, translocations and deletions 
(McClintock & Hill 1931, Appendix; Kass & Bonneuil 2004: 105-107). Later, cytological tests, using X-rayed pollen, 
showed a deletion in the long arm of the chromosome carrying the alleles for a dilute sun red plant color (a, b, 
R-g) (McClintock 1931). This permitted McClintock (1931, p. 15) to place the R gene in the long arm of the R-g 
chromosome, and confirm her earlier study using trisomic plants (McClintock & Hill 1931). The chromosomes 
were later numbered 1-10, from the largest to the smallest (McClintock 1933; Rhoades and McClintock 1935: 294). 

While, McClintock’s 1929 paper entitled, “Chromosome morphology in Zea mays” is only one page long, its impact 
was monumental (Rhoades, 1984; Campbell, 1993). According to Nina Fedoroff (1994), “These early experiments 
laid the groundwork for a remarkable series of cytogenetic discoveries by the Cornell maize genetics group between 
1929 and 1935…. These include the identification of maize linkage groups with individual chromosomes, the well 
known cytological proof of genetic crossing over, the cytological determination of the physical location of genes within 
chromosomes, identification of the genetic consequences of nonhomologous pairing, establishment of the causal 
relationship between the instability of ring-shaped chromosomes and phenotypic variegation, the discovery that the 
centromere is divisible, and the identification of the chromosomal site essential for the formation of the nucleolus.” 
It is a happy thought to realize that in the 1934 edition of Lester Sharp’s Introduction to Cytology, the chapter 
entitled, “The morphology of chromosomes,” is extensively illustrated with photomicrographs taken by Barbara 
McClintock of her acetocarmine-stained preparations of the chromosomes of maize (Coe & Kass, 2005, this 
volume; Kass & Cobb 2007).
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Abstract

Many aspects of genetics are surprising when first realized to be true, such as transposons, gene splicing, RNAi, 
and even the genetic code itself. The ability of chromosomes to break and then rejoin broken-end to broken-
end must have been an early surprise realized by pioneering plant geneticists, such as Barbara McClintock, R. 
A. Brink, and C. R. Burnham, to name a few. In fact, the first reports of semi-sterility in Stizlobium, Datura, 
and maize were explained by a two locus model. Systematic and very thoughtful reasoning eventually led to the 
idea of reciprocal translocations where end segments of non-homologous chromosomes exchange. The paper by 
Barbara McClintock (1930) convincingly demonstrated the occurrence of such translocations and their expected 
and observed behavior during synapsis and chromosomal distribution.

Introduction

A reading of the literature that led to the McClintock 1930 paper “A cytological demonstration of the location 
of an interchange between two non-homologous chromosomes of Zea mays” clearly shows an interesting and 
impressive progression of thought on the underlying basis of semi-sterility. McClintock’s paper presents a cogent 
and essentially indisputable description of the behavior of a reciprocal chromosome translocation that explained 
the semi-sterility first observed in maize in 1925 (Brink 1927), while scoring for waxy pollen. 

Discussion

In a similar vein as the good fortune often ascribed to Gregor Mendel for perhaps inadvertently selecting traits 
in peas controlled by single genes, McClintock studied an interchange that gave 50% sterility due to the lack of 
development of duplicate-deficient gametophytes. This is not always the case as interchanges with breaks near the 
ends of chromosomes where certain deficiencies do not lead to spore abortion often have 25% sterility and give 
rather complicated progeny, especially when heterozygotes are used as the female parent in crosses (Phillips et al. 
1971). She also was fortunate in that one of the interchanged chromosomes involved chromosome 9 with a short-
arm terminal knob. This not only allowed the identification of that chromosome in the pachytene and microspore 
stages but also made it easy to find the complex of four chromosomes in a cell by looking for the knob. In addition, 
a terminal knob is usually seen by quickly scanning the cell and thus the rest of the complex can be resolved 
starting from the knob. McClintock was aware that knobs occurred in other chromosomes and later studied 
them in detail (McClintock et al. 1981; see Kato Y perspective, this volume). McClintock also was lucky in that the 
primary constrictions (spindle fiber attachment sites; centromeres) were obvious to her and – together with the 
knob – allowed each of the four chromosomes in the complex to be identified. Although one might consider the 
above as due to luck, the probable truth is that McClintock’s genius allowed her to recognize the importance of 
these chromosome landmarks and allowed them to guide her to major conclusions. 

McClintock used both of the terms “translocation” and “interchange” in this 1930 Proceedings of the National 
Academy of Sciences [PNAS] paper. She also used the term “segmental interchange,” consistent with Belling’s 
(1925; Belling & Blakeslee 1926) reinterpretation of the Stizlobium semi-sterility results as due to the interchange 
of segments between two non-homologous chromosomes. From personal conversations with my Ph.D. advisor and 
subsequent colleague C. R. Burnham, I was aware of his preference for the term “interchange” as a replacement for 
“translocation” or “reciprocal translocation.” He believed that the term “translocation” was commonly used in the 
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plant physiology literature to indicate movement of water and solutes, and therefore not appropriate to describe 
chromosomal structural alterations.

Burnham was very supportive of McClintock throughout her career, and even the McClintock 1930 paper 
acknowledged him for providing the plants used for her investigation [See cover photo]. Burnham had noted 
the various cases of semi-sterility and that the trait was inherited, making the need for an explanation even 
more important. Semi-sterile maize plants produced fertile and semi-sterile plants in equal frequencies when 
self-pollinated or crossed reciprocally with normal plants. Burnham and McClintock exchanged ideas and drew 
chromosome diagrams in the evenings in order to understand the basis of semi-sterility and then the behavior of 
heterozygous and homozygous interchange constitutions. McClintock made microscope slide preparations from a 
maize stock (semi-sterile 2) that Burnham had brought with him from Wisconsin. The photographs she mentioned 
in her paper were subsequently published in her major professor’s Cytology textbook in 1934 (Sharp 1934, fig. 189, 
p. 333; Coe & Kass 2005, fig. 2, this volume). 

McClintock’s technique of applying pachytene cytology was a major advancement. She used rusty needles in order 
to work iron into the acetocarmine stain with subsequent heating to achieve darker, higher contrast staining of 
the chromosomes. Another feature of maize meiocytes [microsporocytes, pollen mother cells] is that they are 
not round and, therefore, the cells flatten with the pressure of the coverslip in a consistent manner. Metaphase 
chromosomes, for example, are seen almost always as a line of chromosomes (metaphase plate) as opposed to a 
circle of metaphase chromosomes as would be seen in a polar view.

McClintock used a camera lucida apparatus to trace the chromosomes of the interchange heterozygote. The 
camera lucida uses a mirror system attached to the microscope ocular to see both the cell in the microscope as 
well as the pencil and paper beside the microscope (see illustration in Sorrell’s perspective, this volume). The 
chromosome images can be simply traced onto the paper. This technique is often more helpful than taking a 
photograph when the complex cannot be observed throughout in a single plane. A thin copper wire that could 
be easily bent was often used to measure the curvy chromosomes. The wire would be manipulated to follow the 
contour of the chromosome and then pulled straight and the length recorded. In this manner, the position of 
the cross-shaped configuration could be established and usually reported as the percentage distance between the 
primary constriction and the end of the chromosome.

Another aspect of the genius of McClintock was that she did not over-interpret her data. In this paper, one can 
recognize her reluctance to draw conclusions beyond her observations. For example, she stated that “This spindle 
fiber attachment region [primary constriction] is achromatic [non- staining]; the stainable chromonemata do 
not pass through it.” Note that she said that the “stainable” chromonemata did not pass through this achromatic 
region. This leaves open the possibility that chromonemata could pass through the region but might not be seen 
with her technique. Another example in this paper appears in her discussion of the use of microspores to determine 
the meiotic segregation products. She realized that some products from the heterozygous interchange were more 
easily recognized than others in the microspores. Thus, she did not attempt to develop numerical relationships 
between observed and expected products due to the “difficulty of analyzing all types equally well.” 

