
Heslop-Harrison. www.molcyt.com Three articles from Brenner’s Encyclopedia of Genetics. 2013. 
Polyploidy; Chromosome Bridge; Cyril D Darlington. Page 1 of 12 

 

Authors manuscript for: 

297. Heslop-Harrison JS. 2013. Three articles: Cyril D Darlington; Polyploidy; and 
(with JP Bailey) Chromosome bridge. From Brenner's Encyclopedia of Genetics. 2nd 
edition. Edited by Kelly Hughes and Stanley Maloy  Elsevier. 
 http://www.sciencedirect.com/science?_ob=ArticleListURL&_method=list&_Articl
eListID=-
275021066&_sort=r&_st=13&view=c&_acct=C000010181&_version=1&_urlVersio
n=0&_userid=123215&md5=a09d86d742e45c2221195d2412799848&searchtype=a   

Chromosome Bridge - http://dx.doi.org/10.1016/B978-0-12-374984-0.00240-
0 http://www.sciencedirect.com/science/article/pii/B9780123749840002400#PDF
Excerpt (single page preview shows whole article) JS Heslop-Harrison and JP Bailey 

A chromosome bridge (also called chromatin bridge or anaphase bridge) forms at 
anaphase of mitosis or meiosis when chromatids are not free to separate and form a 
bridge between two chromosomes segregating to the opposite poles (Figure 1). The 
chromatid forming the bridge usually breaks, leading to duplication of a segment in 
one daughter nucleus and deletion in the other, or it may form an acentric chromo-
some fragment that is incorporated into a micronucleus or is lost. Bridges can form 
when a chromosome has two active centromeres (a dicentric, e.g., from a reciprocal 
translocation with intercalary breakpoints along chromosome arms) and 
the two centromeres move to different spindle poles. Chromosome bridges may also 
occur when a cell divides before replication of the DNA is complete, where the 
unreplicated segment cannot separate. Ring chromosomes, formed by deletion of 
both terminal regions and rejoining the centric fragment ends, are frequently 
associated with bridges at mitosis, arising from interlocked or dicentric rings 
formed following sister chromatid exchange. Repeated breakage usion-bridge cycles 
may occur, leading to massive amplification of terminal DNA sequences. 

Cyril D Darlington - http://dx.doi.org/10.1016/B978-0-12-374984-0.00382-X 

Cyril Dean Darlington (1903–81) was one of the influential figures in biology in the 
twentieth century, in particular making significant discoveries about the 
chromosome theory of heredity; unifying biology through the fundamental principles 
of evolution, cytology, genetics, and biochemistry; and making contributions to 
genetics and society. Building on diverse work from animals and plants, he was the 
first to describe clearly the nature of the partitioning and segregation of 
chromosomes at mitosis and the recombination events between chromatids that 
occur at meiosis. 
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Polyploidy - http://dx.doi.org/10.1016/B978-0-12-374984-0.01192-X 

Polyploid organisms are eukaryotes that have more than two complete sets of 
chromosomes (one from each parent or ancestor) in somatic and germline cells of 
animals, fungi, and plants. Polyploidy of individual cells or cell types 
(endopolyploidy), arising from chromosome replication without cell division, is 
involved in the normal (e.g., secretory cells) or abnormal (e.g., many cancers) 
development of organisms. Polyploidy or ‘whole-genome duplication’ is an important 
feature of genome evolution and speciation, and most lineages of plants and animals 
include rounds of such duplications in their evolutionary history. Many plant species, 
in particular, have both ancient whole-genome duplications and more recent 
polyploidy events in their ancestry. Polyploid individuals are found occasionally in all 
groups of eukaryotic organisms as a result of incorrect meiosis, fertilization, or cell 
division, although most spontaneously occurring animal polyploids are inviable. 
Polyploids can be generated experimentally by treatment with chemicals such as 
colchicine or by fusion of diploid nuclei. Many polyploids, particularly among plants, 
develop normally, and depending on the nature of the polyploidy may be sterile, or 
undergo meiosis that is indistinguishable from a normal diploid giving viable 
gametes. 
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Polyploidy 

JS (Pat) Heslop-Harrison 
Department of Biology, University of Leicester, Leicester LE1 7RH, UK 
E-mail: PHH4@le.ac.uk Phone: +44 116 252 5079 

