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Balinsky’s Darwinian roots

B. Fabian

Boris Ivan Balinsky (1905-1997) was Professor and Head of the
Department of Zoology at the University of the Witwatersrand
(Wits), Johannesburg, South Africa. He came to Wits in 1949 (via
Munich and Edinburgh) from Kiev, where he was Professor of
Embryology. As an acclaimed experimental embryologist he was
especially famous for inducing a supernumerary limb in a newt when
he was a 19-year-old student in lvan Schmalhausen’s laboratory in
Kiev 1924. In Johannesburg he wrote his famous textbook of
embryology, which influenced generations of students around the
world. In addition to pioneering the application of electron micros-
copy to the study of early development, he tackled a variety of
projects of general zoological interest. Lesser known is his latter
day work, carried out during his retirement, on variation and
hereditability (especially of wing colouration) in the butterfly
Acraea horta, on which he published five papers from 1974 to 1986.
His butterfly work showing the loose connection between the
genotype and phenotype, with the genotype expressing itself in a
variable way in the face of a constant physical environment, is of
special interest in the current era of evolutionary and ecological
developmental biology. His exposure to the stimulating evolutionary
ideas of Schmalhausen during his early Kiev years no doubt
provided a context for his butterfly work. Some ideas about how the
‘loose connection between the genotype and phenotype’ may be
achieved through behavioral modification or positional information
during development are addressed in this paper in the light of
recent work. In his eighties Balinsky worked on the classification of
microlepidoptera on which he published several papers. He died in
September 1997, just short of his 92nd birthday.

Key words: Balinsky, butterfly, Acraea, wing-phenotype, heredit-
ability, Schmalhausen

Background

Boris Balinsky was born in Kiev, Ukraine, in 1905—the year of
the first Russian revolution. He was a student at the University
of Kiev in the 1920s. His teacher, and later his mentor, was the
luminary Ivan Schmalhausen (1884-1963). Schmalhausen was a
vital force in the Russian development of the ‘modern synthesis’
in evolutionary biology' and is known for his book Factors of
Evolution: The Theory of Stabilizing Selection.* While Balinsky
absorbed the ideas of his teachers he fashioned his own career in
experimental embryology, sparked by a paper he gave as a
student on the determination of the germ layers™ and especially
by his remarkable experiment’ in inducting a supernumerary
limb in a newt when he was 19 years old.” He later went on to
study endoderm development for which he was awarded the
Kowalevsky Prize in 1940.° While experimental embryology was
his main line of work, he was also a general zoologist and keen
entomologist, collecting butterflies, stoneflies, and later dragon-
flies. Balinsky arrived at the University of the Witwatersrand
(Wits) in 1949 at the age of 45, via Munich and Edinburgh
(Waddington), having survived the turbulent events of 1917-1947
in Russia and Europe.® During his time at Wits he wrote his
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famous textbook, An Introduction to Embryology,® which became a
global classic, running to five editions from 1960° to 1981. He was
also a pioneer in the application of electron microscopy for the
study of early development. During his retirement, Balinsky
turned to the study of variation and hereditability in butterflies
and published five papers from 1974 to 1986. His exposure
during his early Kiev days to the vibrant holisticideas in compar-
ative embryology and evolutionary biology no doubt provided
a context for this later work, as did his older-by-five-years
contemporary from Kiev, Theodosius Dobzhansky.’