McClintock was a skilled cytologist and recognized the value of using pachytene stage cells to identify the normal 
and the interchanged chromosomes that were paired homologously throughout their length [2 by 2 pairing].  
She was the first to point out that the center of the cross in the heterozygote would reflect the positions of the 
breakpoints in the two non-homologous chromosomes and that the relative lengths of the four arms depended 
on the positions of those breakpoints. Not all complexes had perfect pairing and arm lengths, but the variation 
was apparently expected by McClintock and did not cause her to question her interpretations; she averaged the 
measurements. The results indicated that segments unequal in length could be exchanged to form the interchanged 
chromosomes. She was the first to clearly demonstrate the actuality of segmental interchanges.

Another brilliant line of reasoning was applied to realize that the segregation of chromosomes from the complex 
of four chromosomes was not random. The idea that semi-sterility could be the result of a genic mechanism was 
put forward from the start with the publication of the papers by Belling (1915) and Brink (1927). They discussed 
the assumption that two pairs of genes were involved (A, a and B, b). This hypothesis assumed that AAbb and 
aaBB were normal. The genotype AaBb would produce the semi-sterile type. Given the assumption that AB and 
ab are not viable, then the genotypes AABB, AaBB, AABb, Aabb, aaBb and aabb would not exist. Upon pondering 
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how such genotypes could arise in the first place, Brink – being an excellent geneticist - questioned whether the 
hypothesis was very likely because simultaneous mutations in two genes would be required, and he doubted this 
possibility. He then suggested that a change in the arrangement of two pairs of chromosomes was more likely; this 
possibility was suggested earlier for Datura by Blakeslee and Cartledge (1927). Brink (1927) reported that “One 
might suppose that a portion of one chromosome has become attached to a member of a non-homologous pair 
and that all spores receiving the ‘disjoined’ section in duplicate or lacking it altogether are abortive. It might be 
equally well assumed that two entire non-homologous chromosomes have become attached and assort together”; 
this explanation was not definitive as to the exact nature of the exchange. On the other hand, McClintock’s (1930) 
description and drawing makes the reciprocal nature of the interchange perfectly clear.

Brink (1927) argued that the original exchange had taken place in the immediate parent giving rise to the progeny 
where semi-sterility was first observed because only 9% of the progeny were affected. He assumed that only a 
portion of the progenitor tissue possessed the exchanged chromosomes.

McClintock (1930) also thought about the subsequent behavior of the pachytene complex of four chromosomes 
resulting from heterozygosity for the interchanged chromosomes. She recognized that the cross-shaped structure 
would lead to a condensed set of four chromosomes at diakinesis and metaphase I, reflecting an association of the 
two interchanged and two normal chromosomes. In maize, such a set of four chromosomes is called a ring-of-four 
chromosomes, not to be confused with ring chromosomes. 

Forward thinking then led McClintock to envision which chromosome constitutions would be present in the 
microspores of an interchange heterozygote, assuming that the chromosomes would be distributed two-by-two 
[homologous pairs] from the complex. She expected that only four types of spores would be produced if homologous 
centromeres went to opposite poles – a perfectly reasonable assumption. When she observed that more than four 
types of microspores were produced, she easily concluded – it seemed – that homologous centromeres could go to 
the same pole in meiosis I. Because this would lead to six spore types – four of which would be expected to abort 
– the observation of semi-sterility would not be expected. McClintock then made the assumption that any two 
adjacent chromosomes in the ring can go to the same pole in half of the microsporocytes and lead to abortion, 
and half of the adjacent members go to opposite poles. On this basis, 50% pollen abortion (semi-sterility) would 
be expected. Because this plant material had distinguishable chromosomes due to the presence of a knob on one 
chromosome, following the knob made it “obvious” to McClintock that what we now call “adjacent II disjunction” 
occurs and that “alternate disjunction” occurs about 50% of the time (see Coe & Kass 2005, fig. 3, this volume). 
This was the first time that this behavior had been reported; again, she clearly believed her data and had no 
difficulty in accepting her own rather unorthodox conclusion.

Although not essential for understanding the complex constitution and behavior of the interchange, McClintock 
(1930) also made crosses of homozygous interchange plants with two trisomic [2n+1] stocks – one for the smallest 
chromosome and one for the fourth smallest - to identify the chromosomes involved in the interchange. She 
observed a ring-of-four chromosomes and an independent trivalent and concluded that the smallest and the 
fourth smallest chromosomes were not involved in the interchange. She then knew that the interchange involved 
the second and third smallest chromosomes, today known as chromosomes 9 and 8, respectively. 

Several insights were available to McClintock in a paper communicated to the PNAS by Burnham (1930) eight 
months before the McClintock (1930) paper. He noted that an interchange should lead to the linkage of two 
normally independent linkage groups; Brink and Cooper (1931) had shown the linkage of semisterile-1 with 
markers in two linkage groups. Burnham had presented a clear diagram of a segmental interchange. He had 
observed a ring-of-four and 8 bivalents in semi-sterile plants (Burnham 1930); Blakeslee (1928) with Datura and 
Hakansson (1929) in pea had observed a ring-of-four chromosomes earlier. Burnham noted that normal spores 
would be produced when alternate chromosomes in the ring-of-four would go to the same poles. Burnham also 
noted that chains-of-four chromosomes occurred in the studied interchange heterozygotes and thought that the 
size of the interchanged pieces would influence chain frequency. He also presented observations from crossing 
two independent interchanges resulting in 75% sterility, as expected from the interchange hypothesis. In addition, 
Burnham had noted some progeny with an intermediate level of sterility. McClintock had suggested that these 
plants might be trisomics. Burnham suggested that 3:1 chromosome disjunctions – rather than 2:2 – sometimes 
occurs in interchange heterozygotes. From crossing two interchanges (called semisterile-1 and semisterile-3), he 
observed a complex of six chromosomes and seven bivalents and concluded that the two interchanges shared one 
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chromosome in common. He also suggested how to build interchanges involving multiple chromosomes, which 
led to his proposal of an “Oenothera” method of producing inbred lines in maize (Burnham 1946). Darlington 
(1929) had proposed that rings – even a single ring of 14 chromosomes - observed in Oenothera could be due to 
Belling’s (1925) proposed segmental interchanges. 

Summary

McClintock’s 1930 paper offers several insights not before recognized about the behavior of heterozygous 
interchanges. Using pachytene analysis for the first time, she clearly showed the existence of a segmental interchange 
with the presence of homologously paired chromosomes and a cross-shaped configuration where the position of 
the cross reflected the position of the breakpoints in the two non-homologous chromosomes. She pointed out 
that the lengths of the four arms of the cross also depended on the breakpoint positions. She used a chromosome 
knob and centromere positions for the first time to identify all four chromosomes. The distribution of the meiotic 
products from the complex was analyzed at the microspore stage also for the first time. She was able to show that 
adjacent chromosomes in the complex could segregate to the same spore. If at random, about 33% sterility would 
have been expected, not 50%. She proposed that adjacent disjunction occurred 50% of the time thus yielding 50% 
sterility. These clear and well-documented conclusions allowed major advances in cytogenetics.
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An Attempt at Identifying the Position of Genes on the Chromosomes of 
Maize using X-Ray Induced Chromosome Deficiencies

Randy Wayne
Department of Plant Biology
Cornell University
Ithaca, New York 14853 USA

Abstract
Once McClintock established that in maize specific genes were physically localized on a particular chromosome, she set out 
to establish the physical location of genes on a chromosome. To do this, she performed cytological studies on Lewis Stadler’s 
X-ray mutated corn plants. The X-rays caused a portion of a chromosome to be eliminated that resulted in the production 
of a rod-shaped chromosome with a deficiency and a ring-shaped chromosome that contained the genes deleted from the 
rod-shaped chromosome. As long as the ring-shaped chromosome contained a centromere it could be transmitted from 
cell to cell. If the ring chromosome were small, one could assume that the genes carried on it came from a region near the 
centromere. The smaller the ring chromosome, the better was this assumption. If and when the ring chromosome was lost, 
the plant would become variegated and from the nature of the variegation, one could assign a position to the gene that coded 
the character that is variegated to a region close to the centromere.

