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Fromspring & winter wheat to the Lamarckist transmutation theory, to the tragedies of
Lysenkoismin Soviet Russia, to the elusive florigen and plant natural variation &

epigenetics research: Here’s...

A Short History of Vernalization
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Email: marc.somssich@unimelb.edu.au ; Twitter: @somssichm

Humans have known for centuries that some plants would only flower and produce yield in
late spring or summer if they are planted and germinated before winter®. Such crop plants
display an enhanced cold tolerance, and survive through winter with the help of a protective
layer of snow, sheltering them from freezing'. The benefit of growing such winter varieties is
that they produce higher yield than spring varieties'. Importantly, such winter varieties don’t
just tolerate winter weather — they actually require it, as they won’t flower at all without this

period of cold*. Today, this cold treatment is designated ‘vernalization’.
Spring vs. Winter Wheat — Diffe rent Plants or Diffe rent Environments? (1800s)

Around the year 1800 it was still a matter of debate what caused the difference in behavior
between spring and winter varieties of the same crop™?. According to John Lawrence, a
farmer and author of the 1800 ‘New Farmer's Calendar’, ‘it has been disputed, whether any
specific difference exists between spring and winter wheat’2. The question at the time was, if
these are actually different plants, or if their behavior was simply modified by their
environment®. The latter would mean that it should be possible to ‘train’ them to behave
differently and adjust to a new environment. This was not so much an issue for farmers in
Europe and Asia, where wheat varieties had been grown for centuries and were bred to be
optimized for the local conditions™>. But the situation was different in the USA!®. Here,
wheat plants were imported from Europe, and some of the varieties that performed well in
their respective countries of origin, failed to do so when sown in the US*3. Especially in the
harsher climates of the northern states, this became a major issuel®. In the fertile Genesee
Valley in Flint, Michigan, for example, farmers failed to establish any of the most productive
imported European and Asian varieties, as they died off during the harsh winters*=>. It was
only in the 1820s, that a variety then known as Genesee Flint Wheat was established as a
1
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successful variety’. In this context, studying winter wheat suddenly became an important
issue, as plants that could survive under specific local conditions were urgently needed®. In
1860, agriculturist John Hancock Klippart published his, at the time definitive book on ‘The
Wheat Plant’, describing all the results and observations made by US farmers and
agriculturists over the past decades, when experimenting with different plants and conditions®.
When it comes to winter and spring wheat, he also touches on the controversial topic of
conversion®. Here, he describes that winter wheat could be transformed into spring wheat, and
vice versa, through a multi-generational adaptation process; one of the many attempts that
desperate farmers used to optimize their plants to the local environment®. He describes how
few of the winter wheat plants will actually flower and ripen in the same year if they are
brought out in spring, and that they would be very weak and only yield moderate crop®. If,
however, those seeds will be sown again in the following season, they would already grow
much better, and eventually, over several seasons, reach a productivity level equal to spring
wheat. Similarly, if spring wheat is sown out before winter, and if some plants would survive
the cold and frost, then the seeds of such plants will produce plants that will perform much
better in the following season'. Another conversion experiment was conducted in 1837/38 by
Colonel Abbott, who reported his findings in The Monthly Genesee Farmer®. Abbott used
Flint winter wheat, which he soaked in a tub of water until sprouting®. At that point, he placed
the seedlings into a box, which he exposed to cold*. Eventually he sowed these seedlings out
in April and May, as one would do with spring wheat*. Those seedlings grew to full plants,
giving seed just as spring wheat would®. This experiment may therefore be the first
documented vernalization experiment*. While Klippart is generally supportive of these

conversion experiments, he is very critical of the so-called transmutation theory®.

The transmutation theory describes a metamorphosis- like process, turning one plant into a
completely different one’. A famous such ‘pseudo observation’, as Klippart calls it, was the
transmutation of wheat into Bromus secalinus (‘chess’ or ’cheat’), a rye-like weed®.
According to supporters of the theory, the transmutation can be caused by either (I) excessive
moisture and cold in the spring months, (I1) pasturing in the spring, or (I11) hauling a wagon
over the field, transmutating every seed that get’s squashed by the wheel'. The prevalence of
this belief in the 1840s eventually led Benjamin Hodge, an agriculturist and respected nursery
owner from Buffalo, New York, to offer a 100$ reward to anybody, who could prove that
wheat was indeed transmutated into chess’. For this, he worked with the New York State
Agricultural Society, who appointed a supervisory committee to evaluate the outcome of the

challengel. The 100$ price was claimed by one Samuel David, who performed the following
2
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experiment: He thoroughly cleaned wheat seeds to get rid of all chess contaminations®. He
then germinated them in a pan, where he also subjected them to all possible harsh treatments
that would supposedly lead to transmutation (it is not documented if he wheeled a wagon over
the pan though)®. He then sowed those seeds into regular soil, from where eventually not just
wheat, but also chess heads came up®. Those seedlings were then presented to the
commission, showing some cases where the chess stalk seemed to indeed be emerging from a
wheat seed'. However, careful microscopic investigation of the seedlings eventually
demonstrated that these stalks merely grew through or along the rotting wheat seeds, and ‘the
examination therefore did not prove anything in favor of transmutation, and as there were
many possible ways in which the chess might have been scattered on the soil, the whole
experiment was admitted by all parties to be inconclusive’®. ‘From hasty observations,
equally hasty inferences are generally made, and false conclusions are the result’, Klippart

concludes?.

There can be little doubt that the supporters of both, the conversion and the transmutation
theories, were heavily influenced by Jean Baptiste Lamarck’s 1809 book ‘Philosophie
Zoologique’, which describes Lamarck’s evolutionary ideas for the origin of species®. Those
ideas form the basis for Lamarckism — the dominant evolutionary theory at the time, prior to
the publication of Darwin’s ‘On the origin of species by means of natural selection (...)’ in
1859°°. “Transmutation’, according to Lamarckism, describes the evolution of complex
organisms from simple ones through the acquisition of required traits®. Basically, new traits
will evolve when they are needed, while existing traits may be lost if they are not actively
being used®. Once acquired, traits then become heritable through the generations, the
transmutation is complete®. Interestingly, the word ’transmutation’ was actually coined in
1766 by German botanist Joseph Gottlieb Kdlreuter, a pioneer in the field of plant sexual
reproduction and hybridization, who used the word to describe new breeds of plants that he

created via hybridization’.

Not surprisingly, no actual transmutations were ever reported in the following years, and the
transmutation theory was eventually abandoned. However, it did experience a revival in an
especially perfidious form in Soviet Russia, in the early 20" century, which will be discussed
here later. Actual research into the cold tolerance and cold requirements of different crop
varieties only seriously started after Klippart had published his book on the wheat plant in
1860.
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Cold Requirement Studies and Photoperiodism (1900 — 1927)

The 20™ century brought the first major scientific publication describing experiments with
different crop plant varieties to study their individual cold requirements®. In 1910, German
botanist Gustav Gassner was given access to three large refrigerators at the Seed Research
Institute in Hamburg, Germany (Hamburgisches Botanisches Saateninstitut), with constant
temperatures at 1-2°C, 5-6°C or 12°C, a luxury at the time®. Using these refrigerators he
systematically tested plants for their response to these three different temperatures, length of
exposure to these temperatures and the develop mental state during which the cold treatment
was applied®. He found that different plants do indeed require different temperatures to induce
flowering, that the temperature required can be linked to the developmental age of the plant
(ie. older plants require colder or longer cold treatments), and that it doesn’t need to be the
plant that is treated, but it can suffice to treat imbibed seeds®. Furthermore, he also discusses
that it is not just the temperature, but also other environmental factors that play a role®. These
factors include sugar content and, more importantly, light conditions — a very important point
still mostly overlooked at the time when studying flower induction®. Additionally, Gassner
even discussed a certain rhythmic pattern that plants seem to follow in their growth
throughout the year, thereby coming very close to describing photoperiodism®. He published
his extensive studies in a 1918 book, which triggered a boom in vernalization research for the
following decades®®. In fact, by the early 1930s, the field was so well funded, that Gassner’s
colleague Prof. August Seybold disparagingly labelled it ‘Modeforschung’ (ie. ‘trendy
research’)’. Gassner himself, however, could not benefit from this new trend®. Being an
outspoken opponent of the rising German Nazi-party and Adolf Hitler, he prohibited the
Hitler salute and any political activities in his institute, resulting in his removal from the
institute, imprisonment, and eventually his exile to Turkey in 1934°. It was only in 1945,
following the end of the Second World War, that he was again appointed as Rector and

Professor at his old Institute of Technology in Braunschweig, Germany?.