Balinsky’s evolutionary roots in the Kiev years

In 1968, Balinsky, as Professor of Zoology at the University of
the Witwatersrand, wrote an article on Darwin for the Wits
science students journal, Probe.” It seemed that he was merely
doing his duty as Professor of Zoology, for we knew him not as
an evolutionary biologist but as the celebrated experimental
embryologist who had induced a supernumerary limb in a
newt,’ as well as for his famous textbook. I doubt any of us were
aware of his unique evolutionary background and how it took
root in the Kiev milieu of the 1920s and 1930s, spearheaded by
the original thinking of Schmalhausen. Schmalhausen stood out
in having mastered several fields related to problems of evolution,
from comparative anatomy and comparative embryology to
experimental embryology and growth.® However, from 1935,
succeeding his teacher Severtsov, Schmalhausen was appointed
Director of the USSR Academy of Science’s Institute of Evolu-
tionary Morphology in Moscow, as well as to the Chair of
Darwinism at Moscow University. And for the next 15 years he
focused on aspects of the theory of evolution,*® as later set out in
Factors of Evolution.” It was an original book that analysed the
different forms of natural selection and the possible influence
of these on the course of evolution.® As Gilbert’ saw it, Factors of
Evolution was ‘nothing less than an attempt to integrate evolu-
tionary morphology, population genetics, experimental embry-
ology, and ecology into a coherent framework to provide a
causal theory for evolution’. Rather accordingly, the field of
interest of Schmalhausen’s teacher Severtsov,” who preceded
him in Kiev, was ‘comparative anatomy and comparative
embryology in their bearing on evolution’. For Severtsov, ‘a
complete theory of evolution must causally explain the morpho-
logical changes seen in palaeontology through the mechanisms
of genetics, ecology, and embryology’.”"" When Schmalhausen
accepted the directorship of the Moscow Institute of Evolutionary
Morphology following Severtsov’s death in 1935, he negotiated
to maintain his Directorship in the Ukrainian Academy on a
part-time basis and Balinsky, who in the meantime had been
appointed as Professor of Embryology at Kiev University in 1933
at the age of 28, was appointed Deputy-Director of the Biological
Institute in the Ukrainian Academy of Science.*®

While Balinsky wrote about Schmalhausen’s Factors of Evolu-
tion in his later years,® it is not clear when he first read the book.
Schmalhausen records the development of his ideas from the
beginning of 1938, when he was in Moscow. However, Balinsky’s
life in Kiev was at that time in a precarious state. During Stalin’s
purges in the 1930s, Balinsky’s wife Katia was sentenced in 1937
to 10 years in a Gulag work camp (the sentence was later
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reduced).” Then came the war with Germany from 1941 and
Schmalhausen was evacuated from Moscow to Kazakstan,®
all of which would have precluded Balinsky’s access to him.
Schmalhausen’s manuscript was ready for publication at the
end of 1943, with the Russian edition appearing in print after the
war—in 1947—the very same year Balinsky moved to Edin-
burgh (see introductory remarks by Schmalhausen and
Dobzhanksy in Factors of Evolution®). The English edition of Fac-
tors was published in 1949, the year Balinsky sailed for South Af-
rica. Against this dire background, a further disaster came with
Lysenko’s tirade in August 1948, in Leningrad, against the many
supporters of Mendelian-based genetics, which resulted in their
instant dismissal. Schmalhausen lost his position as Director of
the Institute of Evolutionary Morphology and was expelled
from Moscow University.® Following these traumatic times,
Balinsky was no doubt cautious during his early years in South
Africa about expressing an opinion on the history of these
events. I never heard him talk, in the late 1950s or 1960s, about
Schmalhausen’s ideas on evolutionary biology. It was only later
that I understood Balinsky’s close involvement with, and his
high and warm regard for, his mentor—especially after reading
his 1980 retrospective on Schmalhausen® and his 1988 memoirs.”

As a student in Kiev in 1925, Balinsky attended Schmalhausen’s
lectures on evolution. Rather presciently for Balinsky’s later
career in South Africa (1949-1997), Schmalhausen stressed the
importance of Raymond Dart’s work in recognising the hominid
character of Australopithecus—at the time that the idea still
met with considerable scepticism.® It is also fascinating that
Schmalhausen referred to the ideas of Holism, put forward by
Jan Smuts"” in 1926, which had some influence on his line of
thinking, as in his 1938 book,"* The Organism as a Whole in Individual
and Historical Development. In 1936, Balinsky, who had a fair
command of German, was asked by Schmalhausen to translate
Anton Dohrn’s famous book," The Origin of Vertebrates and the
Principle of Succession (i.e., Change) of Functions, from the original
German into Russian. Dohrn was a strong advocate of Darwin’s
‘Theory of Evolution by Natural Selection’. Balinsky recalls that
‘translating the book gave me great pleasure and also insight
into some problems of evolution.” The translated book, with an
introduction by Schmalhausen, was published in 1937.>*