Once Barbara McClintock (1929) cytologically identified ten chromosomes of maize and assigned six of the ten 
linkage groups to the chromosomes (McClintock & Hill, 1931; Kass and Bonneuil 2004: 106-107), she could then 
begin a study to localize genes on the chromosomes. In order to accomplish this goal, McClintock (1931, Birchler, 
this volume; McClintock, 1932) joined with Lewis Stadler who was able to use X-rays to induce deficiencies 
(deletions) in chromosomes. Stadler suggested the initial problem to McClintock and furnished her with the 
mutated maize plants (McClintock, 1931). Stadler became interested in genetics after reading T. H Morgan’s (1919) 
book, The Physical Basis of Heredity, and, perhaps after he realized that chromosomes were indeed real physical 
entities, he sought out a physical method that would be penetrating enough and small enough to perturb discrete 
regions of a chromosome mechanically. Stadler was among the pioneers who discovered that gamma rays and 
X-rays had the ability to cause alterations in the chromosomes of plants and animals (Blakeslee, 1927; Gager and 
Blakeslee, 1927; Muller, 1927; Curtis, 1928; Stadler, 1928a, b, 1930a, b, 1932, 1936; Anderson, 1936; Rhoades, 1957, 
1984). The collaboration between Stadler and McClintock resulted in a paper entitled, “A correlation of ring-
shaped chromosomes with variegation in Zea mays.”

Stadler (1928a, 1931a) had developed a technique in which he X-ray irradiated maize pollen marked with dominant 
allelomorphs (alleles) for endosperm characters in order to induce chromosome deficiencies. He would then be able 
to infer the relationship between a physical segment of the chromosome and the trait it caused in a given cell. To find 
such a relationship, Stadler pollinated a female parent that was marked with recessive allelomorphs for endosperm 
characters with the X-ray irradiated pollen that was marked with the dominant allelomorphs. If a dominant 
allelomorph were lost as a result of an X-ray induced loss of a segment of chromosome, the resulting endosperm 
cell would express the recessive character. By marking the chromosomes with two or more linked allelomorphs, 
Stadler could get an idea of the spatial extent of the chromosome loss. The endosperm was particularly useful 
for these genetic studies since, as a result of double fertilization, its characteristics depend on both the maternal 
genotype and the paternal genotype (xenia; East, 1913) and the endosperm characters were visible a short time 
after pollination and long before the seed germinates. 

McClintock spent the first part of her National Research Council (NRC) Fellowship (1931-1932) at Missouri, 
working on the cytology of Stadlers’ plants. McClintock (1931) used plants from Stadler’s X-ray mutant lines, 
which had lost dominant alleles of the genes Lg, A, Pl and R. By observing cytological deficiencies correlated with 
genic loss from pollen or embryo treated plants, McClintock located the genes for liguleless (lg, ligule absent) on 
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the B-lg chromosome [chromosome 2], anthocyaninless (a, green plant color absent) on the A-d1-cr chromosome 
[chromosome 3], loss of purple color (pl) on the Pl-Y, Satellite chromosome [chromosome 6], and loss of red color 
(r) on the R-g chromosome [chromosome 10]. 

During her initial investigations, McClintock (1931, p. 22) first recognized a ring chromosome with its insertion 
region [centromere] in corn, which she hypothesized may have been derived from a deleted rod shaped chromosome. 
Such a chromosome was first described by Navashin in 1930. McClintock believed that the variegated plants that 
Stadler had observed, may have been due to loss of ring chromosomes carrying dominant alleles. She returned to 
Missouri during her second NRC fellowship (1932-1933) to investigate these variegated plants.

Stadler used pollen that possessed the dominant allelomorphs Lg, B and V4, which encode for ligules, sun-red plant 
color, and nonvirescent seedlings, respectively (Fraser, 1939). The pollen was placed on the stigma of a plant that 
possessed the recessive allelomorphs lg, b and v4. As long as the pollen had not been irradiated with X-rays, the 
chromosomes should be rod shaped and transmitted from cell to cell in the normal way so that all the cells in the 
plant would be genetically identical and all should show the dominant phenotypes without variegation.

However, when Stadler used Lg, B and V4 pollen that had been irradiated with X-rays to pollinate a plant that 
contained the recessive alleles, lg, b and v4, the progeny were not heterozygous with a dominant phenotype but 
were ligule-less (lg), probably virescent (v4) and consisted of stalks and leaves with sun-red and green stripes. When 
McClintock (1932) looked at the microsporocytes in mid-prophase from the anthers, she noticed that a ring-
shaped chromosome synapsed with the normal rod-shaped chromosome B-lg [chromosome 2 (Kass and Chomet, 
2009)]. By studying the chromosomes during synapsis, McClintock could see that the ring-shaped chromosome 
was missing both ends of the chromosome—one that contained the Lg allele and one that contained the V4 allele. 
This would explain the observation that the progeny were all ligule-less and probably virescent. The free ends of 
the middle of the chromosome, which is the part that contained the B gene, fused to form the ring. McClintock 
observed that in many microsporocytes, the ring-shaped chromosome was obviously diminished. Assuming that 
the presence of a ring-shaped chromosome was cytological evidence for a gene deficiency, McClintock surmised 
that the cells that made up the sun-red stripes must have a ring-shaped chromosome that contained the B 
allelomorph while the cells that made up the green stripes must have had a ring-shaped chromosome that lost the 
segment that contained the B allelomorph. However, this was just an untested hypothesis since McClintock only 
correlated an increase in sun-red-green variegation with the presence of X-ray induced ring-shaped chromosomes. 

X-ray irradiation could produce a deficiency in any chromosome and result in a ring-shaped chromosome. The 
Pl allelomorph, which coded for purple color in the leaves and stalks, resided on the satellited chromosome 
[chromosome 6 (Kass & Chomet, 2009)]. When Stadler pollinated a plant that contained the recessive allelomorph, 
pl with Pl pollen that had been irradiated with X-rays, the progeny were not heterozygous with a dominant 
phenotype but consisted of stalks and leaves with sun-red and purple stripes. The sun-red stripes indicated that the 
dominant Pl allelomorph was no longer expressed. McClintock (1932) found patches of cells that had very small 
ring-shaped chromosomes. Presumably each of the sun-red cells had a small ring-shaped chromosome that lacked 
the segment that contained the Pl allelomorph. Again, this was just an untested hypothesis since McClintock only 
correlated an increase in purple-sun-red variegation with the presence of X-ray induced ring-shaped chromosomes.

McClintock (1932) studied the Bm1 and the bm1 allelomorphs that resulted in colorless or brown cell walls, 
respectively. The brown-walled or colorless phenotypes were visible in cross sections of the stem or as brown veins 
(vs. colorless veins) in the stalk and leaves. When Stadler used Bm1 pollen that had been irradiated with X-rays 
to pollinate a plant that contained the recessive allele, bm1, the progeny were not heterozygous with a dominant 
phenotype but consisted of leaves and leaf sheaths with a variegation that resulted in patches of brown and colorless 
veins. The brown veins (bm1) indicating that the dominant (clear veined) Bm1 allele was no longer expressed. 

Cytological examination of these plants revealed that during meiosis ten bivalents and a ring-shaped chromosome 
were present. In these plants, which had 21 chromosomes, an arm of the Bm1 chromosome [chromosome 5 
(McClintock, 1938)] was shorter than in the unirradiated plant and the size of the deletion seemed to be comparable 
to the size of the ring-shaped chromosome. In one plant, the arm of the maternal Bm1 chromosome buckled 
when it synapsed with the paternal chromosome. In another plant, which had a tiny ring-shaped chromosome 
comprised of not more than several chromomeres; synapsis between the maternal and paternal rod-shaped 
Bm1 chromosomes showed no buckling. Given that both the rod-shaped chromosome that gave rise to the tiny 
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ring-shaped chromosome and the tiny ring-shaped chromosome itself had insertion regions or centromeres, 
McClintock hypothesized that the Bm1 gene must be localized close to the insertion region. However, based on 
other evidence not presented, McClintock was unable to make any decisive statement concerning the position 
of the Bm1 deficiency. In follow-up work, McClintock (1938) presented cytological evidence that confirmed her 
hypothesis on the localization of the Bm1 gene near the centromere.