While Gassner already touched on the interconnectedness between cold treatment and day
length, it were Wightman W. Garner and Harry A. Allard who did the first extensive analysis
on the effect of day length on flowering time!°. They exposed several plants to different day
length regimes and light intensities, and comprehensively described their individual light
requirements'®. Regarding day length they confirmed that plants will only flower and set seed
if day length reaches certain limits, and that day length and cold temperatures are interrelated

10,11

to induce flowering™"". However, depending on the plant, long or short days could be

4
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favorable for flowering. ‘The term photoperiod is suggested to designate the favorable length
of day for each organism, and photoperiodism is suggested to designate the response of
organism to the relative length of day and night’, they conclude in their work'®. In their
follow up studies they even tried to ‘localize’ the response to day length within the plant':*,
They previously showed that Cosmos bipinnatus (Mexican aster) would not flower under
continuous light, but quickly under short day conditions*'*?. So to test if this is a local, or
general response, they exposed different branches of the same Cosmos plant to different day
lengths'**2- And indeed, they were able to show that the branch exposed to winter day light
conditions quickly flowered, while the continuous light branch continued to grow

vegetatively'H*2.

While this early research into cold and light requirements of plants was pursued primarily in
Europe and to some extent also inthe USA, agricultural research, and specifically work on the
cold requirement of winter varieties, took a very different turn in Soviet Russia at the start of

the 20" century.
The Russians (Michurin, Vavilov & Lysenko) and Jarovization (1890 — 1930)

Towards the end of the 19™ century, Ivan Vladimirovich Michurin, a railway worker from
central Russia, rose to become one of the most important figures in Russian agriculture®®.
Michurin had cultivated fruit trees all his life in his parent’s garden, and over the years this
hobby gradually developed into something bigger'®. Despite his family being relatively poor,
Michurin spent all of his money on seeds and books about gardening and plant cultivation®®.
His job with the railway enabled him to travel to all the famous gardens in central Russia,
where he studied the ‘state of gardening’ in his home country’*3. Eventually, in the 1880s, he
noted that ‘after 15 years of comprehensive theoretical and practical studies of plant life and,
mainly, gardening and its needs in Middle Russia ... I have concluded that the level of our
gardening is too low’*®. He therefore took it onto himself to change this, founding a fruit tree
nursery in 18882, Over the course of the next five decades Michurin’s nursery produced over
130 new varieties of fruit, such as apples, pears, cherries or plums®. He utilized a breeding
method based on distant hybridization, where he cross-pollinated distantly related plants in
order to produce new varieties'®. For this, he developed several new techniques, including
methods to overcome incompatibility and even a primitive form of electroporation and
cytogenetics®®. He also worked out novel selection processes to speed up this part of the
work®. Michurin published his studies in Russian horticulture journals and by the early 20th

century he had authored around 100 scientific papers®®. During this time, he tried to connect
5
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with the Russian Department of Agriculture in order to receive funding for his research®®. The
Department however, failed to see the value of Michurins work and merely offered him
smaller grants if he would conduct some experiments for them under their strict control,
which Michurin rejected®®. However, while the Russian government did not realize the value
of Michurin’s endeavors, they made sure that he did not strike a deal with the American
government either, which would have been happy to relocate him, his family and the entire
nursery to the US™. Michurin recalled later: ‘higher spheres had prohibited me leaving for
America...’*3. He finally did get the recognition he deserved in 1920, following the Soviet

revolution, and with the help of Vladimir Lenin and another agronomist, Nikolai Vavilov*®.

In the early 1900s Nikolai Vavilov was the most important agronomist in the Soviet Union
and the Lenin-appointed director of the Lenin All-Union Academy of Agricultural Sciences*.
This basically put him in a position where he was responsible for the entire sector of
agricultural research in the Soviet Union***®. Vavilov was considered a pioneer not just in
Soviet Russia**. Following his graduation from Moscow Commercial College in 1910, he
entered the Moscow Agricultural Institute from where he received his PhD for his work on the
use of Mendelian genetics for the targeted breeding of more efficient crops®®. He then joined
William Bateson at the John Innes Institute in the U.K., where he studied the resistance and
susceptibility of different wheat accessions from all over the world to fungal pathogens®®°.
For this work he could apply his interest in studying the genetic diversity of the world’s crop
plants to improve crop plant performance — a research program far ahead of its time*>*. He
then continued his work as a lecturer and professor at the Saratov Agricultural Institute in
Russia until 1921, when Vladimir Lenin personally appointed him as head of the Applied
Botany, and eventually director of the Lenin All-Union Academy of Agricultural Sciences®®.
In this position, Vavilov emerged as one of the most important plant biologists of the 20"
century. In 1922 he published the influential law of homologous series in variation and
genetic mutability!’. According to this, Vavilov argued, plant breeders should not try to
randomly breed better crop varieties, but look for beneficial phenotypic traits in closely
related plants (based on Carl Linneaus’ work'®), and then breed specifically for this trait — an
educated guess approach'!. He later added that homologous genes (based on Mendel’s
work®®), could be the basis for the observed phenotypic similarities®’. Again, his work was
way ahead of its time. Knowing about the importance of genetic variability within plant
species, Vavilov then personally undertook or directed several expeditions to all parts of the
15,20,21. He

world to collect different natural accessions of the most important crop plants

analyzed these plants for their genetic and phenotypic diversity across the habitats from where
6
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they were collected, arguing that the origin of a plant (i.e. the geographical region where
domestication started), would be the region of its highest diversity?°?*. Based on this theory,
he defined several ‘centers of origin’, such as the Middle East for different wheat, barley and
rye varieties, eastern Asia as the center of origin for soybean, rice or sorghum, and Central
America for maize and potato?®. He further extended and refined this monumental and
groundbreaking work between 1925 and 1933%°%2, Moreover, he maintained and catalogued
all the seeds he collected on his travels around the world, creating the largest seed collection
for decades, with over 250.000 samples, representing the world‘s diversity of food crops?.
The importance of this collection was re-confirmed when it was incorporated into the
Svalbard Global Seed Vault between 2005 and 2011%32*, And finally, in his role as director of
the Lenin All-Union Academy of Agricultural Sciences, Vavilov was also an outstanding
organizer. While in this position, he opened over 400 research stations and institutes
throughout the Soviet Union, thereby establishing the Soviet Union as a world leader when it

came to agricultural research, genetics and plant breeding**.

Following the 1917 October Revolution in Russia, the new Soviet Government immediately
seized all agricultural businesses, claiming them as national assets*®*2°. Michurin’s nursery
was no exception to this*®. However, Michurin, a supporter of the Soviets, was able to strike a
deal with the local land department, which recognized the value of Michurin’s work, therefore
allowing him to keep supervision of his nursery™®. The district commissariat of agriculture
furthermore relayed the importance of Michurin’s work to The People’s Commissariat of
Agriculture, eventually garnering him the governmental recognition he deserved®®. After that,
Vladimir Lenin personally promoted Michurin’s work publicly, further elevating his status®®.
By 1920, Vavilov was also aware of Michurin’s work and proposed to assemble a scientific

inventory of his nursery’s gene pool*®

. However, shortly after the Soviet’s seized power, the
Russian agricultural sector faced severe problems™*?°. Between 1925 and 1928, harsh winters
with little or no snow had killed off the winter crops, resulting in severe yield losses and
famine!®®. Stalin’s forced collectivization of agricultural farms resulted in inefficient and
mismanaged kolkhozes that dramatically decreased productivity**>®. And on top of that,
Stalin’s purges resulted in the murder of some of the most productive farmers due to their
relative wealth, further decreasing agricultural production and, equally important, causing the
loss of crop varieties due to the subsequent mismanagement of the farms by Bolshevik
officials'®®. Accordingly, one main objective for the agricultural scientists during that time
period became the breeding of new, better performing varieties of food crops®®?’. For this,

Vavilov decided on Michurin-inspired distant hybridization experiments, to breed better
7
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performing cereal grain varieties?®. But one major problem that he encountered with these
experiments was the need to synchronize the different plants so that they would flower
simultaneously and could be cross-pollinated?®. At this point, the work of another young

scientist came to his attention?®.

