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Abstract

In the last decade, a new direction has been widely developed for industrial and food use
of Jerusalem artichoke (Helianthus tuberosus L.). At the same time significantly expanded the
cultivated areas of this crop, especially in Asian countries. Relevant extension studies therefore
becomes focused on breeding of new varieties, including those with high content of certain
biochemical components in tubers or leaves and stems. The future of J. artichoke as energy source
for biofuels, as well as a source of fiber, sugar substitute for people, who require insulin is very
promising. Despite the presence of a large number of varieties (more than 300) of J. artichoke in
different countries, its genetic diversity is not so wide (P.P. Wangsomnuk et al., 2011; R. Puttha et
al., 2013), because all breeding varieties are based on intraspecific hybridization, or as result of
selection of seedlings from self-pollination. In addition, due to the very low self-fertility, the breeding
of J. artichoke and its generative reproduction has yet little success. The experience on multi-year
studies of J. artichoke diversity and breeding work in many countries shows, that the effect of high-
directed breeding on desired traits can be achieved only through inter-specific hybridization. The
crossing J. artichoke with sunflower, allows transmitting at new generation the characters and
properties of the initial forms and improved through heterosis (L. Natali et al., 1998; C. Breton et
al., 2010). Thus, we can say with great certainty about reality of J. artichoke breeding to achieve the
desired traits using inter-specific hybridization. The inter-specific hybridization of artichoke J.
artichoke with sunflower (Helianthus annuus L.) can be successfully use as a breeding method for
creation of varieties with the desired traits for specific uses. Given the current demand for different
directions of use products from J. artichoke, it is likely that the breeding of J. artichoke will be
focused on creation of special varieties - for food, for medicinal purposes, for processing in the
inulin, purposes of animal feeding, for the production of bioenergy, technical and environmental
goals etc. (M. Baldini et al., 2004; G.J. Seiler et al., 2004; R. Puttha et al., 2012; S. Favale et al.,
2014). We can say with confidence that there are enough initial material for all areas of breeding.
For these, it is necessary to extend the researches to find the possibilities of using the existing gene
pool of artichoke in many gene banks. Today, there are a different of modern methods for this,
including molecular genetics. One has to stress for breeding J. artichoke the importance of molecular
genetics technologies towards the existing gene pool of artichoke in many gene banks.

Keywords: Jerusalem artichoke, sunflower, breeding, hybridization, selection, target traits,
food and forage use, raw for use, inulin production, bioethanol production

To breed varieties for a new use, it requires to start on a wide genetic
basis to ensure enough diversity in the future crop. In the past, several crops
have been transformed from a specific use to undergo new uses. Several
examples could be developed and among them are the crops, devoted to



industrial uses such as sunflower (Helianthus annuus L.), cotton, safflower, fiber
crops, linseed to make them an oil crop for food and recently extant to bio-fuel.
The second example is the root beet transformed into sugar beet in France at the
beginning of the eighteen century to provide sugar because of the blockade set
up by England to cut France from its colonies to import sugar from sugar cane.
Louis de Vilmorin (1850) has initiated sugar beet breeding and the main issue of
the research has been to harvest sugar beet plants separately, and not in mixture
enabling selection of individuals with with improved sugar quantity. Root beet
was devoted to feed livestock, it contains by 10 % sucrose and lower than in
table beet, but only Root beet was chosen because it was white devoid of
anthocyanins that makes white sugar, while because table beets that may content
more sugar are frequently colored, they were carefully not used to get sugar.

Sunflower story may shed light on this process and may give back what
we have to do on J. artichoke (Helianthus tuberosus 1..) before starting a
biotechnological platform to industrial production of inulin. Confectionery
sunflower has been transformed into an oil crop between 1860 to 1920 by
Russian peasant selection to give fat, because confectionery sunflower was not
on the list of forbidden plants to eat during the Orthodox Lent. During the Lent
period confectionery sunflower provided fats. Moreover, the seeds were
commonly eaten after baking and salted. Thus, scientists from the VNIIMK
(All-Union Research Institute of Oil Crops, former USSR) decided by the
1930's to screen through mass selection, populations thriving in plenty of gardens
for those with the most oil content. Each center had constituted one population
by mixing all the sources. The history of oil sunflower remains unclear because
most of the geneticists involved did not agree Lysenko theories and have
disappeared in jails. These tasks done in four main research centers have released
all oil Russian sunflower populations which are now designed as old Russian
populations (ORP).