McClintock observed that throughout development, the ring-shaped Bm1 chromosome tended to get smaller and 
smaller and eventually got lost. McClintock proposed that the loss of the Bm1 allelomorph was a result of the 
degeneration or complete loss of the ring-shaped Bm1 chromosome was the likely cause of the variegation in the 
brown-colorless cell wall chimera [i.e., variegation]. While the ring-shaped chromosome typically decreased in size 
or disappeared, McClintock also found that they could increase in both size and number. Although McClintock 
did not yet know the mechanism for the decrease or increase in size of the ring chromosomes in her corn plants, 
she hypothesized that rings might become interlocked. Movement of insertion regions [centromeres] toward 
opposite poles, she suggested, would cause breaks in the ring chromosomes causing changes in their size and genic 
makeup. To support her hypothesis, she again cited the studies of Navashin (1930), who had presented “figures of 
two interlocking rings in a somatic metaphase in Crepis [hawksbeard, Asteraceae].”

It is a commonplace that rod-shaped chromosomes are typically transmitted from cell to cell so that each cell has 
the same genetic complement. By contrast, ring-shaped chromosomes are not as persistent in that all or part of 
the ring-shaped chromosome is lost during mitosis. Consequently, the daughter cells of plants with ring-shaped 
chromosomes are not genetically identical and the plant develops a variegated, chimeric or mosaic phenotype. 
Since the ring-shaped chromosomes can also form spontaneously (McClintock, 1932), McClintock knew from 
Stadler’s (1931a, b) investigations, that it is possible that plants, which had not been subjected to X-rays, may also be 
genetic chimeras. Having the knowledge that not all cells in a single maize plant had the same genetic constitution, 
McClintock may have developed a mind that was prepared to find transposable elements. As Joseph Henry said 
in his presidential address to the Philosophical Society of Washington on November 24, 1877, “The seeds of great 
discoveries are constantly floating around us, but they only take root in minds well-prepared to receive them” (Bauer, 
1908). 
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Abstract:
The nucleolus is a prominent oval-shaped structure located in the nucleus of animal and plant cells. Various studies have 
established that the nucleolus is the site for ribosomal biogenesis involving synthesis and processing of ribosomal RNA 
(rRNA) and coordinated assembly with ribosomal proteins into major ribosomal subunits. The level of rRNA and production 
of ribosomes are regulated in relation to growth rate and protein requirements of cells. The nucleolar organizer region 
(NOR) of the chromosome contains the rRNA genes encoding the 18S, 5.8S, and 28S ribosomal RNAs, and multiple copies 
of rRNA genes are clustered at the NOR. The precise chromosomal location of the NOR has been established for numerous 
animal and plant species, but understanding exactly how the nucleolus regulates various cellular functions and responses 
to stress conditions are areas of high current interest. 

Classical studies of the nucleolus and the NOR, conducted by cytologists in the early 1900’s, provided an essential 
conceptual foundation propelling subsequent studies of the molecular organization and functions of the nucleolus. Barbara 
McClintock’s study of the maize NOR contributed important fundamental information about the chromosomal location 
and general mechanism for the formation of the nucleolus in plant cells (McClintock, 1934). McClintock determined that 
a large deep-staining body on satellited chromosome 6 is responsible for the organization or the formation of a nucleolus 
at telophase. Moreover, she determined that the extent of nucleolar formation, reflected by nucleolar size, is related directly 
to gene activity at the NOR. This latter finding provided a major conceptual breakthrough in the field of cytogenetics and 
biology in general (Sirri et al., 2008). 

Introduction: 

Status of knowledge of nucleolar organizer regions in the period 1905-1933. 

Several early studies in the period 1905-1933, conducted in multiple plant species, suggested a relationship of the 
nucleolus and the chromosome. Particular chromosomal regions observed to be physically associated with nucleoli 
included secondary constrictions or stalks (light staining areas) and satellites (SAT) located at chromosome ends. 
Pioneering studies by Heitz (1931a; 1931b) established a direct relationship between secondary constrictions and 
nucleoli. Chromosomes involved in nucleolar association or organization were called SAT-chromosomes. Heitz’s 
work provided an important foundation for future studies of NORs. The main observations and conclusions 
from Heitz’s work were as follows: (1) The nucleolus originates in telophase at the position of the satellite stalk 
or secondary constriction, (2) stalks and secondary constrictions are functionally synonymous in that both can 
be associated with nucleoli, but the presence of a secondary constriction near the end of a chromosome forms a 
small end region or satellite, (3) the number of SAT-chromosomes determines the number of nucleoli formed in 
telophase, and (4) when two SAT-chromosomes are present in a monoploid complement distinct differences in 
nucleolar sizes may be produced, reflecting differential functional activities of the respective SAT-chromosomes. 

Examination of the figures in the papers by Heitz (1931a; 1931b) reveals the technical and analytical challenges 
that were encountered by cytologists in the early 1900’s. Moreover, the selection of the telophase stage of mitosis 
for these studies limited the ability to resolve, by microscope examination, the exact chromosomal site of the 
true NOR. Telophase chromosomes are highly condensed and tightly grouped prohibiting precise detection of 
differentially condensed subregions that may function as nucleolar organizers. Interestingly, modern studies using 
fluorescence in situ hybridization and silver staining (Ag-NOR) have shown that a NOR (site of 5.8S, 18S, and 28S 
ribosomal genes) can be located in secondary constrictions or stalk regions as is the case for Homo sapiens (Evans 
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et al., 1974; Goodpasture et al., 1976; Bloom & Goodpasture, 1976). Thus, Heitz’s findings that some plant NORs 
(but not maize) are located at secondary constrictions have more general application.

It is interesting that McClintock challenged the main concept of Heitz’s work in the beginning of her 1934 paper. 
She states in the second paragraph of her paper “It is the purpose of this paper to indicate that the nucleolus 
originates not from the stalk or secondary constriction but from an organizing body in the chromosome directly 
adjacent to the stalk of the satellite” (McClintock, 1934, p. 295). McClintock indicated that her main finding 
was consistent with studies by Kaufmann (1933) in D. melanogaster showing a knob-like terminal region and 
spherical condensed region on either border of a stalk region on the Y chromosome. Kaufmann observed that 
these structures were associated with the nucleolus during telophase. However, none of the previous studies on 
NORs provided direct and convincing proof that specialized structures (knobs, heteropycnotic and deep stained 
regions, stalks, satellites) were the physical sites on chromosomes that directed the formation of a nucleolus. It 
should be noted that different conclusions reached in the various early studies could in part be attributed to use 
of different species. For example, Heitz’s studies included various plant species, but not Zea mays. Kaufman’s 
investigations employed only D. melanogaster. 

McClintock employed two unique and powerful analytic approaches to studying nucleolar organizers in Zea mays 
that set her study apart from all the others. One was a genetic approach that employed a chromosomal interchange 
or translocation that divided a large, deep-staining body on chromosome 6 into two independent segments. 
McClintock examined whether one or both of the segments could produce a nucleolus and to what extent. The 
second approach involved cytological studies with cells at the pachytene stage of meiosis where it was possible to 
visualize the association of a particular subregion on chromosome 6 with the nucleolus. Importantly, nucleoli 
are particularly prominent during pachytene stage, and the chromosomes are elongated allowing visualization of 
differentially stained structures along the chromosomes (McClintock, 1934, text fig. 1, p. 297; Swanson, 1957, p. 65). 
Such structures include chromomeres, deep staining bodies or regions, satellites, and lightly stained centromeres. 
The multiple chromomeres along the chromosome were initially described as bead-like structures, but they are 
actually regional bands produced from differential coiling of the chromatin fiber (Redei, 2008; Wanner & Schroeder-
Reiter, 2008). This coiling results in dark-staining bands alternating with less dense light-staining bands along the 
chromosome. Moreover, each chromosome in a karyotype has a distinct chromomere or banding pattern useful 
for identification of chromosomal alterations such as translocations and deletions. The various structural features 
of chromosomes facilitated McClintock’s studies including her detailed analysis of maize chromosome 6 and 
exact localization of the region that organizes the nucleolus (McClintock, 1934, text fig. 1).