In his Probe article of 1968, Balinsky noted that, ‘one of the
points of Darwin’s theory, which turned out to be a somewhat
weak one, was his understanding of variation and heredity’—
and he went on to explain the changes of thinking following the
characterisation of mutations, not known in Darwin’s time.
Balinsky was certainly interested in the nature of variation and
hereditability as a core problem in biology and was probably, at
the time of writing the Probe article or even earlier, thinking
about how he would address the problem. In a way it was
inevitable that he chose to tackle the subject using butterflies. As
an 1l-year-old boy in the Ukraine, he was stimulated by
Akasov’s book on collecting butterflies as well as by Berge’s
Small Atlas of Butterflies and Moths during his summer visits to his
grandfather’s parish in the countryside and he became an avid
collector and classifier for about ten years.* However, in looking
for a less studied group of insects for collection and study, and
hoping to make a contribution, he sought advice from Mr
Theodosius (Theodore) Dobzhansky, who at the time was an
assistant in the Zoology Department of the Agricultural Faculty
of the Polytechnic Institute in Kiev. Dobzhansky suggested he
study scale insects, which he himself had started some work on.
They immediately went out into the grounds of the Polytechnic
Institute and beat some bushes, but found nothing! After read-
ing abook on The Orthoptera and Pseudoneuroptera of the Russian
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Empire by Jacobson and Bianki, he was attracted to the orders
which had aquatic larvae and he initially started working on
mayflies from 1924. Then, for logistical reasons, he switched to
stoneflies, especially on his summer trips to the Caucasus where
they are abundant.*”® Subsequently, in South Africa, he focused
on dragonflies. All this was undertaken in parallel with his
embryological career and other broad zoological interests.

Variation and hereditability in butterflies

In anticipation of his formal retirement as Professor and Head
of Department at Wits at the end of 1973, Balinsky prepared the
way for his new line of research on variation and hereditability
in South African lepidoptera. In searching for a suitable species,
he chose the African garden butterfly Acraea horta, which had the
advantage of the caterpillars feeding on leaves of the tree
Kiggelaria Africana, which he was able to grow in his garden. He
also built himself a butterfly breeding shed and his study
become a research laboratory. The whole operation was a going
concern prior to his formal retirement. In his new role as an
Honorary Professorial Research Fellow, and working from
home, he was able to rear Acraea horta, starting with single pairs,
through ten generations under conditions of inbreeding, mostly
brother-sister matings.'* He went on to investigate the inheritance
of wing colour and wing spotting, as well as attempting to generate
mutations by irradiation with X-rays and UV"™ (see Fig. 1).

Of special interest is his paper on the inheritance of wing
colouration in females.” Male wing colour is brick-red. Female
wing colouration ranges from red through orange to yellow,
depending on the state of oxidation-reduction of the pigment
xanthommatin, which is yellow in the oxidised form and red in
the reduced form. Furthermore, by breeding and crossing of
strains, he concluded that the condition is controlled by one pair
of autosomal genes with expression in the female. In order to
treat his results statistically, he classified wing colour into six
classes.