For researchers not specialized in plant breeding it may appear
superfluous to spend time on this reflexion because the diversity of J. artichoke is
widely kept in several worldwide institutes [1-5] and hundreds of clones
appeared sufficient to carry out breeding programs. However, there is no genetic
diversity in a J. artichoke clone and thus the diversity is only between clones.
The number of clones to handle for breeding J. artichoke should be therefore
very important. The diversity can come only from new J. artichoke varieties
screened in the progenies of crosses between J. artichoke clones. Wild and feral
J. artichoke thrive as clones, but they may also come from seeds [6], that was
rarely observed from feral J. artichoke [7]. Seeds of J. artichoke are tiny, they
are as small as for wild sunflower, with the same troubles to induce germination
because of their dormancy, due to integuments. Thus it is required to make an
incision onto the integument and to bath seeds in Ethrel or GA3 to enable fast
germination. The novel protocol for seed germination improvement of J.
artichoke has been published by P. Wangsomnuk [8] which demonstrated that
the exogenous supplementation of growth regulators and temperature improved
germination of dormant seeds under in vitro and in vivo conditions.

The length of the vegetative period from a tuber put in soil to
blossoming is determined by the sum of temperature of each day. One clone has
a threshold genetically determined and when the sum of temperature from each
day, and as long as the threshold is not reached the plant cannot blossom. For a
given threshold the time length to get blossoming depend on the average sum of
temperature and as high the temperature as short the delay to blossoming.

Today Jerusalem artichoke, due to its richness of biochemical and
mineral components, is rapidly growing demand for its multilateral use [9-11].



As J. artichoke was commonly used for animal feed the concentration of miner-
als has been studied [12-14]. Also, in the last two decades, interest in Jerusalem
artichoke has resumed in many countries, as a plant from which cheaper alcohol
can be obtained [15-17], both from tubers, as well as from above-ground biomass
[18, 19]. The economic benefits of the production of Jerusalem artichoke alcohol
have been proven in many countries [19-22]. Accordingly, for this direction, no
doubt, we need varieties of Jerusalem artichoke with the highest content of sugars.
The demand for raw materials from Jerusalem artichoke for biofuel production is
noticeably increasing in various countries [23].

However, for future uses, the main storage compound in J. artichoke is
inulin that is synthesized in leaves by photosynthesis and accumulates in the
vacuole of each cell. Starch is poorly present in leaves, thus, the inulin induces
osmotic pressure depending on its polymerization degree [24]. Among J. arti-
choke clones the trait “inulin content” displays a wide range of variation and
“inulin yield at harvest” is the trait to improve for a biotechnological platform.
However, not all environmental factors that influence on inulin content at har-
vest time are known yet, but such influence factors were confirm manifold [25-
29], including irrigation [13, 30,] as well as the harvesting dates, methods and
conditions for storing tubers [27, 31, 32].

The range of variation between different clones is due to genetic differ-
ences in their potential. Thus, the targeted screening of breeding material should
release new varieties with regular higher inulin content, which justifies the cost
of the breeding program [33].

The choice of parents to obtain new progenies remains random because
we have no knowledge on the complementary effects between J. artichoke varie-
ties to release new varieties with improved inulin content at harvest time. We
have to define strategies to help breeders to make the best crosses by choosing the
adequate parents in order to succeed in the breeding program. Sunflower has been
improved partly by crosses with J. artichoke such as 9 sunflower X & J. artichoke
because in this direction the progenies provide most annual plants without tu-
bers. To transfer valuable genes from J. artichoke to sunflower, crosses have to
be made in the other direction, i.e. @ J. artichoke x & sunflower that is much
more difficult to carry out, but ensure most plants with tubers [34].

Another difficult feature to breed J. artichoke is that it is hexaploid car-
rying 3 times more chromosomes than sunflower [34]. It has been shown that J.
artichoke is probably auto-polyploid carrying 3 different elementary genomes
named H, C and P [35], as other polyploid species, H. tuberosus displays any
regular meiosis et is partially female fertile. Moreover, J. artichoke displays a
strong self-incompatibility system that prevents a plant to produce seeds after
self-pollination. Because S-alleles in J. artichoke have not been identified suc-
cess or failure of crosses between clones cannot be predicted and several crosses
have to be done to ensure some will succeed [34].