Discussion:

McClintock’s experimental approach to identifying the nucleolar organizer in Zea mays

A unique feature in the experimental design was the use of a chromosomal interchange or translocation between 
chromosomes 6 and 9 that was produced following X-ray treatment. This treatment divided a conspicuous deep-
staining region on the short arm of chromosome 6 into two unequal segments. The interchange consisted of an 
altered chromosome 6 (designated 69) that retained a large segment of the deep-staining body, and an altered 
chromosome 9 (designated 96) that received a small segment of the deep-staining body (McClintock, 1934, text 
fig. 2). McClintock was able to observe the physical association of these segments on the respective interchange 
chromosomes with nucleoli, and determine the ability or “activity” to organize a nucleolus as judged by nucleolar 
sizes. Thus, the chromosomal interchanges allowed McClintock to explore associations of chromosomal segments 
and nucleoli in a way that other cytologists of the era could not.  

Acetocarmine smears were used to study meiotic stages. McClintock was the first to apply this technique for 
studies of corn chromosomes (McClintock, 1929; Kass & Comet, 2009, pp. 18-19). Both DNA and RNA containing 
structures were stained, although this was not known at the time of her investigation. However, it was obvious 
that chromosomes and nucleoli could be easily visualized. McClintock was able to document her observations of 
chromosome regions and nucleoli using photomicrography, supplemented with very good camera lucida drawings 
of cytological preparations. Thus, the quality of the data in McClintock’s work was very high for the era of the 
early 1900’s.
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Pachytene analysis resolves a candidate nucleolar organizer region on the short arm of chromosome 6

The pachytene stage of meiosis was found to be a favorable stage to analyze both heteropycnotic features (differentially 
condensed and stained) along the chromosomes and nucleoli. The physical association of the prominent deep-
staining body on the short arm of chromosome 6 with a single large nucleous is shown in a photomicrograph of a 
pachytene cell (McClintock, 1934, text fig. 1, p. 297). This “famous” micrograph, previously published by McClintock 
(1933, photo 61), was soon reprinted by McClintock’s major professor in the 3rd edition of his cytology textbook 
(Sharp, 1934, fig. 65, p. 119). It later appears in other relevant books: Cytology and Cytogenetics by Swanson (1957, 
p. 68, fig. 3-14) and Cytogenetics, Benchmark Papers in Genetics volume 6 edited by Philips & Burnham (1977, p. 
291). However, a basal chromomere and thin chromosome region were also seen associated with the surface of the 
nucleolus. It was possible that these regions could also play a role in nucleolar organization. Thus, more evidence 
was needed to pinpoint the exact chromosomal region(s) responsible for nucleolar organization. 

Nucleoli size and number variations associated with the 6-9 chromosomal interchange: homozygotes and heterozygotes

A maximum of two nucleoli were observed in diploid plants of Zea mays, and there was a deep-staining body 
on each chromosome 6 seen to be associated with nucleoli in prophase. Nucleolar patterns in the interchange 
homozygotes and heterozygotes differed from normal diploids. Homozygotes for the interchange had four 
nucleoli, two large and two smaller per nucleus (McClintock, 1934, text fig. 5). This condition was attributed to the 
interchange genotype of 6969/9696. Heterozygotes for the interchange had three nucleoli (McClintock 1934, text fig. 
4), with two large and one smaller per nucleus, and genotype of 669/996. These results suggested differential activity 
of the interchanged nucleolar-organizing elements on chromosomes 69 and 96. Unexpectedly, the small and larger 
nucleolar-organizing elements were found to be associated with nucleoli of large and small sizes, respectively. 

Pachytene analysis of interchange homozygotes confirmed the nucleolar-organizing capacity of the “deep-staining 
body” and differential activity of its subregions. 

Pachytene studies in homozygous plants revealed that the small deep-staining segment on chromosome 96 was 
responsible for the formation of a large nucleolus. The larger deep-staining segment on chromosome 69 organized 
the smaller nucleolus (McClintock, 1934, text fig. 8). These results were confirmed through analysis of nucleolar 
associations with the respective interchange chromosomes at prophase in microspores (McClintock, 1934, text fig. 
10). 

Functional capacity of segments of the nucleolar organizer present on interchanged chromosomes

McClintock mentioned in her paper that the examination of nuclei in the plants homozygous for the interchange 
“has been particularly instructive” (McClintock, 1934, p. 302). Her findings indicated that (1) the interchange or 
translocation divided the nucleolar-organizing body (NO body) into two unequal segments, (2) each segment can 
function to produce a nucleolus, and (3) the functional activity of the respective segments of the NO body, on 
chromosomes 69 and 96, differs with respect to capacity to form a nucleolus. 

In further discussion, McClintock mentioned more detailed observations of contacts between chromosome 
segments and nucleoli. For example, she noticed that the segment of the NO body that is distal to the centromere 
typically contacted the nucleolus. However, the proximal NO segment was free of association with the nucleolus. 
Thus, the 96 interchange chromosome obtained the small distal NO segment that in normal chromosome 6 is 
confluent with the nucleolus. The 69 interchange chromosome had the large NO segment that did not contact the 
nucleolus. Combined, the data suggested, “that in the normal chromosome 6 the distal region (farthest from the 
spindle fiber attachment region) has a greater functional capacity than the proximal region” (McClintock, 1934, p. 
303). 

Studies of segregation patterns in microspore meiosis in heterozygotes for the interchange: novel insights into NO 
body function

McClintock sought additional information and insights about NO body function through analysis of segregation 
patterns of interchange chromosomes in microspore meiosis (see her text fig. 14, photo 7, for pachytene stage 
chromosomes in a heterozygote). The nucleolar status of two main spore types, including those with two normal 
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chromosomes and those having two interchange chromosomes, could be predicted. However, it was uncertain 
what other spore types might be formed due to variations in segregation pattern and crossing over. 

Four main types of spores were produced in plants heterozygous for the interchange as follows:

1. Spore type 1 had chromosomes 9 and 6. In this case, chromosome 6 was associated with a single nucleolus and 
chromosome 9 was free from nucleolar association (McClintock’s text fig. 17). 

2. Spore type 2 had chromosomes 69 and 96. Both chromosomes were associated with a nucleolus but 96 had a 
satellite distantly removed from the NO body presumably attached to the stalk region (McClintock’s text fig. 
18). 

3. Spore type 3 had chromosomes 69 and 9. The findings in this case were unexpected with chromosome 69 
associated with a large, well-formed nucleolus (McClintock’s text fig. 19). This differed from the previous 
observation of pachytene cells having chromosomes 69 and 96 (McClintock’s text fig. 8, photo 3). Such cells had 
one large and one small nucleolus, with the smaller nucleolus organized by the 69 NO body. Thus, the results 
in spore type 3 cells showed that when present alone, the chromosome 69 NO body (larger, proximal segment 
of NO body) exhibited increased activity and formed a large nucleolus. 

4. Spore type 4 had chromosomes 6 and 96. However, there was a duplication for the satellite on chromosome 
6 and a deficiency [missing chromosome segments] for two-thirds of the long arm of chromosome 96. In 
addition to an expected large nucleolus formed by NO segments on both chromosomes, there were many 
small nucleolar bodies at various positions along chromosomes (McClintock’s text fig. 20, photos 24 & 41). 
McClintock speculated that genomic deficiencies at non-NO sites could influence formation of nucleoli. 