Trofim Denisovich Lysenko was an agronomist, who in 1925 started to work on soil
enrichment at the Experimental Agricultural Station in Ganja, Azerbaijan?®. In the face of the
sustained famine in the country, however, he switched his focus to the conversion of winter
into spring wheat, to avoid the harsh winters?®. In his experiments, he basically repeated the
experiments that Colonel Abbott described in 1837: He soaked seeds in water and chilled
them at low temperatures for several weeks, before sowing them in late winter or spring®®%.
As was the case for Col. Abbott, those seeds then germinated in spring and flowered in the
summer?®2°_ In his 1928 publication describing these results Lysenko named this process of
cold treatment ‘jarovization’ (from jarovoe, the Russian name for spring cereals)?®?. These
experiments came to the attention of Nikolai Vavilov, who figured that Lysenko’s
jarovization could be a useful tool for him to synchronize the flowering of his distantly related
crops®®. He therefore invited Lysenko to speak at the 1929 national conference of agricultural
science in Leningrad, despite the fact that Vavilov’s main expert in the field of plant
physiology, Nikolai Maksimov, was very critical of Lysenko due to his strong ego and
inability to take advice from colleagues®. While Vavilov was only interested in jarovization
as a tool to synchronize flowering, Lysenko had much grander aims?®. At the conference, he
tried to sell jarovization as a tool to permanently transform winter wheat into spring
wheat’®*’. Despite this, Lysenko’s presentation did not receive too much attention at the
conference, which didn’t sit well with the ambitious scientist®®. In order to prove the
importance and applicability of his discovery, he planned a big publicity stunt?®. Together
with his peasant father, he jarovized lots of winter wheat seeds and sowed them out in
spring®®. In summer, the family’s field was full of winter wheat, ready to be harvested®®. For
the rural community, this was close to a miracle, and accordingly this demonstration found
widespread coverage in local and national newspapers®®. On the back of this success, Lysenko
became known in Russia as a sort of miracle worker/scientist, and actually obtained his own
research laboratory at the Ukrainian Institute for Genetics in Odessa®®. There, he soon found
that mass jarovization of winter wheat was simply not practical to actually obtain a significant
increase in agricultural productivity, and he therefore switched his attention to jarovizing
spring wheat, arguing that it would ripen faster and produce more yield?®. But again, his

claims of a significant yield increase could not be confirmed in any scientific tests?®C.

8
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However, despite these failures and an increasing number of critical voices among the
Russian agronomic community, Lysenko was still regarded highly, not in the least because of
Vavilov’s support and his reputation for practical achievements in the public eye, based on his

well-documented field trial?®°,

Vernalization, Lysenkoism, and the 1948 Meeting of the Lenin All-Union Academy
(1931 - 1965)

By 1931, the situation in Russian agriculture had worsened even more?®**. And now, the
government also started to directly interfere with academic research®. Increasing pressure
from the Stalinist government to include Marxist ideology in the sciences, meant that the field
of genetics came under fire®*. Idealistically, Stalin’s interpretation of nature was based on
Marxist-Leninist dialectical materialism?”3'®. As such, nature had to be seen as a unified
whole, constantly developing according to guiding environmental pressures?’3%,
Accordingly, anything could be developed into any direction, if the correct pressure was
applied by shaping the appropriate environment?’*!. On a society level this means that a
classless society could be created if the right pressure was applied from above, and on an
individual level, that the Soviet government could (and should!) actively form its citizens and
their attitudes to become good Marxists and communists by creating the right environment

(ie. the right pressure from above) 2%

. Evolutionary wise, this ideology borrows from
Lamarckism, in that new traits in an organism will constantly develop in order to resolve
existing constraints (pressures), and traits acquired this way would furthermore be inherited as
a ‘state’ of an organism?’3!. Thus, this ideology was to be adopted by the sciences as well?®.
As a plant-specific example: According to Lysenko, winter wheat, once jarovized, would
remain jarovized for the coming generations, having been pressured into becoming spring
wheat'*?. Lysenko’s work therefore fit very well into this ideology?’*®. Lysenko even went
as far as claiming that continuously plucking a leaf from a cotton plant, would eventually
result in leafless offspring®™. However, genetics and Darwinian evolution were considered
inconsistent with this Marxist-Leninist version of dialectical materialism®:. Under this
situation of famine, starvation and increasing pressure to adhere to Soviet ideology, the
Communist party issued a 1931 decree that ordered agricultural researchers to create new and
more efficient crop varieties within the next 4-5 years®. While the leading scientists protested
this unrealistic aim, Lysenko jumped at the chance to establish himself as a leader, and
claimed that using his jarovization technique, he would be able to breed such new varieties

within just two years?®. This promise, Lysenko’s public reputation as a miracle worker, and

9
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his publicly demonstrated willingness to bend the science to fit Marxist ideology, made him
Stalin’s personal favorite, which would eventually result in the complete devastation of Soviet

agricultural sciences®®.

During this time, Lysenko and his jarovization also received some international recognition,
and in 1933, the British Imperial Bureau of Plant Genetics published a bulletin focused on
Lysenko’s work®:. In this bulletin, the latinized version of jarovization, ‘vernalization’ (from
‘vernum’, latin for spring), is first used****. But by 1935, Lysenko had nothing positive to
present?’®!. He was not able to produce any new varieties, and all his work using jarovization
proved ‘ineffective’, as the ‘successes’ he reported were all based on falsified data and
accordingly were not reproducible by independent scientists?'®!. Lysenko reacted to these
failures with anger, claiming that his work and progress have been undermined by the other
leading scientists, explicitly naming Vavilov and their support of modern genetics?*. This
conflict between the two philosophies came to a head at the next congress of the Lenin
Academy of Agricultural Sciences in Moscow, in 193623, Lysenko and his followers spoke
in support of Marxist-Leninist Dialectical Materialism, and heckled the other scientists, who
did their best to defend modern genetics and agricultural practices?**:. Vavilov himself gave
two speeches during the Congress defending the application of Mendelian genetics and
Darwinian evolution, but eventually it became clear that Lysenko had the backing of Stalin,
and thus, the issue had already been decided®'!. Vavilov lost his position as the Head of the
All-Union Academy of Agricultural Sciences, and in the following years several up-to-then
unknown authors published papers claiming that all of Vavilov’s works were fraudulent,
including his work on the ‘centers of origin’ and ‘The Law of Homologous Series in
Hereditary Variability’?!. Genetics, even the concept of the gene, Mendelian inheritance and
Darwinian evolution were subsequently considered reactionary and idealistic, even though
they were only formally outlawed in 1948. Lysenkoism took their place, despite Lysenko
preferring to call it ‘Michurinist agrobiology’?’. Lysenkoism was based on Lamarckism and
the transmutation theory, but specifically adds that crops can also be ‘trained’ through
environmental pressure to behave in a certain manner?”®. This included not just the
transmutation of winter into spring wheat, but even the transmutation of wheat into rye or
barley*®. Trying to capitalize on Michurins name and reputation, Lysenko claimed that
Michurin also bred his plants employing such a ‘training’ approach in line with party
ideology?®. Conveniently, Michurin had passed away in 1935, and was not able to defend

himself against this cooption?®.
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In the following years, Lysenko continued to be criticized by his fellow Soviet scientists,
while Vavilov, despite being removed from his positions in the Academy, remained a highly
respected proponent of modern genetics**. As such, Lysenko realized that Vavilov would
always be a problem to his authority™*. In 1940, following a heated dispute between Vavilov
and Lysenko, Vavilov was arrested by agents of the People's Commissariat for Internal
Affairs. He was presented with charges of being a right-wing conspirer and spy for the British
Empire, and quickly convicted and sentenced to death**. While this sentence was eventually
commuted to 20 years of imprisonment, Vavilov died on January 26", 1943, of cardiovascular
failure and dystrophy, caused by starvation and sickness after several months in solitary
confinement**. ‘We shall go to the pyre, we shall burn, but we shall not retreat from our
convictions’, he had prophesized in 1939. Subsequently, he was declared a persona non grata

in Russia'*.

For Lysenko, things only got slightly better following Vavilov’s removal. Criticism of
Lysenko, by then referred to as a ‘Dictator of Biology’, continued to mount in the absence of
any presentable results?®?’. By the time the important Meeting of the Lenin All-Union
Academy of Agricultural Sciences came closer in 1948, Lysenko was forced to act. In the
lead-up to the meeting, Lysenko sent a letter to Stalin where he reassured himself of the
support from the Dictator?®?’. Simultaneously, he promised to produce a new wheat variety in
the coming year that would increase the countries wheat production tenfold?®%’. Together, the
two ‘dictators’ then carefully crafted and edited Lysenko’s speech for the meeting, which
aimed to once and for all silence the critics®®%. Lysenko’s speech, entitled ‘The Situation in
Biological Science’, then took up the complete first day of the meeting?®*"%. In it, Lysenko
spoke in favor of his Michurinist agrobiology, while speaking of modern genetics as
reactionary pseudoscience and a bourgeois perversion?®2%. As a consequence, the Politburo
officially prohibited the disciplines of modern genetics and Darwinian evolution, drafted a list
of laboratories that were to be shut down, and a list of scientists that were to be removed?®%.
Overall, ‘127 teachers, including 66 professors, were dismissed (...) the total number of those
(...) dismissed, demoted, or removed (...) amounted to several thousand’?’. With this purge,
Lysenko had finally rid himself of all critics, and biological science was now completely
replaced with Lysenkoism®’. However, by the time of Stalin’s death in 1953, Lysenkoism had
still not produced any real useful results®”. But since Lysenko had installed loyal followers on
virtually every important scientific position, no criticism was ever voiced publicly®’. Stalin’s
successor, Nikita Khrushchev, was similarly impressed by Lysenko as was his predecessor,