Although it was a long way, the two successes for transformation to
adapt crops to be used for other purposes revealed the difficulties, which the
breeders will face in J. artichoke adaptation to new uses. Thus, it is important to
explain which difficulties may be encountered with J. artichoke, for higher inulin
content at harvest.

Diversity: phenotype and genotype. The Jerusalem artichoke orig-
inated in the east of the North America at latitude (between 45° North to 27°
South). Depending on the latitude origin of the clone once transferred to Eu-
rope, in Montpellier as example (latitude 42° North) plants that had origin in
the North start the flowering earlier than those from South. Clones flowering
between the end of June to October, and clones that have not flowered in Octo-



ber indicate the presence of phenotypic diversity. The date of flowering is im-
portant and has to be as late as possible, that will avoid plants to loose energy
for flowering [36]. Wild forms of J. artichoke have tiny tubers with more or less
cylindrical shape. Seeds from wild J. artichoke display difficulties to germinate
because of integument dormancy. Seeds from cultivated J. artichoke display the
same difficulties to germinate and have to be treated as wild seeds. The tuber
shape and size displayed by one J. artichoke clone depends both on the latitude
and the average temperature of days during the growing season (between plant-
ing to harvest) [28].

In the former USSR the majority of J. artichoke varieties and hybrids
were produced by a clone selection method from local populations and forms of
foreign origin and by selection from the achene — grown seedlings from free pol-
lination of cultivated varieties. In 1966-1972 at VIR's Maycop experimental sta-
tion an inter-varietal hybridization was carried out, the tests showing its favoura-
ble prospects for J. artichoke breeding [37]. Among the seedlings grown, a large
diversity of hybrid forms was noted, comprising positive characters of initial pa-
rental forms and suitable to be used for crop production as well. Ethanol pro-
duction has been a goal

For the first time, the breeding work on J. artichoke began in USSR by
the 1934-1936 years, when several seedlings were obtained from inter-varietal
crosses, the greatest success achieved [38-40]. Their breeding method was based
on the inter-varietal hybridization followed by selection of seedlings. The scheme
of the selection process included 5 stages: 1) the obtaining seeds from open pol-
lination and artificial hybridization; 2) growing seedlings and evaluation in the
first year of life; 3) comparison of the vegetative progeny of seedlings in the sec-
ond year of life; 4) a preliminary test of selected clones; and 5) other types of
tests. N. Schibrya [38] in the one of his works noted about importance to attract
attention to necessity of crosses certain parental forms, bearing the desirable
traits. And the most interesting F; plants then easily can be fixed in vegetative
propagation. The experience in VIR breeding works, including experiments
under the leadership of the breeder Nicolay Pas’ko [40], shows that some Cau-
casian and French forms (Var), e.g. Blanc precoce, as well as 3 wild species,
H. macrophyllus Willd, H. subcanescens (Grau) Wats and H. rigidus (Cass) Desf.,
should be involved as donors. Since J. artichoke, as cross pollinator, is heterozy-
gous, than the breeder can always expect to obtain from the use self-pollination
of plants segregation to recessive forms that can be practically valuable.

An evaluation of a wide diversity of J. artichoke 315 varieties from 24
countries, collected during 80 years in N. Vavilov Institute (VIR) collection [3],
showed that some varieties have the same high seed productivity as well as sun-
flower and not all forms have a low fertility. The analysis of studies in inter-
varietal crosses showed that the formation of germinal seed of J. artichoke culti-
vars in a pairwise crossing varies from 0 to 98 % [40]. The crossability in some
combinations reaches 75-98 %, each pollinated inflorescence gives 20-30 seeds,
but the average statistical accounting the achenes germ forming reaches no more
than 11 %. Most important factors are the place and time, air temperature and
humidity. For example, in foothills of the Caucasus Mountains, the best time for
crossing is the second decade of July until the first decade of September [37].