McClintock’s main conclusions concerning the development of the nucleolus

This section of McClintock’s paper (pp. 313-322) features a discussion of NO body functions from studies in 
heterozygous interchange cells. The main conclusions from this section of the paper are summarized and discussed 
as follows:

1. The nucleolus is formed during telophase through the specific functioning of the NO body on the short arm 
of chromosome 6. Haploid plants with one NO chromosome form one nucleolus. A maximum of two nucleoli 
are formed during telophase in diploid plants from the action of two NO chromosomes. In microspores 
having a haploid chromosome complement, one nucleolus is formed from the single NO chromosome during 
the first nuclear division in the microspore. Moreover, plants trisomic for NO chromosome 6 develop three 
nucleoli during somatic telophase. These results show a direct relationship between the number of NO-bearing 
chromosomes and maximum number of nucleoli that can be produced in cells.

2.  Different regions of the NO body can function to different degrees with respect to producing a nucleolus. The 
distal region of the NO body, shown to be in contact with the nucleolus, is mainly responsible for nucleolus 
formation. The proximal NO body has low or reduced capacity to form a nucleolus. Thus, heterogeneity across 
the NO region exists with respect to capacity to form or organize a nucleolus.

3. Studies with type 3 spores turned out to have particular significance in McClintock’s investigation by 
considering the aspect of different degrees of functionality of NO subregions. This differential capacity for NO 
activity was established by comparing nucleoli sizes (reflecting degrees of NO activity) in cells having different 
combinations of NO chromosomes. In microspores homozygous for the interchange, the 69 interchange 
chromosome formed a smaller nucleolus compared to the 96 interchange chromosome, showing the greater 
functionality of the distal NO segment present on 96. In contrast, microspores with the 69 (proximal NO 
segment) interchange chromosome and a normal chromosome 9 (without a NO body) formed a single large 
nucleolus in association with the NO segment on the 69 chromosome. McClintock stated: “When a nucleolar-
organizing element with a slower rate of functional capacity is present alone, it develops just as large a nucleolus 
as a nucleolar-organizing element with a more rapid rate of functioning” (McClintock, 1934, p. 316). 

4. Observations of nucleoli in type 4 spores suggested that genomic deficiencies could disrupt normal NO 
functions. Type 4 spores were heterozygous for chromosomes 6 and 96, and cells had one large nucleolus and 
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several small nucleoli not associated with NO regions. Type 4 spores had a duplication for the chromosome 
6 satellite and a deficiency for a portion of chromosome 9. McClintock speculated, “… nucleolar formation 
in nuclei with particular genomic deficiencies can be independent of the nucleolar-organizing elements” 
(McClintock, 1934, … p. 317). However, the type of deficiency that could influence nucleolar function was 
not known. Furthermore, McClintock suggested that a residual nucleolar substance that becomes part of the 
chromosome matrix could form nucleolar droplets along the chromosome in the absence of a functional NO 
region. However, this suggestion was based solely on observations of staining patterns with no knowledge of 
stain specificity or underlying biochemistry of the components and processes involved.

McClintock’s overall summary of the study: 

McClintock’s summary indicates what she regarded as the most important and adequately documented 
contributions of her study of maize nucleoli and nucleolar organizing regions.

A most important finding was that a large deep-staining body on satellited chromosome 6 is responsible 
for organizing a nucleolus in telophase. Three lines of evidence supported this conclusion. First was the 
demonstration of the physical association of the deep-staining body with the nucleolus in pachytene stage cells. 
However, the limited resolving power of the cytological observations left open the possibility that other subregions, 
such as the stalk, might be involved in producing the nucleolus. Thus, more evidence was sought on this point. 
Additional studies revealed a correlation between the number of satellited chromosomes present and the number 
of nucleoli. Haploid, diploid, and triploid cells had one, two, and three nucleoli per cell, respectively. Finally, and 
most important, was the observation that nucleoli developed directly from each of the two segments of the deep-
staining body that was broken into two unequal segments in the X-ray induced reciprocal interchange between 
chromosomes 6 and 9. The physical association of these two segments was convincingly demonstrated in pachytene 
configurations of plants homozygous for the interchange and in prophase configurations of microspores. 

A second significant conclusion of McClintock’s study was that functional capacity to produce or organize 
a nucleolus was different for the two segments of the NO body. This was an unexpected but very important 
finding of the study that provided an indication of the ability of the NO segments to form nucleoli. The differential 
capacity for formation of the nucleolus was indicated by different sizes of nucleoli produced within the same 
cells. Cytological evidence showed that the smaller NO segment formed a large nucleolus and larger NO segment 
formed a nucleolus of comparatively smaller size when both segments were present in the same cell. 

Another interesting finding concerning NO function was that the larger NO segment, with lower functional 
capacity, formed a large nucleolus when present alone in cells. McClintock attributed this condition to altered 
functional activity in the absence of a competing NO segment in the same cell. Overall, these results provided 
insights into functional levels of NO segments and suggested ability to adjust NO activity at the genomic level, 
within the NO region. 

A final conclusion of the study was that certain genomic deficiencies could alter the activity of the NO region. 
This conclusion was supported by data from type 4 spores that were heterozygous for interchange chromosomes 6 
and 96. These spores also had a deficiency for a portion of chromosome 96 and a duplication for the chromosome 6 
satellite. Type 4 spores showed the expected large nucleolus, but additional small nucleoli were present in association 
with various chromosomes. It was not possible at the time of the study to determine the genes that were absent 
from “deficient” chromosome 96. Thus, the mechanisms involved remain a mystery. Moreover, a possible role of a 
duplicated satellite region in producing multiple, small nucleoli was yet to be determined.

Molecular confirmation of McClintock’s findings: the NOR is the deep-staining body and site of the 
ribosomal RNA genes.

Various studies in the 1960’s showed that the NOR in animal chromosomes contained multiple copies of the 
18S, 5.8S, and 28S ribosomal RNA (rRNA) genes. The pioneering study by Phillips, Kleese and Wang (1971) 
demonstrated for the first time rRNA gene localization at the NOR in plants. More specifically, these workers 
were able to show that the NOR (deep-staining body) in maize, first identified by McClintock (1934), contains 
the rRNA genes with about 17,000 rDNA cistrons per diploid nucleus. These studies were facilitated with the use 
of a NOR duplication (2NOR) that allowed the correlation between the number of cytologically visible nucleolar 
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organizers and number of rRNA genes (doubled in the 2NOR cells). A subsequent study by Ramirez and Sinclair 
(1975) provided additional molecular support for McClintocks’s conclusion that the deep-staining region on 
satellited chromosome 6 is the true NOR. Moreover, these studies showed that the number of rRNA genes was 
correlated with the amount of visible NOR and suggested a uniform distribution of these genes within this region. 
The physical mapping of the rRNA genes by fluorescence in situ hybridization (FISH) to maize chromosome 
preparations was reported by Li and Arumuganathan (2001). As expected, the FISH signals occurred at the NOR 
on the short arm of chromosome 6. Combined, these several studies substantiated McClintock’s findings about 
the NOR in maize, and they provided molecular characterization of the organization of rRNA genes at this site.

Does variation in distribution of rRNA genes within the NOR explain different functional capacity 
of subregions described by McClintock?

McClintock’s studies with the chromosome interchange plants showed that the smaller NO segment (distal to the 
centromere) had a greater capacity than the larger proximal NO segment to produce a nucleolus when both NO 
segments were present in the same cells. The study by Ramirez and Sinclair (1975) also used a system where the 
NO body was broken into two equal segments. It was shown that each half of the NO body had similar rRNA gene 
copy numbers. Thus, there is no obvious clustering of rRNA genes at one end of the NOR. Based on these results 
the smaller NO segment studied by McClintock would be expected to have fewer rRNA genes compared to the 
larger NO segment and therefore a smaller nucleolus if rRNA copy number determines nucleolar activity as judged 
by size. Therefore, other regulatory mechanisms must be involved in this case. Modern studies reveal the complex 
organization and regulation of the NOR. Factors that can regulate NOR activity include differential recruitment 
of transcription factors to rDNA templates (Reeder, 1985; Sardana et al., 1993) and epigenetic modifications such 
as DNA methylation and other modifications to histones (Chen & Pikaard, 1997; Houchins et al, 1997). 