and he therefore remained in office®.
11
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While Soviet Russian plant science was totally under tight control by Lysenko, researchers in
other Soviet satellite states, such as Hungary and, even more so, Eastern Germany, still
enjoyed a certain amount of freedom in their work®®“°. The position of Eastern Germany was
unique in the sense that Berlin was not yet separated by the wall, which was first constructed
in 1961%°. Accordingly, if the Eastern German regime would have pressed the doctrine of
Lysenkoism onto its scientists too aggressively, they could simply have crossed the open
border into Western Germany (though the role of Hans Stubbe and others in the active
resistance against Lysenkoism must be mentioned as well)*°. In Hungary, in 1953, Gyérgy P.
Rédei, a young and talented plant biologist, was ordered by the Ministry of Agriculture to
confirm Lysenko’s results®®**. Specifically, he was asked to confirm the finding that winter
wheat could be transformed into spring wheat by vernalization, and that the vernalization state
would then be inherited in the future generations*>**. Notably, he was not assigned to ‘test’
Lysenko’s claims, but explicitly to ‘confirm’ them®®. Not surprisingly, Rédei could not
substantiate Lysenko’s results, and being a scientist of high integrity, he also published his
own results accordingly®®*!. Rédei’s paper, published in Hungarian, was subsequently
translated into Russian and republished in the Russian journal Izvestiya Akademii Nauk
SSSR*. However, when Rédei requested a back-translation into Hungarian, he found that the
journal’s editor, Ivan E. Glushchenko, had altered his results so as to confirm Lysenko’s
work®®. While Rédei was reportedly unhappy about this, this act may well have saved him

from punishment from the Hungarian Stalinist Rakosi Government®

. Only three years later,
in November 1956, when Soviet tanks rolled into Budapest to violently squash a student
uprising against the communist dictatorship, Rédei and many of his fellow scientists
eventually fled the country and thereby freed themselves from the shackles and constant threat
of Lysenkoism®®. Taking with him a vial of Arabidopsis thaliana seeds he had just received
from Friedrich Laibach, Rédei became a temporary Assistant Professor for plant biology at
the University of Missouri, USA, where his work resulted not just in the establishment of the
Landsberg erecta and Columbia-O A. thaliana lines, but also made him the ‘Godfather of
Arabidopsis research’ in the process (see also ‘A Short History of Arabidopsis thaliana (L.)

Heynh. Columbia-0")%%,

Back in the Soviet Union, Lysenko’s critics got louder once again in 1956, when news of the
success of hybrid corn in the USA made it to Russia®®. In 1908, George Shull had described
his observation of hybrid vigor in a corn field, the fact that hybrids between two inbred lines
would appear more uniform and produce a higher yield than selfing within a single line

would***. Research in the following years resulted in a rapid switch towards this approach to
12
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create hybrid corn by farmers in the US*°. Lysenko however, disapproved of hybrid corn as he
considered it part of modern genetics*>*°. By the early 1950s almost all corn in the US was
hybrid, and the astonishing success made it obvious to the Russians that they were missing
out on a valuable discovery®>*. This time, the resulting backlash Lysenko received for his
decision to ban hybrid corn was so strong that it actually forced him to resign as president of
the Academy of Agriculture®. In the following years, Lysenko once again regained control of
the Academy of Agriculture with Khrushchev’s help, but his authority was irreversibly
weakened following this revolt®®. Criticism again reached a boiling point in 1962, when three
of the most prominent Soviet physicists, Yakov Borisovich Zeldovich, Vitaly Ginzburg, and
Pyotr Kapitsa, presented a case against Lysenko, explicitly proclaiming his work as

pseudoscience?’*°4°

. Following Khrushchev's dismissal as the First Secretary of the
Communist Party in 1964, the president of the Academy of Sciences officially declared that
Lysenko's immunity to criticism was voided, and in 1965 he was finally removed from his

post for good®.

While this episode in Russian history is now generally seen as a prime example of what can
happen when ideology is forced upon science, there are unfortunately still some revisionists
who try to paint Lysenko as an honest researcher who discovered vernalization and, in some
instances, laid the foundation for plant epigenetics®'. These are a minority, however, and the

majority of people see Lysenko as the pseudo-scientist that he was®!.
Florigen, Vernalization in Arabidopsis & Formal Definition (1936 - 1965)

Curiously, one major breakthrough in understanding the mechanisms underlying the control
of flowering in plants was actually achieved in Soviet Russia during those troubled times*’.
Mikhail Khristoforovich Chailakhyan, a PhD-student in Moscow in the 1930s, was studying
photoperception in Chrysanthemum®. He found that under short-day conditions
Chrysanthemum plants flower quicker than under long-day conditions, and then went on to
demonstrate that it was sufficient to expose the leaves to a certain light regime in order to
induce flowering™®. Therefore, it appeared to be possible to uncouple the locations of
photoperception (leaves) and response (inflorescence)*®. He then conducted subsequent
experiments, such as grafting the main stem of a long-day flowering plant onto the rosette
leaves of a short-day flowering plant, demonstrating that the long-day flowering stem would
now produce flowers under short-day conditions*”*®. These experiments led him to propose
that a substance produced in the leaves must exist, which then mowves into the inflorescence

where it induces flowering*”*®. Believing that this substance might be a plant hormone, he
13
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named it florigen (‘blossom-former’) in 1936*"*. As there was only one plant hormone
definitely described at the time - Fritz Kogl described and named auxin (greek for ‘to grow’)
in 1931 - Chailakhyan’s finding promised to be a major breakthrough*’*°. At the same time,
it is important to note that Julius Sachs already speculated in 1880 that a mobile leaf-produced
substance might be required to induce flowering, based on his earlier findings since 1863°%°L,
Chailakhyan presented his work as part of his thesis defense in 1938, with Lysenko being part
of the committee®?. Upon hearing this hormonal theory of plant development, Lysenko went
into a rage and attacked Chailakhyan’s theory in ‘broken, brief, and harsh phrases often
unconnected with each other’, as Chailakhyan remembered in 1988°2. Plant development
guided by internal hormones was incompatible with Lysenkoism, claiming that plant
development is guided by the environment and external forces®. Chailakhyan was denied his
PhD, and in the following years was continually harassed and demoted from his academic
positions numerous times°®. But, while his supervisor Prof. Richter was dismissed from the
institute, Chailakhyan was able to stay and continue his research in low paying positions,
thanks to the help of several supporters who repeatedly rehired him every time he was fired®:.
Among those supporters was also Nikolai Vavilov, who had taken note of Chailakhyan’s
talent and suggested to Lysenko that Chailakhyan could re-submit an edited version of his
thesis, that might appease both sides®3. This proposal was rejected by Lysenko®3. Chailakhyan
managed to stay in research until the end of Lysenkoism though, and finally picked up his
work on flowering time, trying to identify the substance that was his theorized florigen. He
eventually became one of the most famous Russian plant biologists, and a highly respected
member of the plant science community worldwide — staying active in research until his death
in 1991°3. Unfortunately, without the tools of modern molecular biology and biochemistry, he

was never able to identify florigen®®.

While all of this was going on in Soviet Russia, vernalization research in Germany did not
stop with the work of Gustav Gassner. Chailakhyan’s work on florigen got German botanist
Friedrich Laibach interested in solving the mystery of what makes a plant flower>*. Or, in his
own words (translated by me), taken from the opening paragraph of his 1940 paper: ‘If one
finds the plants in the rooms or on the balcony of a house to be in especially nice bloom, one
tends to compliment the housewife: ‘you seem to have the right touch’. — therein lies the
confession though, that one does not really know what treatment is necessary to achieve this
blooming.”®*. At the time, Laibach was already lobbying for the adoption of Arabidopsis
thaliana as a plant model organismand had built a collection of natural accessions that he and

his colleagues had collected all over Europe on their travels (see also ‘A short history of
14
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Arabidopsis thaliana (L.) Heynh. Columbia-0’*?)®. He now intended to use this collection to
analyze the flowering time of these accessions in response to different day lengths (he grew
them in a warm greenhouse as he did not take temperature into account yet)**. He found that
all accessions flowered at one point, but that the flowering time varied dramatically; between
12 days post germination or only after the second year post sowing>*. He furthermore found
that the accessions from similar geographical regions also behaved similarly, specifically, he
found that the accessions from regions around the Mediterranean Sea seemed to require less
hours in light, while further north they required longer days, and the Scandinavian accessions

turned out to be biannual*

. He included the effect of temperature in his follow-up work in
1951°°. Here, he found that cold treatment would induce flowering in all accessions tested, but
only the biannual accession had a requirement for such a cold treatment, while the summer
annuals could also be brought to flower by favorable light conditions alone®®. As an
interesting footnote to this work, Laibach points out that the work on the accession Warschau
is incomplete, since this accession got lost in the turmoil of World War Il — a testament to the
working conditions at the time®®. Later on, Laibach also added a publication on stratification

of Arabidopsis seeds to induce and synchronize seed germination®’.