The results showed that the genotype does not strictly determine
the phenotype of the individual female, i.e. with the same geno-

South African Vel FTINeS 4

VJournal of Science

Suid-Afri kaanse

Tydskrif vir Wetenskap o

Fig. 1. Marginal spot patterning on the hindwings of Acraea horta investigated
using X-ray irradiation, from Balinsky. The cover of S. Afr. J. Sci. 77 (1981)."
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type the colour could vary within a wide range from pale yellow
to bright red. Thus, yellow females could give rise to orange and
brick-red females, red females to yellow and orange ones, and
orange females to yellow and red ones. As he put it, with the
expression of the genotype in individual females being highly
variable, the selection differential of individual females has
hardly any selection response. In a letter written to me on the
24 February 1977, he summarised the progress of his work as
follows: ‘What I think is really the main general result of the
work I have done so far, is the loose connection in my butterflies
between genotype and phenotype: the genotype expressing
itselfin a variable way... which of course is nothing new, known
in Drosophila, but then Drosophila is only one species, and I am
not sure that it can be considered as a “typical’ case of a wild ani-
mal’. While his findings showed that any particular female could
give rise to progeny across the colour range of the inbred brood,
amostintriguing aspect of the paper was that the averages of the
colour classes of the parental generations were highly heritable
in terms of filial generation averages.

Balinsky’s finding that the genotype expressed itself in a
variable way in his butterflies, is very much in line with
Schmalhausen’s ‘reaction norm’,” that is ‘each genome encodes a
continuous range of potential phenotypes and the environment
each encounters determines its phenotype’ (as phrased by
Gilbert and Epel"). In Schmalhausen’s words, ‘every genotype
is characterised by its own specific norm of reaction, which
includes adaptive modifications of the organism to different
environments’.?

While the influence of the environmental factors of temperature
and light on butterfly wing colour has been well documented
(see Gilbert and Epel™), Balinsky noted that the environment in
his breeding experiments did not appear to be an influencing
factor in determining the spectrum of colour polymorphisms
within abrood, as each batch was treated in the same way under
the same conditions. In the light of more recent knowledge, it is
interesting to consider how the environment could influence
wing colouration in the development of Balinsky’s butterflies.
Such aline of thinking is at the heart of the general pathway pro-
posed by H.E Nijhout"* in which sensory information from the
environment is transferred via the neuroendocrine system to
the tissues where it is able to regulate gene expression. As sum-
marised by Gilbertand Epel," environmental signals (external or
internal) are able to target neurosecretory cells in the brain,
causing them to release prothoracicotropic hormone, which in
turn stimulates the production of ecdysone by the prothoracic
gland. Ecdysone enters tissues (inclusive of the imaginal discs')
where it is converted into its active form 20-hydroxyecdysone.
Crucially, it turns out that the concentration of ecdysone, as
single or multiple pulses, is key to its physiological function. At
the molecularlevel, ecdysone, in the form of an active ecdysone-
bound receptor complex, enters the nucleus and initiates gene
expression at specific sites on the chromosome after recruiting
histone acetyltransferase enzymes and other transcription factors."

The involvement of the neuroendocrine pathway in wing
colouration has been well documented" in the European map
butterfly Araschnia levan, where the wing colouration at the time
of eclosing from the pupal case is usually bright orange in spring
and black in summer. The change of colouration, from spring to
summer morphs, was found to be regulated by changes in
day length and temperature during the larval period,"*?*
which suggested that a neuroendocrine signalling pathway is
involved. It was further found that these environmental signals
modulated the phenotype by regulating the amount of the
hormone ecdysone during the larval stage of development.
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Larvae that develop in spring do not experience a pulse of
ecdysone, whereas summer larvae do. An injection of ecdysone
converted the colouration of the spring form into the summer
form. Most pertinently for the present discussion, the injection
of intermediate amounts of ecdysone produced intermediate
phenotypes not found in natural conditions."* As applied to
Balinsky’s butterflies, these findings suggest that the range of
wing colouration in a brood could be underwritten by a range of
ecdysone concentrations across the individuals of the brood.
However, this still leaves open the question of how a range of
ecdysone concentrations is established in a seemingly homoge-
nous batch kept under the same physical conditions, and how
the range repeats in each generation.