Polyploid organisms are eukaryotes that have more than two complete sets of chromosomes (one 
from each parent or ancestor) in somatic and germline cells of animals, fungi and plants. Polyploidy of 
individual cells or cell types (endopolyploidy), arising from chromosome replication without cell 
division, is involved in the normal (e.g., secretory cells) or abnormal (e.g., many cancers) 
development of organisms. Polyploidy or "whole genome duplication" is an important feature of 
genome evolution and speciation, and most lineages of plants and animals include rounds of such 
duplications in their evolutionary history. Many plant species, in particular, have both ancient whole 
genome duplications and more recent polyploidy events in their ancestry. Polyploid individuals are 
found occasionally in all groups of eukaryotic organisms as a result of incorrect meiosis, fertilization or 
cell division, although most spontaneously-occurring animal polyploids are inviable. Polyploids can be 
generated experimentally by treatment with chemicals such as colchicine or by fusion of diploid nuclei. 
Many polyploids, particularly among plants, develop normally, and depending on the nature of the 
polyploidy may be sterile, or undergo meiosis that is indistinguishable from a normal diploid giving 
viable gametes. 

Types of polyploidy and nomenclature 

Polyploidy may occur by the number of chromosomes in a cell doubling because of a failure of 
chromosome sets to divide at mitosis, by fusion of nuclei from diploid cells, or by a failure of meiosis 
giving a 2n gamete so the resulting embryo has at least one extra chromosome set. In presenting 
chromosome numbers or karyotype constitutions, the letter x is used to refer to the basic 
chromosome number of the ancestor of a polyploid. 2n, the diploid chromosome number, refers to the 
number of chromosomes in a cell of the individual normally producing the germ cells (the sporophyte): 
a non-polyploid, diploid organism as represented by most higher plants and animals would be 
described as 2n=2x with the number of chromosomes given. Polyploids still have 2n chromosomes, 
but more than 2 genomes, so a triploid with three genomes would be 3x; a tetraploid, 4x; a pentaploid, 
5x; a hexaploid, 6x; an octaploid 8x; or a dodecaploid, 12x. 

Many plant species are polyploid, and they can include multiple chromosome sets from one 
(autopolyploids) or more than one (allopolyploids) ancestral species. The group of species including 
wheat, rye and barley (the grass tribe Triticeae) is a good example where many polyploid forms are 
known. The base chromosome number is x=7, found in the diploid species barley (Hordeum vulgare, 
2n=2x=14) for example. The crop bread wheat, Triticum aestivum, is a hexaploid species with six sets 
each of 7 chromosomes, and is designated as 2n=6x=42. A pentaploid with an additional 
chromosome (made perhaps by crossing a tetraploid with hexaploid wheat) would have a 
chromosome constitution of 2n=5x=35. Autotetraploids contain four sets of chromosomes from the 
same species of origin, and so have double the chromosome number of their diploid ancestor. 
Sometimes autopolyploids are classified in the same species as the diploid, and they may fertile; 
there are morphologically similar diploid, 2n=2x=14, and tetraploid, 2n=4x=28, forms of the wall barley, 
Hordeum murinum. Allotetraploids contain four sets of chromosomes, but in contrast to 
autotetraploids, the four chromosome sets are derived from two distinct parental species (for example 
in an intergeneric hybrid). Where the parental species are known, the allotetraploid species or 
individual can be described as amphidiploid. Allotetraploids include oilseed rape, Brassica napus, 
2n=4x=38. 
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Detection of Polyploidy 