Following this early work on Arabidopsis, German plant geneticist Klaus Napp-Zinn decided
to also adopt this new plant model to study the genetics underlying its vernalization
responsiveness®. In 1957, he published his studies on a cross between the natural accessions
Limburg (Li) and Stockholm (St) that are early or late flowering, respectively®. Using genetic
segregation analyses Napp-Zinn identified two main loci between the two accessions that
confer the vernalization-requirement in St°®. He named them FRIGIDA (FRI) and
KRYOPHILA (KRY)®8. In the following years, Napp-Zinn refined his analysis and confirmed
his early findings, publishing a string of papers between 1957 and 1965°°. However, in the
absence of any molecular biology and genomics tools, he eventually was unable to progress
any further than having identified these two loci, thereby running into the same problem
Chailakhyan had encountered when trying to identify florigen. Interestingly, when the first
Arabidopsis meeting took place in Goéttingen, Germany, in 1965, the talks at the Symposium
were transcribed and published as a supplement to the Arabidopsis Information Service
newsletter®. Napp-Zinn delivered a talk regarding his progress on vernalization research
since the 1950s, and the discussion following his presentation, which is included in the
transcribed version, provides an interesting insight into the situation researchers found
themselves in at a time when molecular biology did not yet exist and classical genetics had

reached its limitations®’.
15
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Around the same time, in 1960, French botanist Pierre Chouard provided the first formal
definition of ‘vernalization’, as "the acquisition or acceleration of the ability to flower by a

chilling treatment”, which he included in his, at the time definite, review on the topic®2.

FLOWERING LOCI C, F & T, and the Emergence of Arabidopsis Natural Variation
and Plant Epigenetics Research (1980 - today)

The big revival of vernalization research finally started in the mid-1980s, when the recent
establishment of modern plant molecular biology techniques and the eventual adoption of
Arabidopsis as a plant model organism opened countless new doors to plant researchers (see
also ‘A short history of Arabidopsis thaliana (L.) Heynh. Columbia-0’, A short history of the

CaMV 35S promoter’ and ‘A Short History of Plant Transformation’*%%%%),

In 1982 Caroline Dean had finished her PhD-studies in England and decided to join the
American biotech startup Advanced Genetic Sciences Inc. for a postdoctoral position outside
of academia®®. To bring a bit of Europe with her into the new American home, Dean grew

tulips in her apartment®®

. The observation that she had to place the tulip bulbs in the fridge for
several weeks before planting them, intrigued her enough to read up on the process of
vernalization®®. She quickly realized that the underlying molecular mechanisms governing the
vernalization response in plants were still not understood and so in 1987 decided to address
this in a research proposal that got her a group leader position at the newly established John
Innes Centre in Norwich, England®. In order to get started with her work, she visited Napp-
Zinn in Germany, who, being semi-retired, was delighted that someone would carry on his

work and happily provided Dean with seeds of his Arabidopsis crosses from the 1950s°>.

Building on Napp-Zinn’s work, Dean and colleagues first set out to map the FRI and KRY
loci®’. By 1994 they had succeeded with the FRI locus, but were unable to map KRY to any
specific position in the Arabidopsis genome®’. Eventually, they concluded that the observed
effects of KRY on the vernalization response were more likely caused by a combination of
secondary effects, most prominently the growth conditions used, than a single locus or gene,
and KRY therefore dropped out of vernalization research®”®. However, the mapping of FRI,
and the subsequent finding that FRI function is dependent on a second locus, named
FLOWERING LOCUS C (FLC) (also referred to as FLOWERING LOCUS F (FLF), and
identified simultaneously in the labs of Maarten Koornneef, Richard Amasino and Caroline
Dean), eventually meant a giant leap forward for vernalization research®’*® "2, Sadly, K laus

Napp-Zinn passed away in 1993, just a year before his work finally helped in achieving this
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major breakthrough®®. The function of the active St. FRI allele to repress flowering in winter
annual Arabidopsis accessions is dependent on the presence of an active FLC allele®®7°"2, In
Landsberg erecta (Ler), no active FRI allele could be identified, which is due to the fact that
Ler does not carry the necessary active FLC allele®. All of these observation, starting with
Laibach’s work on his collection of natural Arabidopsis accessions, Napp-Zinn’s work on the
Li and St accessions, up to the comparative studies of different accessions on the molecular
level in the 1990s, can be regarded as early work on Arabidopsis natural variation, a research
field that only really took off in the early 2000s and that work on vernalization has helped to

launch’®.

In 1999, Michaels et al. and Sheldon et al. both demonstrated that FLC encodes a MADS-box
protein that actively represses flowering’*®. FLC expression is positively regulated by FRI,

47 Furthermore, Sheldon et al. added that decreased

and negatively by vernalization
genomic DNA methylation also negatively regulates FLC expression’®. This explained a 1993
observation by Burn et al. that non-targeted demethylation of the Arabidopsis genome induces
early flowering’®. Following these findings, the Dean lab published on the molecular
mechanism governing the silencing of FLC expression by DNA methylation in response to
vernalization’’. In their 2004 study, Bastow and colleagues demonstrate that the FLC locus is
dimethylated at two lysines in histone H3"". This methylation step involves the activity of two
proteins homologous to Drosophila Polycomb group proteins, which were shown to be
responsible for epigenetic gene silencing by chromatin modification’”™®. Accordingly, this
publication represents one of the earliest publications describing molecular details of an
epigenetic gene regulation mechanism in plants’”". Therefore, vernalization research was

subsequently vital in helping to launching the emerging field of plant epigenetics too’’.

Epigenetic effects had been observed since the 1950s, they just could not be explained at that
time. They include the inactivation of one copy of the X chromosome in female mammals
described in 1959/1961, to the varying pigmentation of corn kernels due to inheritable but
reversible changes at the R locus in the maize genome in 1956/19607°%2. Alexander Brink
used the word ‘paramutation’ to describe these effects, while the term ‘epigenetic’ was still
occupied with a definition by Conrad Waddington from 194282 Waddington referred to
‘epigenetics’ as changes in gene activity in individual cells, caused by the cell’s
environment®®® . In his theory, a cell’s environment would guide an undifferentiated cell
towards a certain fate through external pressures — a concept that not coincidentally sounds

very similar to Marxist-Leninist Dialectical Materialism®®%*. In fact, Waddington considered
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Marxism a "profound scientific philosophy", and his definition of epigenetics was one result
of him trying to integrate Marxism and biology®*®*. Robin Holliday eventually slightly
reframed Waddington’s definition in 1987 to mean that epigenetics describes changes in gene

activity during development®®

. He then updated this definition in 1994 to a more general
‘study of the changes of gene expression’, but added ‘nuclear inheritance which is not based
on differences in DNA sequence’®. By 1996, epigenetics and plant epigenetics were well on
the way to being established as new fields of scientific research. An early plant epigenetics
paper published in 1990 revealed that the silencing of a transgene under control of the
Cauliflower mosaic virus 35S promoter was causally related to DNA methylation (see also ‘A
short history of the CaMV 35S promoter’®®)¥ 8. However, even at that time, books or special
issues of journals related to this topic still had to start off with an attempt to finally provide a
clear definition of the word®®°°. A consensus definition was eventually published in 2009, as
““An epigenetic trait is a stably heritable phenotype resulting from changes in a chromosome

without alterations in the DNA sequence’®!

.This definition, however, didn’t really fit for
vernalization®?. Indeed, the silencing of FLC expression in response to vernalization is a
‘phenotype resulting from changes in a chromosome without alterations in the DNA
sequence’, and is also mitotically stable, but a 2009 paper by Ruth Sheldon and colleagues
clearly demonstrated that the epigenetic silencing of FLC is reset in the next generation —
therefore it is not ‘stably heritable’ (which was one of the big lies of Lysenko)®3.Thus, it
remains debatable whether the vernalization-dependent silencing of FLC expression is indeed
an epigenetic effect, although it does appear that most researchers do consider it an
‘epigenetic switch’. In 2004, Richard Amasino argued: ‘I think it is reasonable to refer to the
vernalization-induced, mitotically stable acquisition of the competence to flower as an
epigenetic switch because it is a change that can be propagated through cell divisions in the

absence of the inducing signal’®?.