Summary comment 

McClintock’s fine work on the maize NOR established some important basic aspects of nucleolar organization and 
prompted more investigations concerning the regulation of NO activity and relationship to nucleolar dimensions 
and content. Furthermore, her work showed that much could be learned using simple but effective analytic 
tools coupled with knowledge of the cellular events during the life cycle of the organism. Her work on the NOR 
stimulated or influenced many other cytogenetic studies in plants and animal cells, and continues to inspire by its 
example today. 
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major histocompatibility locus (MHC); and genetic alterations involved in development of lymphoid cancers and drug resistance. 
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Department of Agriculture-Agricultural Research Service at the University of Missouri, where he is currently Professor Emeritus of 
Plant Sciences. His research has contributed to an understanding of anthocyanin biosynthesis, gametophyte functions, non-Mendelian 
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Database and in the early planning meetings leading to a plant genome initiative, and to sequencing of the first plant genome, and the 
maize genome. He is a member of various professional organizations, including the Genetics Society of America, the American Genetic 
Association, and the Crop Science Society of America. In recognition of his “lifetime contributions to the field of genetics,” Coe was 
awarded the prestigious Thomas Hunt Morgan Award by the Genetics Society of America in 1992. The award was presented to him in 
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to the maize genetics community. Dr. Coe was described as “the glue that holds the maize community together.” 

Dr. Nina V. Fedoroff received her Ph.D. in Molecular Biology from the Rockefeller University, and has served on the faculties of the 
Carnegie Institution of Washington, the Johns Hopkins University and the Pennsylvania State University, where she was the Director 
of the Biotechnology Institute and the founding Director of the Huck Institutes of the Life Sciences. Fedoroff has published three books 
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and more than 150 papers in scientific journals. She is a member of several academies, including the U. S. National Academy of Sciences 
and the American Academy of Arts and Sciences. Among her awards is a 2006 National Medal of Science, the highest honor awarded 
to US scientists. Fedoroff served as the Science and Technology Adviser to the Secretary of State and to the Administrator of the US 
Agency for International Development (USAID) from 2007 to 2010. She is Distinguished Professor of Biosciences at the King Abdullah 
University of Science and Technology (KAUST) in Saudi Arabia, an Evan Pugh Professor at Penn State, and a member of the External 
Faculty of the Santa Fe Institute. She was President of the American Association for the Advancement of Science (AAAS) in 2011-12 
and AAAS Board Chair in 2013. 

Dr. Lee B. Kass received her Ph.D. in Botany, and Genetics from Cornell University (1975), and earned a B.S. in biology at The City 
College of New York (CUNY, 1969). She did Postdoctoral research at The University of Cambridge (UK) and Vanderbilt University. She 
has served on the faculties of The University of Cambridge (UK), University of Tennessee (Nashville), Elmira College (New York), The 
College of the Bahamas (Nassau), Cornell University, and West Virginia University (Morgantown). Kass has authored, edited or co-
edited nine books, and authored or co-authored more than 80 book chapters, proceedings papers, and articles in scientific journals. She 
is a member of the Botanical Society of America, The Bahamas National Trust, and a former member of many botanical organizations. 
Kass was chair of the Historical Section of the Botanical Society of America for many years. She established the Elmira College 
Herbarium in 1985, and currently serves on the Science Advisory Committee of the Bahamas National Trust. Among her awards is 
the Josef Stein Award, for excellence in teaching and scholarly achievement (1985) and a Fulbright Scholar Award (1996), during which 
time she and her spouse, Dr. Robert E. Hunt, established the National Herbarium of the Bahamas. She is Visiting Professor at Cornell 
University, and West Virginia University (Morgantown). Her research focuses on history of botany, and biodiversity and reproductive 
biology of Bahamian plants. 

Dr. Takeo Angel Kato-Yamakake received his Ph.D. from the University of Massachusetts (Amherst, 1975), under the mentorship 
of Walton C. Galinat. He earned an M.S. in genetics from North Carolina State University (Raleigh, 1964, mentored by Barbara 
McClintock), and received his B.S. (Ingeniero Agrónomo) from Escuela Nacional de Agricultura, Chapingo, Mexico (1961). Kato was 
Research Assistant (1958-1959) at Escuela Nacional de Agricultura, Chapingo, State of Mexico, and Cytogeneticist (1960-1972) for 
the Inter-American Maize Program (Rockefeller Foundation) and International Maize and Wheat Improvement Center (CIMMYT) 
Project on Cytogenetic Studies of Races of Maize in the American Continent, Chapingo and El Batán, State of Mexico. Since 1975 he 
has been Profesor Investigador Titular, at Colegio de Postgraduados, Postgrado en Recursos Genéticos y Productividad, Orientación 
Genética, Montecillo, State of Mexico. His research focuses on origin and evolution of maize in the Americas. He has many publications 
in this research area, and in 1981 he co-authored, with Barbara McClintock and A. Blumenschein, Chromosome Constitution of Races of 
Maize. Its Significance in the Interpretation of Relationships between Races and Varieties in the Americas. His most recent co-authored 
publication on this subject is Origen y diversificación del maíz: una revisión analítica. 

Dr. Wojciech (Wojtek) P. Pawlowski received his undergraduate education at the Agricultural University of Krakow, Poland, Ph.D. at 
the University of Minnesota, and completed postdoctoral training at the University of California at Berkeley. He joined the faculty of 
the Department of Plant Breeding and Genetics at Cornell University in 2004, and is now Associate Professor of Plant Genetics. His 
research focuses on investigating molecular mechanisms of chromosome interactions and recombination in meiosis. His lab uses some 
of the same maize mutants that Barbara McClintock discovered and studied.  He also serves on advisory committees of several US and 
European research consortia that study chromosome biology. 

Dr. Ronald L. Phillips is Regents Professor Emeritus and former McKnight Presidential Chair in Genomics, University of Minnesota 
(UM). He earned B.S. and M.S. degrees from Purdue University and a Ph.D. from the UM; postdoctoral training was at Cornell 
University. Dr. Phillips advised 55 graduate students and 23 postdoctoral scientists, and taught plant genetics for over 40 years. He 
received the prestigious Wolf Prize in Agriculture in Israel (2007) for “ground breaking research in service of mankind.” He was elected 
a member of the National Academy of Sciences (1991). He served on the Board of Trustees of the premier International Rice Research 
Institute in the Philippines (2004-2009), on the Palm Oil Research Institute of Malaysia Program Advisory Committee for nine years 
(1991-1999), and on the Scientific Advisory Board of the Donald Danforth Plant Science Center from its inception through 2008. He 
is a Fellow of American Association for the Advancement of Science, American Society of Agronomy, and Crop Science Society of 
America. Among his awards are the Dekalb Genetics Crop Science Distinguished Career Award, the Crop Science Society of America 
Research Award, and Crop Science Presidential Award (2010), and the Medal for Science from the University of Bologna (Italy, 2010). 
Phillips served as Chief Scientist of the USDA (1996-1998) in charge of the National Research Initiative Competitive Grants Program 
and chaired the Interagency Working Group that wrote the plan for the NSF Plant Genome Research Initiative. He was President of the 
Crop Science Society of America (2000) and Chair of the Council of Scientific Society Presidents (2006). His research was one of the 
early programs in modern plant biotechnology related to agriculture. He is a founding member and former Director of both the Plant 
Molecular Genetics Institute UM and the Microbial and Plant Genomics Institute. He has served on numerous editorial boards, edited 
six books, and published over 150 refereed journal articles, 75 chapters, and 355 abstracts. Phillips conducted research and teaching 
in plant genetics applied to plant improvement with an attempt to bridge basic and applied aspects. As Regents Professor Emeritus, he 
participates in addressing University-wide, national, and international issues. He serves on institutional advisory boards, the panel of 
judges for the Monsanto Beachell-Borlaug International Scholars Program and the World Food Prize Youth Institute faculty. 