Examination and counting of chromosome number by light microscopy is used to detect 
straightforward cases of polyploidy in cells or species: a multiple or sum of the number of 
chromosomes in related (diploid) species will be counted. Measurement of the DNA content of nuclei, 
finding a stepped series with increase in size equivalent to the size the x, haploid, genome, is also 
used to measure ploidy. Other methods to test for polyploidy include construction of haploids that 
reach meiosis and show bivalent formation between the ancestral chromosome sets, or crossing of 
the polyploid to a suspected diploid ancestor; bivalents will pair between the ancestor and one 
genome in the polyploid (although chromosomes of an autopolyploid could pair with themselves 
leaving the suspected ancestral chromosomes as univalents). Molecular cytogenetic methods 
including in situ hybridization using species-specific repetitive DNA sequences or genomic DNA are 
proving valuable to analyze the constitution of allopolyploids. Duplications in the genome may involve 
ancestral polyploidy, but chromosomal aberration, aneuploidy, and sequence duplication can also 
occur; indeed, polyploids often tolerate aneuploidy well, and the occurrence of monosomic lines, 
where one chromosome is missing from a plant's karyotype, is good evidence for polyploidy. With the 
wide application of DNA markers and sequencing methods, many whole genome duplication and 
polyploid events that were not expected by scientists are being detected: dense molecular marker 
maps show the duplication of whole chromosome sets in species that were not previously considered 
as polyploids: the diploid Brassica mustards are of hexaploid origin (and thus the cultivated Brassica 
napus (oil seed rape, canola), is a dodecaploid with originally 12 chromosome sets). Nevertheless, 
detection of polyploidy is often difficult because diploid relatives or ancestors no longer exist, and 
genetic mechanisms restore pseudodiploid behaviour, involving strictly homologous chromosome 
pairing, so even amphidiploids may be fully fertile. Without such mechanisms, chromosomes will 
produce an assortment of pairing configurations, including trivalents and quadrivalents, which will not 
assort regularly to give balanced gametes. Where there is clear evidence of polyploidy in the ancestry, 
but it is both ancient and accompanied by diploid-like behaviour, species may be referred to as having 
a palaeopolyploid origin.  

Palaeopolyploidy in evolution 

Polyploidy, involving the presence of multiple copies of identical or similar chromosome sets in one 
species, is an important feature of species evolution in the plant, animal, and fungal kingdoms. 
Polyploidy is widely considered as an enabling force in evolution. Because chromosome sets are 
duplicated in polyploids, heterozygosity may be fixed, and random mutation or factors modulating 
gene expression may be buffered (unlike a diploid), so new genes and gene functions may evolve, 
leaving the original function in the other chromosome set.  

More than 50% of plants are obvious polyploids, while detailed studies are showing that many other 
species are palaeopolyploids with repeated rounds of whole genome duplication during evolution. 
Polyploidy, though, does not feature in the evolution of the other major plant group, gymnosperms, 
and very few recent polyploid gymnosperms have been discovered. In animals, polyploid species are 
well-known among leeches, brine shrimp and lizards, although many of these reproduce asexually as 
meiotic chromosome pairing is irregular. Detailed comparison of the gene content of chromosomes of 
animals combined with comparative analysis of chromosomes and genes in distantly related species 
is giving evidence of whole genome duplication or palaeopolyploidy: in the evolutionary split of 
vertebrates from invertebrates, there are two rounds of polyploidy detected (one occurring after the 
split of the lampreys), with more recent whole genome duplications in the Xenopus and fish lineages. 
In the fungi, there are examples of both autopolyploids (including asexually reproducing lines of the 
baker's yeast Saccharomyces cerevisiae), allopolyploids and palaeopolyploids.  
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Origin of Polyploidy 

Polyploidy may occur spontaneously in cells, either because of abnormal divisions or as part of 
differentiation. Fertilization involving unreduced (2n) gametes is a frequent source of triploid and 
tetraploid organisms: a meiotic division fails or a polar body is not expelled, giving a 2n gamete. 
Fertilization by two male gametes may give triploids. In humans, triploid (2n=3x=69) and tetraploid 
conceptuses (2n=4x=92) (arising from both mechanisms) are found in as many as 20% and 6% 
respectively of spontaneous abortions. Polyploid cells and organisms can be made by treatment of 
cells with mitotic inhibitors (such as colchicine) which enable chromosome replication to occur without 
cell division. 

Polyploidy in Crop Plants 

The world's four most important crops provide examples of the range of ploidy levels found in plants. 
Bread wheat is a hexaploid (2n=6x=42), derived as little as 30 000 years ago from a diploid species 
(2n=2x=14), Triticum tauschii, and a tetraploid, durum wheat (2n=4x=28), Triticum turgidum, itself 
derived from two diploid species T. monococcum and a species similar to Aegilops speltoides. The 
second most important crop, rice, is considered diploid, while molecular mapping data, the fertility of 
monosomic chromosome lines, cytogenetic comparisons with wild species, and some chromosome 
pairing data show that maize, the third most important crop, is a palaeotetraploid. Banana, another 
important crop, is cultivated as a triploid (2n=3x=33) to give sterile fruit with parthenocarpic 
development. A few "new" crops have been generated as synthetic hybrids: the wheat x rye 
amphidiploid Triticale is widely grown in dry and colder areas of Canada and Poland. In horticulture, 
polyploids, whether species, natural, or artificial hybrids, are widely selected by breeders, not least 
because the fruit tends to be larger than found in the diploid ancestor, as is found in strawberry and 
blueberry. 