Finally, FLC also connects flowering to a second pathway — that of the circadian clock and
light. As described earlier, Gustav Gassner, Garner and Allard, as well as Mikhail
Chailakhyan have all studied the control of flowering under different environmental
conditions and found light conditions to play an important role. FLC connects these cold- and
light-dependent pathways, by repressing the production of the FLOWERING LOCUS T (FT)
protein, a locus that had been implicated in flowering already in 1991°*%. In 1995, the
CONSTANS gene was identified as a regulatory protein promoting flowering under long-day
conditions, since plants mutant for co would flower later under these conditions, whereas

overexpression resulted in earlier flowering®”®. In two 1999 publications it was then revealed
18
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that CO acts via FT°%1%°, The exact mode of action of CO, and how it connects day length to
flowering was subsequently unraveled between 2000 and 2005*°*1%, The expression of CO
itself is under control of the circadian clock!®*%. Under long-day conditions, CO expression
peaks at the end of the photoperiod, a time point that under short-day conditions already falls
into darkness'®'%2, Light however, is a requirement for the CO protein to function since the
CO protein is degraded in darkness, but stabilized by light'®®. So taken together, the
expression of CO late in the day, and the requirement for light to stabilize the protein, means
that active CO protein is only produced within a short temporal window of the day —and only
under long day conditions with light late in the day'®. In this short time frame, CO can
activate FT to induce flowering'®®. However, both CO and FT were only found to be co-
expressed in the phloem of leaves, which is not where flowers are formed!®*'®. Therefore, the
last remaining question is: What is florigen, the mysterious substance theorized by
Chailakhyan in 1936 that transmits the flowering signal from the leaves to the inflorescence?
In 2007, the groups of Phil Wigge and George Coupland both found that the FT protein itself
is a mobile protein that translocates from the leaves to the inflorescence, where it then induces
the transition to flowering*®®1%”. Hence, the FT protein is the elusive florigen'®®*%. Mikhail
Chailakhyan passed away in 1991, and, as is the case with Klaus Napp-Zinn, he did not see

his pioneering work of this fascinating biological question come to a completion®.

Further Reading:

- Pierre Chouard - Vernalization and its Relations to Dormancy®?

- Valery N. Soyfer - The consequences of political dictatorship for Russian science?®

- llya A. Zakharov - Nikolai | Vavilov (1887-1943)%

- Nils Roll-Hansen - Wishful Science: The Persistence of T. D. Lysenko's Agrobiology
in the Politics of Science?®

- Nikolay P. Goncharov, Nikolay I. Svel’ev - Ivan V. Michurin: On the 160th
anniversary of the birth of the Russian Burbank*®

- Richard M. Amasino - Vernalization, Competence, and the Epigenetic Memory of
Winter®?

- Charles Whittaker, Caroline Dean - The FLC Locus: A Platform for Discoveries in
Epigenetics and Adaptation’*

19



633

634
635
636
637

638

639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665

Acknowledge ments

Thanks to Csaba Koncz for providing research material, Imre E. Somssich, Doris Somssich
and Ridiger Simon for providing comments on the manuscript, Pawel Mikulski for providing
information on the KRY locus, and the Deutsche Forschungsgemeinschaft (DFG; German
Research Foundation; Project 344523413) for support.

References

1. Klippart JH. The Wheat Plant: Its origin, culture, growth, development, composition,
varieties, dieseases, etc., etc. The Wheat Plant. Cincinnati: Moore, Wilstach, Keys &
Co.; 1860. Available:
https://archive.org/stream/wheatp lantitsoriOOk lip#page/n5/mode/2 up

2. Lawrence J. The new farmer’s calendar; or, monthly remembrancer, for all kinds of
country business: comprehending all the material improvements in the new husbandry,
with the management of live stock. 1st ed. The New Farmer’s Calendar. London: C.
Wittingham; 1800. Available: https://archive.org/details/b22040390/page/n6

3. McNall NA. King wheat in the Genesee Valley. New York Hist. 1946;27: 426-443.
Available: https://www.jstor.org/stable/23148949

4. Gaylord W, Abbott W. Conversion of Winter into Spring Wheat. Mon Genesee
Farmer. 1839;4:82. Available:
https://books.google.com.au/books?id=oNA_AQAAMAAI&pg=RA1-PA82&Ipg

5. Lamarck J-B. Philosophie zoologique; ou, Exposition des considérations relatives a
I’histoire naturelle des animaux. Philos Zool. 1809;1: 1-412. Available:
https://www.biodiversitylibrary.org/bibliography/26297#/summary

6. Darwin C. Onthe origin of species by means of natural selection, or, The preservation
of favoured races in the struggle for life. On the origin of species by means of natural
selection. London: John Murray, Albemarle Street; 1859. Available at
doi:10.1192/bjp.111.479.1009-a

7. Kolreuter JG. Fortsetzung der vorlaufigen Nachricht von einigen das Geschlecht der
Pflanzen betreffenden Versuchen und Beobachtungen. Vorlaufige Nachricht von
einigen das Geschlecht der Pflanzen betreffenden Versuchen und Beobachtungen.
Leipzig: In der Gleditschischen Handlung; 1767. Available:
https://www.biodiversitylibrary.org/item/123977

8. Galner G. Beitrage zur physiologischen Charakteristik sommer- und winterannueller

Gewachse, insbesondere der Getreidepflanzen. Zeitschrift fir Bot. 1918;10:417-480.
20



666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Available: https://www.biodiversitylibrary.org/item/52688#page/7/mode/1up
Deichmann U. Biologen unter Hitler: Vertreibung, Karrieren, Forschung. Biologen
unter Hitler. Frankfurt/Main: Campus Verlag GmbH; 1992. Available:
https://www.academia.eduw/25716186/Biologists_under_Hitler Cambridge_Mass._Lon
don_Harvard_University Press 1996

Garmer WW, Allard HA. Effect of the Relative Length of Day and Night and Other
Factors of the Environment on Growth and Reproduction inPlants. J Agric Res.
1920;18:553-606. Available: https://naldc.nal.usda.gov/download/IND43966282/PDF
Gamer WW, Allard HA. Further studies in photoperiodism: The response of the plant
to relative length of day and night. J Agric Res. 1923;23: 871-920. Available:
https://naldc. nal.usda.gov/download/IN D43966624/PDF

Gamer WW, Allard HA. Localisation of The Response In Plants to Relative Length
of Day and Night. J Agric Res. 1925;31: 555-566.

Goncharov NP, Savel’ev NI. Ivan V. Michurin: On the 160th anniversary of the birth
of the Russian Burbank. Russ J Genet Appl Res. 2016;6: 105-127. Available at
d0i:10.1134/S2079059716010068

Janick J. Nikolai Ivanovich Vavilov: Plant Geographer, Geneticist, Martyr of Science.
HortScience. 2015;50: 772—-776. Available at doi:10.21273/HORTSCI1.50.6.772
Zakharov IA. Nikolai | Vavilov (1887-1943). J Biosci. 2005;30: 299-301. Available
at doi:10.1007/BF02703666

Vavilov NI. Immunity to fungous diseases as a physiological test in genetics and
systematics, exemplified in cereals. J Genet. 1914;1V: 50-64. Available:
https://www.ias.ac.in/article/fulltext/jgen/004/01/0049-0065

Vavilov NI. The law of homologous series in variation. J Genet. 1922;12: 48-89.
Available: https://www.ias.ac.in/article/fulltext/jgen/012/01/0047-0089

Linnaeus C. Species Plantarum. Impensis G. C. Nauk. Holmiae; 1753. Available:
https://www.biodiversitylibrary.org/item/13830#page/1/mode/1up

Mendel G. Experiments in Plant Hybridization. Verhandlungen des
naturforschenden Vereines Brinn. 1865;1V: 3-47. Available:

http ://www.esp.org/foundations/genetics/classical/gm-65.pdf

Vavilov NI. Geographische Genzentren unserer Kulturpflanzen. Z Indukt Abstamm
Vererbungsl. 1928;1:342-369. Available:
https://www.vir.nw.ru/blog/publications/geographische- genzentren-unserer-

kulturpflanzen-2/

21



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733

21.

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.

32.

33.

34,

35.

Dobzhansky T. N. I. Vavilov, A martyr of genetics - 1887-1942. J Hered. 1947;38:
227-232. Available at doi:10.1093/oxfordjournals.jhered.a105738

Vavilov NI, Chester KS. The Origin, Variation, Immunity and Breeding of Cultivated
Plants. Soil Sci. 1951;72:482. Available at doi:10.1097/00010694-195112000-00018
Fowler C. The Svalbard Seed Vault and Crop Security. Bioscience. 2008;58: 190-191.
Available at doi:10.1641/B580302

Major M. The Vavilov Collection Connection. CropTrust.org. 2018;: 1-2. Available:
https://www.croptrust.org/blog/vavilov-collection-connection/#

Joravsky D. The Debacle of Lysenkoism. Probl Communism. 1965;14: 2-11.
Available at doi:10.1016/0141-6359(80)90074-4

Soyfer VN. The consequences of political dictatorship for Russian science. Nat Rev
Genet. 2001;2: 723-729. Available at doi:10.1038/35088598

Borinskaya SA, Ermolaev Al, Kolchinsky EI. Lysenkoism Against Genetics: The
Meeting of the Lenin All-Union Academy of Agricultural Sciences of August 1948, Its
Background, Causes, and Aftermath. Genetics. 2019;212:1-12. Available at
doi:10.1534/genetics.118.301413

Roll-Hansen N. Wishful Science: The Persistence of T. D. Lysenko’s Agrobiology in
the Politics of Science. Osiris. 2008;23: 166-188. Available:
https://www.jstor.org/stable/40207007

Lysenko TD. A study of the effect of the thermic factor upon the duration of the
developmental stages of plants. Azerbaijan Plant Breed Stn Bull. 1928;

Kolchinsky El. Nikolai Vavilov in the years of Stalin’s “Revolution from Above”
(1929-1932). Centaurus. 2014;56: 330-358. Available at doi:10.1111/1600-
0498.12059

Kolchinsky El, Kutschera U, Hossfeld U, Levit GS. Russia’s new Lysenkoism. Curr
Biol. Elsevier; 2017;27: R1042-R1047. Available at doi:10.1016/j.cub.2017.07.045
Stalin J. Dialectical and Historical Materialism. Dialectical and Historical Materialism.
1938. Available: https://www.marxists.org/reference/archive/stalin/works/1938/09.htm
Roll-Hansen N. A new perspective on Lysenko? Ann Sci. 1985;42:261-278.
Available at doi:10.1080/00033798500200201

Whyte RO, Hudson PS. Vernalization, or, Lyssenko’s method for the pre-treatment of
seed. Bull Imp Bur Plant Genet Herb Plants. 1933;: 1-27.