‘Each genome encodes a continuous range of potential
phenotypes ... and the environment each encounters
determines its phenotype’

What type of mechanism could generate the range of
wing-colour morphs in the brood from a single female in
Balinsky’s butterflies reared under the same physical conditions?
As wing-colour pattern is determined in the late larval wing bud
and the early pupal wing—in time for the synthesis of pigments
shortly before the emergence of the adults*—one wonders if the
graded colouring mechanism could be based on some sort of
interactive process between caterpillars. This could relate to the
amount of touching or amount of a secreted chemical which a
caterpillar receives. The reception of such interactively generated
signals may be assumed to follow a neuroendocrine routing
such that the extent of stimulation a caterpillar receives would
set its level of ecdysone. But how, with respect to Balinsky’s
results, would the average of the range of ecdysone levels in the
parental brood repeat in the filial brood? Could the proposed
interactions between the caterpillars, inhibitory or stimulatory,
play out in a hierarchical cascade, which repeats in each genera-
tion? This remains an unanswered question. There is also a
heterochronic aspect to the above sequence of events as wing
pigments are synthesised in specialised wing scale cells in a fixed
developmental succession, with the coloured pigments deposited
first.®* Hence the succession of scale development may deter-
mine the final wing colouration and is thus open to time-based
modulation. This raises the question of the extent to which the
level of ecdysone can influence the rate of developmental
succession in the synthesis of wing pigments in the specialised
wing scale cells. Does heterochronic modulation control wing
colouration?

Thereis, however, another possible way in which a graded bias
could be applied to developing embryos. It is based on the
embryological principle” of positional information, or of
gradients, that organise pattern formation. For example, with
respect to Acraea butterflies, the eggs are laid in batches of
typically 100-150 and are not scattered singly, as in most
Rhopalocera. This opens up the possibility of establishing an
inside—outside positional effect or gradient across the egg-batch.
Eggs would take on a bias as a result of their position in the batch.
Along the same general line of reasoning, a developmental bias
could be imposed on eggs at an even earlier stage as a result of
the spatial distribution of ovarioles in the ovary and the ensuing
order of egg laying. In the contemporary context, such positional
biasing could be effected by epigenetic changes in the DNA,
such as in the level of cytosine methylation, chromatin packaging
via histone variants, or in the binding of short antisense RNAs. A
relevant aspect of the epigenetic circuitry is its regulatory effect
on transcription, thereby positioning epigenetic reactions as
possible regulatory switches acting on specific genes early on in
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development, even from the time of oogenesis. In this way,
epigenetic changes in the egg could, for example, affect specific
genes that are later transcribed in the pathway of wing colouration,
or which affect the rate of development of the neuroendocrine
pathway and its secretory activity (a heterochronic effect).
Itwould be intriguing to assay epigenetic changes that occurin
eggs from early developmental stages, especially with respect to
Balinsky’s findings—are there epigenetic differences between
inside and outside eggs within a batch? A simple first experiment
to address the above considerations, behavioural or positional,
would be to follow the development of single eggs or embryosin
isolation, with respect to the development of wing colouration.

A concealed pool of genetic variability?

In his paper on the ‘Variation and Inheritance of Wing Spotting
in Acraea’,” Balinsky was especially interested in the potential
existence of a concealed pool of genetic variability, which in line
with ‘Neo-Darwinian concepts of evolution by natural selection

. may be made use of under changed environmental circum-
stances’. Assuming that such concealed variability was presentin
the form of recessive genes in a heterozygous state, he carried
out breeding experiments but was not able to reveal this genetic
reserve, even though ‘51 strains derived from the wild (were)
inbred by brother-sister mating for a variable number of genera-
tions’.

In order to increase the amount of heritable variability in the
study, Balinsky irradiated the pupae with X-rays and subsequently
with UV. In one spotting variation following X-ray irradiation,
there was a spectacular change in the shape of the wing marginal
spots which were converted into longitudinal streaks.”* How-
ever, although he experimented with different doses of radiation,
the initial aim of the experiment—to obtain new mutant breeding
strains for subsequent genetic study—was not achieved. He
suggested this was possibly due to the limited scale of the opera-
tion, which was notlarge enough to produce recessive mutations.