Dr. James A. Shapiro, author of the recent book Evolution: A View from the 21st Century, is Professor of Microbiology at the University of 
Chicago. He has a B.A. in English Literature from Harvard (1964) and a Ph.D. in Genetics from The University of Cambridge (UK, 1968).  
Shapiro’s thesis, The Structure of the Galactose Operon in Escherichia coli K12, written under the supervision of William Hayes, 
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contains the first suggestion of transposable elements in bacteria. He confirmed this hypothesis in 1968 during his postdoctoral tenure 
as a Jane Coffin Childs fellow in the laboratory of François Jacob at the Institut Pasteur in Paris. The following year, as an American 
Cancer Society fellow in Jonathan Beckwith’s laboratory at Harvard Medical School, he and his colleagues used in vivo genetic 
manipulations to clone and purify the lac operon of E. coli, an accomplishment that received international attention. In 1979, Prof. 
Shapiro formulated the first precise molecular model for transposition and replication of phage Mu and other transposons. In 1984, he 
published the first case study of what is now called “adaptive mutation.” He found that selection stress triggers a tremendous increase in 
the frequency of Mu-mediated coding sequence fusions. Since 1992, he has been writing about the importance of biologically regulated 
natural genetic engineering as a fundamental new concept in evolution science. Together with the late Ahmed Bukhari and Sankhar 
Adhya, Prof. Shapiro organized the first conference on DNA insertion elements in May, 1976, at Cold Spring Harbor laboratory. He is 
editor of DNA Insertion Elements, Episomes and Plasmids (1977 with Bukhari and Adhya), Mobile Genetic Elements (1983), and Bacteria 
as Multicellular Organisms (1997 with Martin Dworkin). From 1980 until her death in 1992, Prof. Shapiro maintained a close scientific 
and personal friendship with Barbara McClintock, whom he credits with opening his eyes to new ways of thinking about science in 
general and evolution in particular. 

Dr. Mark E. Sorrells received his Ph.D. in Plant Breeding and Plant Genetics from the University of Wisconsin – Madison in 1978. 
After a short post-doc he joined the faculty at Cornell University in the Department of Plant Breeding & Biometry.  Since 1991 Dr. 
Sorrells has been Professor and since 2006, Chair of the Department of Plant Breeding & Genetics at Cornell University.  The primary 
focus of Dr. Sorrells’ research program is breeding methodology with application to wheat breeding for the Northeastern region of 
the United States.  He is also involved in several international projects in Africa, South America, and Europe.  During his career Dr. 
Sorrells has actively developed and evaluated new breeding methods and currently he is integrating genomic selection into his breeding 
program to reduce pre-harvest sprouting, increase disease resistance and improve yield.  Dr. Sorrells has published more than 225 
papers in peer-reviewed journals.  He has been active in teaching and advising students, serving as major advisor to 36 Ph.D. students, 
9 M.S. graduate students and minor advisor to 22 students.

Dr. David B. (Burt) Walden earned his M.Sc. (1958) and Ph.D. (1959) in the Plant Breeding Department at Cornell University (with 
Herbert Evert & Ronald Anderson), and a B.A. (1954) degree from Wesleyan University (Middletown, Connecticut).  Following an NIH 
post-doc in Genetics at Indiana University, Walden joined the faculty (Assistant Professor 1961, Professor 1971) in the Department of 
Botany (now Plant Sciences) at University of Western Ontario, London, ON, Canada, where he is currently Distinguished Research 
Professor Emeritus.  As an undergraduate, Walden worked as a summer assistant to the eminent corn geneticist D.F. Jones at the 
Connecticut Agricultural Research Station.  His research has contributed to an understanding of maize fertilization, chromosome 
staining and breakage patterns, cytogenetic of maize chromosome replication and aberrations, etc. Walden has edited two books, 
contributed three book chapters, and has published more than 200 articles in the Maize Genetics Cooperation Newsletter and many 
scientific journals.  Highly appreciated for his service to genetics, Walden was elected President of the Biological Council of Canada 
(1976-1980), President of the Genetic Society of Canada (1980-1984), 17th President of the International Genetics Federation (Canadian, 
1988-1993), and served as Secretary General of the 16th International Congress of Genetics (Toronto 1988).  He is a member of various 
professional organizations, including the Genetics Society of Canada.  In recognition of his outstanding contributions to teaching and 
research, Walden was honored as outstanding teacher, Faculty of Science (1967), received the U.WO Board of Governors’ Award for 
Excellence in Teaching (1982), and the Award of Excellence from the Genetics Society of Canada (1996)

Dr. Randy Wayne is an Associate Professor in the Department of Plant Biology at Cornell University, where he has taught Plant Cell 
Biology and Light and Video Microscopy. Wayne completed his undergraduate studies in Botany at the University of Massachusetts. 
He earned an M.A. in Biology from the University of California at Los Angeles, and a Ph.D. in Plant Cell Biology from the University 
of Massachusetts (1985) working under Peter K. Hepler. At UM he learned cytogenetics from Carl P. Swanson. He was a post-doc at The 
University of Texas at Austin and had a Japanese Society for the Promotion of Science Fellowship to work with Masashi Tazawa at the 
University of Tokyo. Wayne is noted for his work on plant development, establishing the role of calcium in regulating plant growth. He 
is an acknowledged authority on how plant cells sense light and gravity, on the water permeability of plant membranes  and on light 
microscopy. He has written two textbooks including Plant Cell Biology: From Astronomy to Zoology and Light and Video Microscopy, 
soon to be out in its second edition. He is currently working on both light and gravity and in so doing has published alternatives to 
Einstein’s theories of special and general relativity. 

Dr. Clifford Weil is a professor of Genetics in the Agronomy Department at Purdue University and a member of the Whistler Center 
for Carbohydrate Research. He has a B.S. in Genetics from the University of California, Davis and a Ph.D. in Genetics from Cornell 
University.   His connection to transposons and the work of Barbara McClintock is through a postdoctoral fellowship with Susan 
Wessler, then at the University of Georgia, working on the Wx-m5 allele and derivatives of it.  These studies led to descriptions of the 
Ds chromosome breakage mechanism and studies of short range transpositions within the wx locus, developmental regulation of Ac/
Ds activity and the sequence dependence of Ds excision footprints and DNA repair genes and mechanisms that are involved in the 
transposition process.  In 2000, Weil and his colleague, Reinhard Kunze were the first to demonstrate that plant transposable elements 
could transpose in yeast cells, introducing a model system that is still in use. He is an elected fellow of the American Association for 
the Advancement of Science. 
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Harriet Creighton and Lee B. Kass
at the Wellesley College Greenhouse in 1994

from: Kass, Lee B. 2005b. Harriet B. Creighton: Proud botanist.  
Plant Science Bulletin. 51(4): 118-125.

http://botany.org/PlantScienceBulletin/psb-2005-51-4.php#HARRIET
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University (1975), and earned a B.S. in biology at The City College of New 
York (CUNY, 1969). She did Postdoctoral research at The University of 
Cambridge (UK) and Vanderbilt University. She has served on the faculties 
of The University of Cambridge (UK), University of Tennessee (Nashville), 
Elmira College (New York), The College of the Bahamas (Nassau), Cornell 
University, and West Virginia University (Morgantown). Kass has authored, 
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is a member of the Botanical Society of America, The Bahamas National 
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serves on the Science Advisory Committee of the Bahamas National Trust. 
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and scholarly achievement (1985) and a Fulbright Scholar Award (1996), 
during which time she and her spouse, Dr. Robert E. Hunt, established the 
National Herbarium of the Bahamas. She is Visiting Professor at Cornell 
University, and West Virginia University (Morgantown). Her research 
focuses on history of botany, and biodiversity and reproductive biology of 
Bahamian plants. 
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