Polyploid cell types 

Many normal individual plants and animal include polyploid cells with specialized functions, in 
particular those with secretory or nutritional functions. The reason why this endoreduplication of the 
genome (up to 1000 times or more, where the chromosomes replicate but there is no cell division), is 
needed for these functions is unclear. Examples include the mammalian placenta, salivary glands in 
some insects, or the tapetum surrounding the haploid pollen grains in plants. 

In many mammalian cancers, where cell division becomes unregulated, polyploid cells are also found, 
presumably as a consequence of decoupling of DNA replication and the cell cycle. 

Further Reading 

Adams KL, Wendel JF. Polyploidy and genome evolution in plants. Current Opinion in Plant Biology. 
2005 April;8(2):135-141. Available from: http://dx.doi.org/10.1016/j.pbi.2005.01.001 

Chen ZJ. Genetic and epigenetic mechanisms for gene expression and phenotypic variation in plant 
polyploids. Annu Rev Plant Biol 2007 58: 377-406 

Comai L. The advantages and disadvantages of being polyploid. Nature Reviews Genetics. 2005 
October;6(11):836-846. Available from: http://dx.doi.org/10.1038/nrg1711 

Lee HO, Davidson JM, Duronio RJ. Endoreplication: polyploidy with purpose. Genes & Development. 
2009 Nov;23(21):2461-2477. Available from: http://dx.doi.org/10.1101/gad.1829209  
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Chromosome Bridge 

 

JS Heslop-Harrison and John Bailey 

 

A chromosome bridge (also called chromatin bridge or anaphase bridge) forms at 
anaphase of mitosis or meiosis when chromatids are not free to separate and form a 
bridge between two chromosomes segregating to the opposite poles. The chromatid 
forming the bridge usually breaks, leading to duplication of a segment in one 
daughter nucleus and deletion in the other, or it may form an acentric chromosome 
fragment that is incorporated into a micronucleus or is lost. Bridges can form when a 
chromosome has two active centromeres (a dicentric, for example, from a reciprocal 
translocation with intercalary breakpoints along chromosome arms) and the two 
centromeres move to different spindle poles. Chromosome bridges may also occur 
when a cell divides before replication of the DNA is complete, where the unreplicated 
segment cannot separate. Ring chromosomes, formed by deletion of both terminal 
regions and rejoining the centric fragment ends, are frequently associated with 
bridges at mitosis, arising from interlocked or dicentric rings formed following sister 
chromatid exchange. Repeated breakage-fusion-bridge cycles may occur, leading to 
massive amplification of terminal DNA sequences. 

 

Further reading 

Friebe B, Kynast RG, Zhang P, Qi L, Dhar M, Gill BS. Chromosome healing by addition of telomeric 
repeats in wheat occurs during the first mitotic divisions of the sporophyte and is a gradual process. 
Chromosome Research. 2001 Feb;9(2):137-146. Available 
from:http://dx.doi.org/10.1023/A:1009283003903. 

Mahjoubi F, Hill R, Peters G. Chromosome microdissection identifies genomic amplifications associated 
with drug resistance in a leukemia cell line: an approach to understanding drug resistance in cancer. 
Chromosome Research. 2006 Apr;14(3):263-276. Available 
from:http://dx.doi.org/10.1007/s10577-006-1042-9. 