While it is recognised that widespread genetic variation exists
that may be unexpressed, itis only beginning to be appreciated that
some of this cryptic variance may be important in maintaining
phenotypic stability® and may thus play a role in keeping the
developmental trajectory on track. It is this regulatory circuitry
that has been deemed as a potential target in the modulation of
the phenotype in the course of evolution. Such a line of thinking
was central to Schmalhausen’s analysis of the evolutionary
process. His core idea hinged on “the importance of the stabiliza-
tion of morphogenesis and the role of stabilizing selection in the
process’>—an idea that went hand in hand with his concept
of the autonomisation of development. Autonomisation of
development is underpinned by the evolution of complex regu-
lating systems under the influence of stabilising selection***.

Understanding the nature and role of concealed variation has
attracted a lot of interest in recent years. As Gibson and
Dworkin®” aptly put it, ‘Cryptic genetic variation is the dark
matter of biology.” Balinsky was clearly fishing in the right place.
He would have been delighted by the relatively recent demon-
stration of Rutherford and Lindquist'*—a year after he died—
of a molecular mechanism which unmasks cryptic genetic varia-
tion through stress. This was achieved by mutating the heat
shock gene Hsp83, thereby inactivating its protein Hsp90, which
produced a range of ‘concealed” phenotypes. The mechanism

*Itis intriguing that in the late 1930s and early 1940s, Waddington and Schmalhausen were
both following a remarkably parallel line of thought, unbeknown to both at the time. Whereas
Waddington'’s ideas were formulated as the canalisation (buffering) of developmental
pathways and the idea of genetic assimilation, Schmalhausen wrote about the elimination of
the perceptible deviations from the norm-of-reaction pathways as a result of natural selec-
tion and introduced his concept of ‘stabilising selection’.?'
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Fig. 2. Balinsky in his eighties. (Photograph courtesy of his daughter, Helen David.)

hinges on the functioning of Hsp as a molecular chaperone that
keeps many proteins in their functional 3D conformation."*
Rutherford and Lindquist’s inspirational conclusion was that
Hsp90 functions as a capacitor for morphological evolution.

Balinsky published five papers on his butterfly breeding
experiments, working from home during the first twelve years
of his retirement (1974-1986) from the age of 69 until 81. It was as
if he had waited for his retirement days to address this central
biological problem (Fig. 2).

Taxonomic studies

After the butterfly work, Balinsky, now in his eighties (Fig. 2),
returned to his evergreen interest in taxonomy and chose to
work on the identification of moths (microlepidoptera) from a
vast collection housed in the Transvaal Museum. He published
five articles on this work from 1987 to 1994, by which time he
was 89. As is well known, an important tool in the classification
of the lepidoptera is the structure of the intricate parts making
up the genitalia. It is held that ‘male and female genital compati-
bility serves toisolate different species reproductively’, and hence
the notion of a lock-and-key hypothesis of genital evolution.”

On a visit to Balinsky’s home in about 1990, he eagerly showed
me the technique he used to prepare the specimens and we
viewed the dissected genitalia under the microscope. When I
naively suggested, knowing abysmally little about the field at
the time, that the work informed on the emerging evo-devo
approach—given that the intricate structures were at the cross-
road of embryonic development, variation and selection—he
was somewhat amused. Having spent a lifetime identifying
insects, he had no doubt reflected on the changes and implica-
tions of these mating structures during evolutionary time. But
more to the point, theimmediate problem before him, now in his
80s, was the identification of microlepidoptera specimens in the
museum collection—a feasible and remarkable, well-chosen
project for his time of life. And then there was the exciting possi-
bility of identifying some new species. But no doubt his benignly
amused response also stemmed from his years of experience
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which allowed him to view all this new ‘evo-devo’ talk as being
rather ‘old hat’ — just a reawakening of the earlier Severtsov-
Schmalhausen milieu at a molecular level. As he liked to remind
one, fashions in research come and go, but are profitably
reinvestigated with the tools of the time, as with his own swift
application of the then new technique of electron microscopy to
the study of early development. As succinctly expressed by
Weaver and Hogan,* ‘In developmental biology, as in all scientific
fields, conceptual advances are tightly coupled to technological
innovation’. Balinsky died at home on 1 September 1997, nine
days before his 92nd birthday.