Presently, the diversity in J. artichoke crop is represented by about 300
clones and it may have redundancies between collections based on the same
names of a clone or deformation by translation of names. Even though the phe-
notypic diversity is apparently huge as shown in results of some studies [40, 41],
the genotypic diversity is insufficient to start a breeding program on this basis.
Studies published by R. Puttha et al. [26] which have studied about four tens of



clones, showed that the molecular diversity — supposed to be neutral — is low
between clones. In contrast, each J. artichoke seed will generate a putative
clone, and thus the phenotypic and molecular diversity of wild J. artichoke
propagated by seeds is much more than the diversity of clones, but of course,
wild J. artichoke have not been screened for the quality of their tubers. In the
same way seeds from J. artichoke clones will lead to plants with a range of diver-
sity on tubers color and shape. Seeds are obtained on to the female plants by
crossing with an unknown male unless the cross has been controlled and the
male was identified. In INRA J. artichoke collections, we have harvested thou-
sands of seeds (200 g) that were conserved in a cold room as genetic resources
by institute. Noticeable is that on a J. artichoke head a few of flowers give seeds,
and we found broadly 5 seeds per head whereas the number of flowers is by 60.
We hypothesized that this is due to the self-incompatibility system in J. arti-
choke and also due to its polyploid structure. Several authors have studied meio-
sis in J. artichoke and they did not reveal abnormalities such as laggard segrega-
tion [42]. However, if most pollen grains are rejected, this cannot be due to the
self-incompatibility system only, and we should hypothesize that pollen grains do
not carry the adequate chromosome number.

The important point to increase seed productivity is the choice of varie-
ties-pollinators. For example, var. Vengersky at crossing with var. Tambovsky
krasnyi gives the highest percentage (98 %) of seed setting. Of course, the germ
forming depends from the fertility of maternal form. According to our observa-
tions, at VIR's Maycop experimental station the best parent varieties, providing
the highest percentage of seed setting are Vengersky, Tambovsky krasnyi, Gor-
no-Altaiskyi. Moreover, in order to predict the level of achene germ forming and
plan the work for their obtaining, when are going to select the parental pairs for
crossing, there is necessary to know their combining ability for seed productivity.
Also in breeding work, when doing the selection of varieties for the cross-
pollination, it is very important to know the extent of pollen fertility, because it
increases the seed productivity of maternal forms of J. artichoke. The increase in
a percentage of achene germ forming depends on involved pollinator varieties
with high pollen fertility. N. Pas’ko [40] proved that the larger the pollen, the
higher the fertility is.

The analysis of inheritance of desired traits in the progeny of inter-
varietal crosses shows that there are different degrees of trait dominance and
compulsory segregation of characters. Therefore, the most likely way for success
is selection of seedlings in the first generation with further testing in second veg-
etative reproduction

The variability on inulin content at harvest time. The Jerusa-
lem artichoke varieties are characterized by a wide variability in inulin and sugar
content [23-26, 32, 33] and elements productivity, which depend on environ-
mental conditions significantly [43-46]. As for all traits that follow quantitative
variation, inulin content at harvest should be evaluated for a series of putative
parents of future J. artichoke clones by crossing them following the diallel design
as male and female. The method provides information on the value of each
clone in the assay as male and female parents. Moreover, the method allows fur-
ther choosing parental clones with complementary parameters favorable to the
higher content in inulin at harvest time. Obviously, the clones and a few of
progenies can be evaluated simultaneously for other traits such as disease and
abiotic stress tolerance. Clearly, this experiment is heavy but without this infor-
mation obtained from each clone all mates will be made in blind and successes
may be low. In addition, in order to assess the potential of selected seedlings for
the manifestation of characteristics, the evaluation of the selected clones of seed-



lings should be carried out comprehensively, in different ecological and geo-
graphical conditions, as well as in various backgrounds - including with the irri-
gated method of cultivation. The results of the applied research of the last dec-
ades on Jerusalem artichoke show the influence of various factors both on the
productivity of Jerusalem artichoke and on the biochemical content of tubers
and aboveground biomass [23, 25, 47-50].

Variability on inulin content in tubers. Plenty of studies have re-
leased variation for inulin content at harvest in J. artichoke [14], but none has
release which clones could be the best parents to improve the trait inulin content
at harvest. The yield in inulin levels out at 19 % of the tuber raw material. The
upper theoretical limit is probably around 22-25 % as judged by other crops
(chicory) that produce inulin in roots.