Cross-References 

Centromere; Chromosome Break; Mitosis; Translocation; Radiation Genetics; DNA 
replication 

Keywords 

Chromosome; mitosis; division 
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Chromosome bridge: a piece of chromatin stretching between poles at anaphase of 
cell division, forming a connecting bridge, because chromatids are not free to 
separate or because a chromosome has two functional centromeres 

 

 

 

Figure for Chromosome Bridge (without and with labelling – PSD Photoshop high-res 
image of no-label version will be uploaded). Anaphase of mitosis in Tradescantia 
virginiana stained red with Feulgen’s stain. Eleven chromatids are segregating 
normally to the poles, while a chromosome bridge has formed joining the chromatids 
of the 12th chromosome (arrowhead). Scale bar = 10 µm (10 micrometer). 

http://www.molcyt.com/�


Heslop-Harrison. www.molcyt.com Three articles from Brenner’s Encyclopedia of Genetics. 2013. 
Polyploidy; Chromosome Bridge; Cyril D Darlington. Page 8 of 12 

 

 
Darlington, Cyril Dean (1903-1981) 
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5-10 GLOSSARY ENTRIES  

Cytogenetics: the study of the structure and function of the chromosomes and their 
relationship to genetics and inheritance. 

Cytology: the study of the structure and function of cells, particularly by observation with 
microscopy and molecular approaches. 

 

Cyril Dean Darlington (1903-1981) was one of the influential figures in biology in the 20th 
century, in particular making significant discoveries about the chromosome theory of heredity, 
unifying biology thought the fundamental principles of evolution, cytology, genetics, and 
biochemistry, and to genetics and society. Building on diverse work from animals and plants, 
he was the first to describe clearly the nature of the partitioning and segregation of 
chromosomes at mitosis, and the recombination events between chromatids that occur at 
meiosis. 

Cyril Dean Darlington (19 December 1903- 26 March 1981) made major discoveries about 
the chromosome theory of heredity, unifying biology thought the fundamental principles of 
evolution, cytology, genetics, and biochemistry. He was one of the influential figures of 
British biology of the twentieth century, along with William Bateson, JBS Haldane and Julian 
Huxley, making contributions to fundamental biological discoveries, and more 
controversially to genetics and society. Building on diverse work from animals and plants, he 
was the first to describe clearly the nature of the partitioning and segregation of chromosomes 
at mitosis, and the recombination events between chromatids that occur at meiosis. Indeed, 
his writings have been considered to establish the chromosome as the central unit of genetics, 
making the scientific field of cytogenetics, and his early book, Recent Advances in Cytology 
(1932) enabled chromosome genetics to be taught for the first time. He advanced the dictum 
that looking at chromosomes was another way of looking at genes, a view that has profoundly 
influenced fundamental biological thought. His work was marked by the ability to expoit his 
experimental and technical excellence with intellectual insight into the behaviour of his 
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experimental materials, building hypotheses about the meaning of the structures he visualized 
by microscopy. 

 
Darlington was born in Lancashire, in the north of England, but brought up in London. He 
went on to graduate in 1923 with a BSc in Agriculture from the college that became Wye 
College, University of London, although he later attributed his success to lack of academic 
training. Having been inspired by the book “The Physical Basis of Heredity” by Morgan, 
Sturtevant and Bridges (Darlington and LaCour, 1942), Darlington moved to the John Innes 
Horticultural Institution as a volunteer to work under William Bateson. At the John Innes 
Institution, his plan to become a farmer in Australia was abandoned, and he progressed to a 
position as a member of staff, eventually becoming Director in 1939, before moving to the 
Sherardian Chair of Botany in Oxford, a post he held from 1953 to retirement to an Emeritus 
Professorship in 1971.  
 
From the start, the work of Darlington was strongly theory, hypothesis, and model-driven, 
integrating a wide variety of facts and observations to make a unified science of cytogenetics. 
Working with Len LaCour, Kenneth Mather, W. C. F. Newton and others at the John Innes 
Institution, he was responsible for many technological advances in cytology (e.g., Darlington, 
1939), developing the methods of chromosome spreading for investigations of meiosis and 
mitosis. These replaced earlier laborious embedding and sectioning methods where the 
chromosome structures were poorly defined so their behaviour could not be followed. In the 
late 1920s, there was considerable controversy about the nature of events of meiosis, but 
Darlington built on his own observations in polyploids to show that all chiasmata result from 
crossing-over between chromatids of partner chromosomes. He also concluded that the 
chromosome consists of a single strand of duplex DNA, reasoning that the double structures 
visible at mitosis arose from replication, while those at meiosis arose by pairing of parental 
chromosomes. This clear, although originally controversial, model was supported by 
genetical experiments as well as by observation, and fitted well to his view that "Hypothesis 
based on comparative inference has often proved more reliable than the 'facts' of direct 
observation." His structural observations of chromosomes at mitosis and meiosis placed in 
the broader context of the cell cycle allowed him to discover the now-accepted role of the 
centromere, adopted from Waldayer, in chromosome segregation. 
 