Cohen BM. The descent of Lysenko. J Hered. 1965;56:229-233. Available at
doi:10.1093/oxfordjournals.jhered.a107425

22



734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Lysenko TD. The Situation in the Science of Biology. Proc Lenin Acad Agric Sci
USSR. 1948; Available:

https://www. marxists.org/reference/archive/lysenko/works/1940s/report. htm

Caspari EW, Marshak RE. The Rise and Fall of Lysenko. Science (80- ). 1965;149:
275-278. Available at doi:10.1126/science.149.3681.275

Dobzhansky T. The Rise and Fall of T. D. Lysenko. Zhores A. Medvedev. Translated
from the Russian by I. Michael Lerner, with the editorial assistance of Lucy G.
Lawrence. Columbia University Press, New York, 1969. xx + 284 pp., illus. $10.
Science (80-). 1969;164:1507-1509. Available at doi:10.1126/science.164.3887.1507
Koncz C. Dedication: George P. Rédei Arabidopsis Geneticist and Polymath. Plant
Breeding Reviews. Oxford, UK: John Wiley & Sons, Inc.; 2010. pp. 1-33. Available
at doi:10.1002/9780470650325.chl

Hagemann R. How did East German genetics avoid Lysenkoism? Trends Genet.
2002;18:320-4. Available at doi:10.1016/S0168-9525(02)02677-X

Rédei GP, Gyorffy B, Mako J, Varéczy E. Producing spring wheat out of winter
wheat. Novénytermelés. 1953;2: 227-237.

Somssich M. A short history of Arabidopsis thaliana (L.) Heynh. Columbia-0. PeerJ
Prepr. 2018;e26931v3: 1-7. Available at doi:10.7287/peerj.preprints.26931

Shull GH. The Composition of a field of maize. Am Breeders’ Assoc Rep. 1908;:
296-301.

Shull GH. What is “Heterosis”? Genetics. 1948;33:439-46. Available:

http ://www.ncbi.nlm.nih.gov/pubmed/17247290

Crow JF, Dove WF. 90 years ago: the beginning of hybrid maize. Genetics.
1998;148:923-8. Available: http://www.ncbi.nlm.nih.gov/pubmed/9539413

Norrby E. A Scientist of Many Talents - Interlude 1—Lysenko and a Convenient
Untruth. Nobel Prizes And Notable Discoveries. 1st Ed. Singapore: World Scientific
Publishing Co. Pte. Ltd.; 2016. pp. 446-451. Available:
https://lccn.loc.gov/2016027969

Chailakhyan MK. Internal Factors of Plant Flowering. Annu Rev Plant Physiol.
1968;19:1-37. Available at doi:10.1146/annurev.pp.19.060168.000245
Chailakhyan MK. Hormonal theory of plant development. Bull Acad Sci USSR.
1937;:198 pp.

Kogl F, Haagen-Smit AJ. Uber die Chemie des Wuchsstoffs. Proc Sect Sci K Akad
van Wet Amsterdam. 1931;34:1411-1416.

23



768 50. Sachs J. I. Stoff und Formder Pflanzenorgane. Arb des Bot Instituts Wiirzbg.

769 1880;2:452-488. Available: http://sammlungen.ub.uni-

770 frankfurt.de/botanik/periodical/structure/3726241

771 51. Sachs J. Untersuchungen Uber die allgemeinsten Lebensbedingungen der Pflanzen und
772 die Functionen ihrer Organe. 1st Ed. Handbuch der Experimental-Physiologie der
773 Pflanzen. Leipzig: Wilhelm Engelmann; 1865. Available at

774 doi:10.5962/bhl.title.114801

775 52. King R. Three Roles for Gibberellin in Flowering. Phytohormones in Plant

776 Biotechnology and Agriculture. Dordrecht: Springer Netherlands; 2003. pp. 31-39.
777 Available at doi:10.1007/978-94-017-2664-1_3

778 53. Romanov GA. Mikhail Khristoforovich Chailakhyan: The fate of the scientist under
779 the sign of florigen. Russ J Plant Physiol. 2012;59: 443-450. Available at

780 doi:10.1134/S1021443712040103

781 54. Laibach F. Die Ursachen der Blitenbildung und das Blihhormon. Natur und Volk.
782 1940;70: 55-65.
783 55. Laibach F. Arabidopsis Thaliana (L.) Heynh. als Objekt fur genetische und

784 entwicklungsphysiologische Untersuchungen. Bot Arch. 1943;44: 439-455. Available:
785 http://131.130.57.230/clarotest190/claroline/backends/download.php?url=L0OxhaWJhY
786 20tMTKOMY5wZGY=&cidReset=true&cidReq=300415WS14

787 56. Laibach F. Uber sommer- und winterannuelle Rassen von Arabidopsis thaliana (L.)
788 Heynh. Ein Beitrag zur Atiologie der Bliitenbildung. Beitrage zur Biol der Pflanz.
789 1951;28: 173-210.

790 57. Laibach F. Uber die Brechung der Samenruhe bei Arabidopsis thaliana (L.) Heynh.
791 Naturwissenschaften. 1956;43: 164-164. Available at doi:10.1007/BF00623112

792 58. Napp-Zinn K. Untersuchungen zur Genetik des Kaltebedrfnisses bei Arabidopsis
793 thaliana. Z Indukt Abstamm Vererbungsl. 1957;88:253-285. Available at

794 doi:10.1007/BF00308342

795 59. Napp-Zinn K. Vernalization-environmental and genetic regulation. In: Atherton JG,
796 editor. Manipulation of flowering. London: Butterworths; 1987. pp. 123-32.

797 Available: http//agris.fao.org/agris-search/search.do?recordl D=US201302074049

798 60. Robbelen G. Foreword. Arab Inf Serv. 1965;1: 1. Available:

799 https://www.arabidopsis.org/ais/1965/robbe-1965-xxxxa. html

800 61. Napp-ZinnK. Theory of Vernalization - New Experiments with Arabidopsis. Arab
801 Inf Serv. 1965;1: 1-5. Available: https://www.arabidopsis.org/ais/1965/napp--1965-

24



802 aagll.html
803 62. Chouard P. Vernalization and its Relations to Dormancy. Annu Rev Plant Physiol.

804 1960;11:191-238. Available at doi:10.1146/annurev.pp.11.060160.001203

805 63. Somssich M. A short history of the CaMV 35S promoter. PeerJ Prepr.

806 2018;6:27096Vv2: 1-16. Available at doi:10.7287/peerj.preprints.27096

807 64. Somssich M. A Short History of Plant Transformation. PeerJd Prepr. 2019;: 1-28.
808 Available at doi:10.7287/peerj.preprints.27556

809 65. DeanC. AScience Career on Two Continents. Plant Physiol. 2001;127: 4-5.