I appreciate a grant from the Faculty of Science (FRC), University of the
Witwatersrand towards the writing and publication of this paper.

Received 1 October. Accepted 19 November 2009.

1. Levit G.S., Hossfeld U. and Olsson L. (2006). From the ‘modern synthesis’ to
cybernetics: Ivan Ivanovich Schmalhausen (1884-1963) and his research
program for a synthesis of evolutionary and developmental biology. J. Exp.
Zool. 306B, 89-106.

2. Schmalhausen LI. (1949). Factors of Evolution: The Theory of Stabilizing Selection.
Blakiston, Philadelphia.

3. Balinsky B.I. (1988). The Boris Balinsky Memoir. The Archive of the University of
Illinois in Urbana-Campaign, Urbana, IL.

4. Mangold O. (1923). Transplantationsversuche zur Frage der Spezifitat und der
Bildung der Keimblatter bei Triton. Arch. Micr. Anat. u. Entw. Mech. 100,198-301.

5. Balinsky B.L (1925). Transplantation des Ohrblaschens bei Triton. Roux’ Archiv.
Microscop. Anat. Entwicklungsmech. Org. 105, 718-731.

6. Balinsky B.I. (1960). An Introduction to Embryology. W.B. Saunders Company,
Philadelphia.

7. Balinsky B.I. (1980). Darwin’s Day. Probe — The Journal of the Science Students
Council. University of the Witwatersrand, Johannesburg.

8. Balinsky B.I. (1980). Scientists remember: B.I. Balinsky on Ivan I. Schmal-
hausen. S. Afr. J. Sci. 76, 498-499.

9. GilbertS.E (2003). The morphogenesis of evolutionary developmental biology.
Int. J. Dev. Biol. 47, 467-477.

10. Adams M.B. (1980). Severtsov and Schmalhausen: Russian morphology and
the evolutionary synthesis. In The Evolutionary Synthesis: Perspectives on the
Unification of Biology, eds E. Mayr and W.B. Provine, pp. 193-228. Harvard
University Press, Cambridge, MA.

11. Gilbert S.E and Epel D. (2009). Ecological Developmental Biology: Integrating
Epigenetics, Medicine, and Evolution. Sinauer Associates Inc., Sunderland, MA.

12. Smuts J.C. (1926). Holism and Evolution. Macmillan, London.

13. Schmalhausen LI. (1938). The Organism as a Whole in Individual and Historical
Development (in Russian). Akad. Nauk SSSR, Moscow.

14. Dohrn A. (1875). Der Ursprung der Wirbelthiere und das Princip des Functions-
wechsels: Genealogische Skizzen. Engelmann, Leipzig.

15. Balinsky B.I. (1950). On the Placoptera of the Caucasus. Trans. R. Ent. Soc.
London 101, 59-87.

16. Balinsky B.I. (1974). Ten generations inbreeding of Acraea horta (L)
(Lepidoptera). J. Ent. Soc. Sth. Afr. 37, 9-86.

South African Journal of Science 105, November/December 2009

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Review Articles

Balinsky B.I. (1977). Inheritance of wing colour in females of the butterfly Acraea
horta L. ]. Ent. Soc. Sth. Afr. 40, 1-11.

Balinsky B.I. (1979). Variation and inheritance of wing spotting in the butterfly
Acraea horta (L). Rev. Zool. Afr. 93, 810-879.