His book, Recent Advances in Cytology (Darlington, 1932), was a remarkable synthesis of 
large amounts of data about chromosomes in mitosis and interphase, from plants and animals, 
organizing disparate observational data about the nucleus, although the interpretive 
statements in it were widely criticized. For the first time, he presented the concept of the 
centrality of genetic and gene control of breeding systems and genetic mechanism, and 
established that chromosomes recombine, and are inherited with the genes they carry. Soon 
after publication of “Recent Advances”, he travelled to the United States and the Far East, 
where he discussed many of his then-controversial ideas with leading geneticists. Parts of this 
book were expanded into The Evolution of Genetic Systems (Darlington, 1939 and later 
editions). The theories propounded in this volume are central to the integration of cytology 
and genetics into population and evolutionary biology, treating chromosomes as 
underpinning genetic systems, and the synthesis in this book was widely praised and highly 
influential. He was elected to Fellowship of the Royal Society in 1941. 
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Around the time of his move to Oxford in 1953, Darlington was becoming interested in 
broader issues related to genetics and the human condition, including work in sociobiology 
on genes and human society. Darlington was outspoken in leading the exposure of the 
fraudulent genetics of the Soviet geneticist Trofim Lysenko, the suppression of scientific 
genetics and the purge of geneticists under Stalin. Darlington made what were, at the time, 
important contributions to debates on science and politics, with uninhibited statements of 
strongly held views. However, his views on socio-political issues, the genetic determinism of 
man and writings about the importance of the genetic component to behavioral characteristics, 
led to many disputes at the time he wrote them, and he was characterized as a supporter of 
eugenics.  
 
Despite his abrasive personality, Darlington was a shrewd leader, teacher, and mentor. 
During the 14 years of his Directorship of the John Innes, there were an average of about 17 
staff, producing more than 40 papers a year, and of the colleagues and students, 11 became 
Fellows of the Royal Society, with many becoming Professors or Institution Directors. In the 
days when a career could be spent working towards a monograph, Darlington held strong 
views on publication, being quoted to say “work not published is not done”. He published 
prolifically himself, with Journal papers, books and even letters to newspapers, covering not 
only cytogenetics but also pedagogy and more philosophical discussions. After difficultiy in 
publishing some papers (recording rejections from the Journal of Experimental Biology as 
not being experimental enough, and the Journal of Genetics as not being genetical enough), in 
1947 he founded and edited, with RA Fisher, the journal "Heredity". Late in his life, he 
generously transferred the journal to the Genetics Society, where it remains a major source of 
finance and well-respected publication today. Darlington was also a significant (and 
outspoken) contributor and organizer of many Conferences right to the end of his life. 
 
While being generous to his friends and collaborators, Darlington would go out of his way to 
enrage his enemies. It has been stated that, as much as friends, his enemies were a source of 
great inspiration and happiness to him, and he bore grudges with pleasure and did not forget 
or forgive, having an overriding mistrust of authority and hate for committees. He held strong 
and controversial views on the teaching of biology, including the need to build on the 
unifying characteristics of the study of genetics, which now underpin most university biology 
courses outside medicine. His writings and teachings always emphasized the synthesis of 
ideas, and their support from experiments, writing that “All of us like to be supported by 
earlier observations, but few of us like to be anticipated by earlier ideas”. Darlington’s 
outspoken defence of fundamental scientific research, scientific freedom, and the place of 
science in decision making, as well as the linkage of research and teaching, have many 
parallels in early the 21st century. 
 
FURTHER READING  
 
Anonymous (1981). Obituary. Professor CD Darlington. The Times, 27 March 1981. 
 
Benirschke K (2004). Review of Harman: A life of Cyril Darlington. Journal of Heredity 
95(6): 541-542. 
 
Harman, OS (2004) The Man who Invented the Chromosome: A Life of Cyril Darlington. 
Harvard University Press, Cambridge, Mass, USA. 
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