810 Available at doi:10.1104/pp.127.1.4

811 66. DeanC. Klaus Napp-Zinn (1927-1993). Flower Newsl. 1993;16:4-5. Available:
812 http://www.jstor.org/stable/43008079

813 67. Clarke JH, Dean C. Mapping FRI, a locus controlling flowering time and

814 vernalization response in Arabidopsis thaliana. Mol Gen Genet. 1994;242: 81-9.
815 Available at doi:10.1007/bf00277351

816 68. Mikulski P, Dean C. Personal Communication. 2020; Available:

817 https://twitter.com/PawelMikulski/status/1215314239772135426

818 69. Koomneef M, Blankestijn-de Vries H, Hanhart C, Soppe W, Peeters T. The
819 phenotype of some late-flowering mutants is enhanced by a locus on chromosome 5
820 that is not effective in the Landsberg erecta wild-type. Plant J. 1994;6: 911-9109.
821 Available at doi:10.1046/j.1365-313X.1994.6060911.x

822 70. Clarke JH, Mithen R, Brown JKM, Dean C. QTL analysis of flowering time
823 inArabidopsis thaliana. Mol Gen Genet. 1995;248:278-286. Available at

824 doi:10.1007/BF02191594

825 71. Whittaker C, Dean C. The FLC Locus: A Platform for Discoveries in Epigenetics and
826 Adaptation. Annu Rev Cell Dev Biol. 2017;33:555-575. Available at

827 doi:10.1146/annurev-cellbio-100616-060546

828 72. Lee I, Michaels SD, Masshardt AS, Amasino RM. The late- flowering phenotype of
829 FRIGIDA and mutations in LUMINIDEPENDENS is suppressed in the Landsberg
830 erecta strain of Arabidopsis. Plant J. 1994;6: 903-909. Available at

831 d0i:10.1046/j.1365-313X.1994.6060903. x

832 73. Weigel D. Natural variation in Arabidopsis: from molecular genetics to ecological
833 genomics. Plant Physiol. 2012;158: 2-22. Available at doi:10.1104/pp.111.189845
834 74. Michaels SD, Amasino RM. FLOWERING LOCUS C encodes a novel MADS
835 domain protein that acts as a repressor of flowering. Plant Cell. 1999;11: 949-56.

25



836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Available at doi:10.1105/tpc.11.5.949

Sheldon CC, Burn JE, Perez PP, Metzger J, Edwards JA, Peacock WJ, etal. The
FLF MADS Box Gene: A Repressor of Flowering in Arabidopsis Regulated by
Vernalization and Methylation. Plant Cell. 1999;11: 445-458. Available at
doi:10.1105/tpc.11.3.445

Burn JE, Bagnall DJ, Metzger JD, Dennis ES, Peacock WJ. DNA methylation,
vernalization, and the initiation of flowering. Proc Natl Acad Sci U S A. 1993;90:
287-91. Available at doi:10.1073/pnas.90.1.287

Bastow R, Mylne JS, Lister C, Lippman ZB, Martienssen RA, Dean C.
Vernalization requires epigenetic silencing of FLC by histone methylation. Nature.
2004;427:164-167. Available at doi:10.1038/nature02269

Muller J, Hart CM, Francis NJ, Vargas ML, Sengupta A, Wild B, et al. Histone
methyltransferase activity ofa Drosophila Polycomb group repressor complex. Cell.
2002;111:197-208. Available at doi:10.1016/s0092-8674(02)00976-5

Ohno S, Kaplan WD, Kinosita R. Formation of the sex chromatin by a single X-
chromosome in liver cells of Rattus norvegicus. Exp Cell Res. 1959;18: 415-418.
Available at doi:10.1016/0014-4827(59)90031- X

Lyon MF. Gene Action in the X-chromosome of the Mouse (Mus musculus L.).
Nature. 1961;190: 372-373. Available at doi:10.1038/190372a0

Brink RA. A Genetic Change Associated with the R Locus in Maize Which Is
Directed and Potentially Reversible. Genetics. 1956;41:872-89. Available:
http://www.ncbi.nlm.nih.gov/pubmed/17247669

Brink RA. Paramutation and Chromosome Organization. Q Rev Biol. 1960;35: 120
137. Available: https://www.jstor.org/stable/2816806

Waddington CH. The Epigenotype. Endeavour. 1942;1: 18-20. Available at
doi:10.1093/ije/dyr184

Gilbert SF. Epigenetic landscaping: Waddington’s use ofcell fate bifurcation
diagrams. Biol Philos. 1991;6: 135-154. Available at doi:10.1007/BF02426835
Holliday R. The inheritance of epigenetic defects. Science (80-). 1987;238:163-170.
Available at doi:10.1126/science.3310230

Holliday R. Epigenetics: Anoverview. Dev Genet. 1994;15: 453-457. Available at
d0i:10.1002/dvg.1020150602

Linn F, Heidmann I, Saedler H, Meyer P. Epigenetic changes in the expression of

the maize Al gene in Petunia hybrida: role of numbers of integrated gene copies and

26



870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

state of methylation. Mol Gen Genet. 1990;222: 329-36. Available at
doi:10.1007/BF00633837

Meyer P, Heidmann I, Niedenhof I. Differences in DNA-methylation are associated
with a paramutation phenomenon in transgenic petunia. Plant J. 1993;4:89-100.
Available at doi:10.1046/j.1365-313X.1993.04010089.x

Wu C-T, Morris JR. Genes, Genetics, and Epigenetics: A Correspondence. Science
(80-). 2001;293: 1103-1105. Available at doi:10.1126/science.293.5532.1103

Riggs AD, Martienssen RA, Russo VEA. Introduction. Epigenetic Mech Gene
Regul. 1996;32: 1-4. Available at doi:10.1101/087969490.32.1

Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A. An operational definition of
epigenetics. Genes Dev. 2009;23: 781-783. Available at doi:10.1101/gad.1787609
Amasino RM. Vernalization, Competence, and the Epigenetic Memory of Winter.
Plant Cell. 2004;16: 2553-2559. Available at doi:10.1105/tpc.104.161070

Sheldon CC, Hills MJ, Lister C, Dean C, Dennis ES, Peacock WJ. Resetting of
FLOWERING LOCUS C expression after epigenetic repression by vernalization. Proc
Natl Acad Sci U S A. 2008;105:2214-2219. Available at
d0i:10.1073/pnas.0711453105

Koormneef M, Hanhart CJ, Veen JH van der. A genetic and physiological analysis
of late flowering mutants in Arabidopsis thaliana. Mol Gen Genet. 1991;229: 57-66.
Available at doi:10.1007/BF00264213

Hellivell CA, Wood CC, Robertson M, James Peacock W, Dennis ES. The
Arabidopsis FLC protein interacts directly in vivo with SOC1 and FT chromatin and is
part of a high-molecular-weight protein complex. Plant J. 2006;46: 183-192.
Available at doi:10.1111/j.1365-313X.2006.02686.x

Searle I, He Y, Turck F, Vincent C, Fornara F, Krober S, et al. The transcription
factor FLC confers a flowering response to vernalization by repressing meristem
competence and systemic signaling in Arabidopsis. Genes Dev. 2006;20: 898-912.
Available at doi:10.1101/gad.373506

Putterill J, Robson F, Lee K, Simon R, Coupland G. The CONSTANS gene of
arabidopsis promotes flowering and encodes a protein showing similarities to zinc
finger transcription factors. Cell. 1995;80: 847-857. Available at doi:10.1016/0092-
8674(95)90288-0

Simon R, Igefio M1, Coupland G. Activation of floral meristem identity genes in
Arabidopsis. Nature. 1996;384: 59-62. Available at doi:10.1038/384059a0

27



904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, Nguyen JT, et al.
Activation Tagging of the Floral Inducer FT. Science (80- ). 1999;286: 1962—1965.
Available at doi:10.1126/science.286.5446.1962

Kobayashi Y, Kaya H, Goto K, Iwabuchi M, Araki T. A Pair of Related Genes with
Antagonistic Roles in Mediating Flowering Signals. Science (80-). 1999;286: 1960
1962. Available at doi:10.1126/science.286.5446.1960

Suarez-Lopez P, Wheatley K, Robson F, Onouchi H, Valverde F, Coupland G.
CONSTANS mediates between the circadian clock and the control of flowering in
Arabidopsis. Nature. 2001;410:1116-1120. Available at doi:10.1038/35074138
Yanovsky MJ, Kay SA. Molecular basis of seasonal time measurement in
Arabidopsis. Nature. 2002;419: 308-12. Available at doi:10.1038/nature00996
Valverde F, Mouradov A, Soppe W, Ravenscroft D, Samach A, Coupland G.
Photoreceptor regulation of CONSTANS protein in photoperiodic flowering. Science
(80-). 2004;303: 1003-6. Available at doi:10.1126/science.1091761

An H, Roussot C, Suarez-Lopez P, Corbesier L, Vincent C, Pifieiro M, et al.
CONSTANS acts inthe phloem to regulate a systemic signal that induces
photoperiodic flowering of Arabidopsis. Development. 2004;131: 3615-3626.
Available at doi:10.1242/dev.01231

Wigge PA, Kim MC, Jaeger KE, Busch W, Schmid M, Lohmann JU, et al.
Integration of spatial and temporal information during floral induction in Arabidopsis.
Science (80- ). 2005;309: 1056-9. Available at doi:10.1126/science.1114358
Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, Searle I, etal. FT Protein
Movement Contributes to Long-Distance Signaling in Floral Induction of Arabidopsis.
Science (80-). 2007;316:1030-1033. Available at doi:10.1126/science.1141752
Jaeger KE, Wigge PA. FT Protein Acts as a Long-Range Signal in Arabidopsis. Curr
Biol. 2007;17: 1050-1054. Available at doi:10.1016/j.cub.2007.05.008

Ledford H. Elusive flowering signal pruned of mystery at last. Nature. 2007;446:
956-957. Available at doi:10.1038/446956a

28