Variability of inulin in leaves and stems. Most J. artichoke
growers harvest only tubers and leave the stems to dry and if harvested it is for
fire wood. Stems are rich in cellulose and could enhance profits from the crop.
They also contain inulin that could be extracted by water treatment and thus the
yield of the crop is indeed enhanced. The same design described previously
could serve to estimate the potential of each J. artichoke clone as a parent one.

A guide to mate Jerusalem artichoke clones. To mate two J. ar-
tichoke clones requires to envelope with a paper bag one head of the plant, cho-
sen as female, to prevent unwanted pollination and when the stigmata rose above
the tubular hermaphrodite flowers, the pollen from another plant has to be
spread with a small brush onto the stigma surface. The pollen is harvested onto
the one or several heads from the male plant that has enveloped in a paper bag.
The pollen is introduced into the paper bag of the female heads. Ten to fifteen
heads of the female have to be treated for one cross to ensure to have enough
seeds. Seeds are mature one month and half later and as birds are very fond of
them, they have to be protected under the bag until harvest.

Another method consist in leaving all heads free pollinated (at the con-
dition that none sunflower plants may blossom in the area). The J. artichoke
clones, which have been evaluated for the inulin production, could be mixed in
a plot for seed production. Bees are able to transport pollen up to 5 km from the
source. In general, around Montpellier sunflower is not cropped in the fall and
protection of heads is useless. Without bag protection, the yield in seeds is high-
er, i.e. several grams can be obtained and the diversity in the progenies is en-
sured. Seeds could be harvested on the clones of female plants that display the
higher ability for inulin content. To obtain seed germination is a challenge, one
has to break dormancy, both due to integuments and to hormone balance. Sev-
eral methods for seed treatments have been published [51, 52] by scarification
and/or hormonal treatments. Once the root has come through the integument
the seedling is immediately transferred in a pot with sandy soil without too much
moisture to avoid mold and rotting diseases [53]. Each plant is single, and all are
different from each other and thus before evaluation each plant able to give tu-
bers has to be retained. The evaluation plots should consist in a field plots with
repeats of tubers and random distribution of them. The field plot is costly and
has to be repeated each year for new plants. The bottleneck for getting enough
genetic diversity is at this level and thus the step cannot be shifted.

If progenies from hybridization between J. artichoke and sunflower are
looking for, in Montpellier we planted sunflower rows (different hybrids) besides
the J. artichoke clones. Once seeds have been harvested and cleaned, they are
separated based on the size (the upper size will be enriched in hybrid seeds).

Field experiments. Pre-screening of clones able to produce tubers in
the local field conditions is not sufficient for an acceptable agronomic behavior of



clones and requires verification in usual seeding. Conventional agronomic plots
should be carried out for their evaluation. Each evaluator has different evaluation
criteria because of the agronomic environment and the aim of the production he
(her) works with. The screening for hybrids between J. artichoke (2» = 102) and
sunflower (2n = 34) requires cytological controls such as chromosome counting
(the hybrids should display 68 instead of 102 chromosomes). Such plants are
called Topinsol. The diversity of Topinsol forms is scarce because crosses have
not been made with breeding aims. Their potential is practically unknown, but
in J. artichoke collections, Topinsols are detected only by cytological analyses
that means they probably yield tubers as J. artichoke clones.

Use inter-specific hybridization. The Russian breeders were the
first in the world who created the inter-specific hybrids between J. artichoke and
sunflower in 1935 [37-39]. It was a new artificial species tuber-bearing crop.
Genetically, J. artichoke and sunflower are members of polyploid series. J arti-
choke is hexaploid (2n = 102), sunflower is diploid (2# = 34). In the somatic
cells of J. artichoke and sunflower hybrids there were 68 chromosomes, which is
consistent with the theoretical assumption of 51 chromosome from J. artichoke
and 17 chromosomes from sunflower [54-56].