Balinsky B.I. (1981). Immediate and delayed effects of radiation on the genetic
endowment of the butterfly, Acraea horta L. S. Afr. J. Sci. 77, 162-167.

Balinsky B.I. (1986). Early differentiation in the egg of the butterfly, Acraea horta
under normal conditions and after ultraviolet irradiation. Acta Embryol. Morph.
Exp. 6,103-141.

Nijhout H.E (2003). Development and evolution of adaptive polyphenisms.
Evol. Dev. 5, 9-18.

Koch PB. and Biickmann D. (1987). Hormonal control of seasonal morphs by
the timing of ecdysteroid release in Arachnia levana L. (Nymphalidae:
Lepidoptera). J. Insect Physiol. 33, 823-929.

Nijhout H.E (1991). The Development and Evolution of Butterfly Wing Patterns.
Smithsonian Institution Press, Washington D.C.

Nijhout H.E (1980). Pattern formation on lepidopteran wings: determination
of an eye spot. Dev. Biol. 80, 267-274.

Nijhout H.E (1980). Ontogeny of the color pattern on the wings of Precis coenia
(Lepidoptera: Nymphalidae). Dev. Biol. 80, 275-288.

Koch PB., Lorenz U., Brakefield PM. and ffrench-Constant R.H. (2000).
Butterfly wing pattern mutants: developmental heterochrony and coordi-
nately regulated phenotypes. Dev. Genes Evol. 210, 536-544.

Richardson M.K. (2009). Diffusible gradients are out —an interview with Lewis
Wolpert. Int. ]. Dev. Biol. 53, 659-662.

Carroll S.B., Grenier J.K. and Weatherbee S.D. (2001). From DNA to Diversity:
Molecular Genetics and the Evolution of Animal Design. Blackwell Scientific,
Malden, MA.

Wake D.B. Foreword. In Schmalhausen L1. (1986). Factors of Evolution: The The-
ory of Stabilizing Selection. University of Chicago Press, Chicago, IL.
Waddington C.H. (1957). Strategy of the Genes: A Discussion of Some Aspects of
Theoretical Biology. Allen and Unwin, London.

Waddington C.H. (1975). The Evolution of an Evolutionist. Cornell University
Press, Ithaca, NY.

Gibson G. and Dworkin 1. (2004). Uncovering cryptic genetic variation. Nat.
Rev. Genet. 5, 681-690.

Rutherford S.L. and Lindquist S. (1998). Hsp90 as a capacitor for morphological
evolution. Nature 396, 336-342.

Balinsky B.I. (1987). Ancylosis (Heterographis) subpyrethrella (Ragonot, 1888) and
five related new species from southern Africa (Lepidoptera: Phycitinae). Ann.
Trans. Mus. 34(14), 303-317.

Balinsky B.L (1989). Ancylosis/Heterographis/Staudingeria group of Phycitinae
(Lepidoptera: Pyralidae) in southern Africa. Ann. Trans. Mus. 35(5), 75-107.
Balinsky B.I. (1991). On genitalia of some southern African Phycitinae
(Lepidoptera, Phycitinae). S. Afr. ]. Zool. 26(1), 11-35.

Balinsky B.I. (1991). New and inadequately described genera and species of
Phycitinae (Pyralidae, Lepidoptera) from southern Africa. S. Afr. J. Zool. 26(3),
93-114.

Balinsky B.I. (1994). A Study of African Phycitinae in Transvaal Museum. Privately
published, Johannesburg.

Gilligan TM. and Wenzel ].W. (2008). Extreme intraspecific variation in
Hystrichophora (Lepidoptera: Tortricidae) genitalia — questioning the
lock-and-key hypothesis. Ann. Zool. Fennici 45, 465—477.

Weaver M. and Hogan B. (2001). Powerful ideas driven by simple tools: lessons
from experimental embryology. Nat. Cell Biol. 3, E165-E167.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AmazoneBT-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.01000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00500
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