Since the most of J. artichoke varieties involved in breeding have a late
and middle maturity, to accelerate the flowering it is possible to use a method
of reducing the day length providing the creation of seeds to be held in a more
favorable time for this. For this, it needs to tie the leaves from the stalk to re-
duce their photosynthesis to 10 h of daylight. This method allows accelerated
flowering from 2 to 60 days and a successful crossing with sunflowers. At VIR’s
Maykop experimental station in 1966-1980, more than 25 varieties of artichoke,
3 of Helianthus wild tuberous species and 13 varieties of sunflower H. annuus L.
were involved in crossing and has been cultivated over 10,000 seedlings of inter-
specific hybrids (F;). The level of achene germ forming from crossing J. arti-
choke with sunflower is small — 0.1-4.5 % [57-59]. In VIR, Dr. N. Pas’ko [37,
40] assessed J. artichoke varieties on ability as pollinators and he singled out the
most fertile var. Patat Vilmorin, Maykopsky 33-650, Vengersky, which provide
42-46 % seed germ forming. The efficiency of seed productivity of J. artichoke
depends on the fertility of parent forms pollinators of sunflowers. More fertile
forms of J. artichoke at their pollination by the same varieties of sunflower an-
nually have a tendency to retain their best cross ability. Conversely, the varie-
ties with low fertility produce weak achenes germ forming [40, 60]. Analysis of
inheritance degree of traits shows that the first generation of F; hybrids be-
tween J. artichoke and sunflower thanks to heterozygosity present a wide diver-
sity of forms. The analysis of traits of hybrid plants shows that their inheritance
has an intermediate character or character of one of the parental forms. So,
the height and thickness of stem, and leaf number are inherited mainly from
the expression of heterosis [60]. The leaves of most hybrids become larger than
that of J. artichoke.

The tuber-creation of inter-specific hybrids in F; appears as a dominant
trait, and therefore almost all progenies (94-98 %) create the tubers. Also it was
found that the obtained hybrid plants on the most morphological traits tubers
retain maternal type, but at the same time increases the mass of tubers per plant,
so the average weight of a tuber. In some combinations has created the plants
with better tuber shape than the parental forms. Furthermore, it is important to
note that the biochemical analysis indicates on increased sugar content in tubers
of hybrid plants. The long-term evaluation has shown that the resulting heterosis
effect persists in further propagation by tubers. For example at Maikop experi-
mental station of VIR during many years inter-specific hybridization in 1984 was



created var. Vostorg (Delight, in Russian) (3M-1-156), which was obtained by
crossing of French var. Commun (high yield of tops of plants and high sugar
content in it) with sunflower var. Gigant 549 (silage type). As a result, this hy-
brid has a yield of tops reaches up to 90 tons per hectare, with average of plant
height up to 3.8 meters, and tuber yield 32 tons/ ha. The sugar content in the
stems and leaves reached 16 -18 % [37, 60]. Even greater success was achieved
with the creation at VIRs experimental station in 1986 of inter-specific hybrid,
which later became a famous whole country variety Novost’ VIR (News of VIR,
in Russian). The data of this class exceeded all previously created inter-specific
hybrids. All the main agronomic and biochemical properties: yields of tops at
experimental fields up to 100 tons per hectare and sugar content in them was
16 %, while at the same time, the tuber yield reached 60 tons per hectare, when
the sugar content in the tubers was 18 % and inulin was 14 %.

The future of J. artichoke as energy source for bio-fuel as well as source
of fibers and as sugar substitute for people, lacking of insulin is promising. How-
ever, because J. artichoke has never been improved for these uses as its genetic
basis is narrow and cultivars are clones, we suggested to improve J. artichoke for
inulin content before looking for new varieties. This strategy has been found effi-
cient to change confectionery sunflower in oil sunflower and to modify root beet
in sugar beet.

Thus, it is safe to approve the reality of selective breeding to achieve a
desired trait using inter-specific hybridization. Inter-specific hybridization of J.
artichoke (Helianthus tuberosus L.) with sunflower (Helianthus annuus L.) may
be successfully used as a method of breeding directed to the improvement of
the J. artichoke plant and creating Topinsol comprising characters and proper-
ties of initial forms with the expression of heterosis. Given the current demand
for different directions of using products from J. artichoke, it is likely that the
breeding of J. artichoke is aimed at the creation of special varieties — for food,
for medicinal, for processing, for inulin, for bioenergy, for feeding purposes
etc. And we can say with confidence that there is sufficient initial material for
all directions of breeding, the only need is to expand research in finding the
possibilities of using the existing gene pool of Jerusalem artichoke in many
gene banks. Today there are different modern methods for it, including molec-
ular genetics.
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