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ABSTRACT 

The global warming scenario and the urgent public demand of energy, require most effective solutions 

in order to mitigate the actual emission levels of greenhouse gases, mainly carbon dioxide, and provide 

non-polluting and inexpensive energy. Among the alternative sources of energy, biomasses represent the 

most valid means for achieving the mentioned purposes, providing carbon-negative electricity, heat, 

biogas and mostly biofuels. 

The most attractive next generation biofuel systems are algae and few additional plant species such as 

the tuber-producing Helianthus tuberosus L. (2n=6x=102, Ht). Ht grow rapidly, shows high carbohydrate 

content, mainly fructans, and is able to produce 2-3 times more biomass per unit land area than any other 

annual cropping system as well as a higher bioethanol yield. The high amount of fructans stored in stalks 

and tubers of Ht leads to the production of bio-ethanol and other energy-storage chemicals upon 

microbial hydrolysis and fermentation. In addition, Ht has a high nitrogen and water use efficiency, utilize 

nutrient-rich waste water, and is resistant/tolerant to pathogens and pests.  

Integrating phenomic, transcriptomic, metabolomic, and genomic approaches into a breeding program 

aimed to enhance Ht tuber biomass production is the most efficient strategy that, currently, convey efforts 

towards the establishment of a research-based platform for the production of carbon-negative biofuels, 

and for this reason this strategy has been adopted for this dissertation.  

By carrying out a phenomic study, the phenotypic variability extant among 67 different clones 

belonging to sub-primary both wild and cultivated gene pool grown in the Experimental Farm of 

University of Tuscia, Viterbo, Italy, were evaluated for morphological (tuber shape, plant architecture and 

height) and physiological (date of beginning of tuber enlargement, flowering time, resistance to biotic and 

abiotic stimuli) traits related to the tuber biomass production. 

 ‘K8-HS142’, selected by a half-sib progeny of the cultivated ‘K8’ clone and the cultivated ‘Violet de 

Rennes’ (‘VR’) were the best Ht clones detected to be suitable for biomass production. The monostem 

‘K8-HS142’ forming spindle-shaped tubers and the semi-brushy and branched ‘VR’ forming short-pear 

shaped tubers resulted the most attractive clones because of their highest production in rainfed (18 ton ha
-

1
) and water supply (20 ton ha

-1
) conditions, respectively, as well as for other phenotypic traits such as 

drought resistance and precocity of flowering (‘K8-HS142’) and powdery mildew resistance and precocity 

of tuberization (‘VR’).  

The fructan content during tuber development at the three crucial stages of initial tuberization (T0), 

active growth (T3) and final maturation (Tm) was determined by carrying out a metabolomic study and a 

maximum content of 425 and 450 g kg
-1

 of dry matter was ascertained for ‘K8-HS142’ and ‘VR’ at T3 

when water supply conditions occurred. 

The analysis regarding the tuber content of starch evidenced substantial lacking of that polysaccharide 

in the mature tuber from ‘K8-HS142’ and ‘VR’ clones. 

Because of their different i) tuber biomass yields and tuber carbohydrate content from both rainfed 

and irrigated conditions, ii) tuber shape and precocity of tuberization and iii) plant architecture fitting 

high (‘K8-HS142’) and  low plant density (‘VR’) cropping systems, the most productive ‘K8-HS142’ in 

rainfed condition and the ‘VR’ (used as control), were chosen in order to carry out a transcriptomic study 
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focused on the expression analysis regarding the set of genes encoding for enzymatic and structural 

proteins involved in carbohydrate biosynthesis and storage during the tuber development.  

The expression level of a set of 6,365 ESTs selected from the CHT(LMS)_library of 41,000 Ht EST 

sequences annotated to genes included in pathways for tuber carbohydrate biosynthesis and storage using 

Blast2GO
®

 bioinformatics tool were used for the microarray analysis based on the CombiMatrix
©

 

technology performed at the developmental stages of cessation of rhizome elongation-beginning of apical 

meristem differentiation for tuberization (T0), active tuber development (T3) and tuber maturation (Tm). 

A total of 123 and 11 ESTs were differentially expressed between the two Ht clones at T0 and T3, 

respectively, whereas no ESTs were differentially expressed at Tm. In both clones, 11 and 127 different 

ESTs were discovered differentially expressed between T0 and T3 and T0 and Tm respectively, whereas no 

ESTs displayed a differential expression between T3 and Tm. Those results reasonably suggest that the 

highest gene expression for carbohydrate biosynthesis occur during the initial tuberization stage T0 - T3 

and that a peculiar peak expression occur for 11 genes at the T3 stage.   

Furthermore, 12 ESTs of genes specifically involved in both fructan and starch biosynthesis were 

significantly expressed at high level during tuber development. Those ESTs encode for enzymes implied in 

fructan polymerization into the vacuole (Sucrose:sucrose 1-fructosyltransferase [1SST], Fructan:fructan 1-

fructosyltransferase [1FFT], Sucrose H
+
/symporter [SuSym]) and  starch biosynthesis into the amyloplast 

(Starch synthase [SS], Sucrose phosphate phosphatase [SuPP], Glucose 6P/P translocator [G6PT], -

invertase [INV], Phosphoglucomutase [PGM], Sucrose synthase [SuSy], UDPG pyrophosphorilase 

[UDPGP]).  

The ESTs for 1SST and 1FFT were found up to 3 times more expressed than SS, suggesting that the 

fructan polymerization prevailed over starch polymerization and explain why fructans are the major 

tuber storage carbohydrate. However the magnitude of expression produced by genes dealing with 

carbohydrate biosynthesis allowed to possibly suppose their activity in the starch biosynthetic network. 

The expression pattern of the 1SST-ESTs was in line with the expected function of the encoded 1SST 

enzyme. In fact, the fructan biosynthesis starts with the intervention of the 1SST enzyme which catalyze 

the synthesis of the triose 1-kestose from two sucrose molecules, which in turn is used by 1FFT as starting 

building-block for the further polymerization of fructans by adding fructose monomers to the growing 

fructan chain.  

Two other 1SST-ESTs with 73% and 100% sequence identity to the 1SST-EST from Allium sativum 

(As) and Cichorium intybus (Ci), respectively, were also highly expressed during the T0-T3 tuber 

developmental stage. The presence in Ht of additional genes orthologous to genes from other plant species 

encoding for 1SST suggests the pivotal role of 1SST in fructan accumulation in organs for vegetative 

propagation in both Monocotyledons and Dicotyledons and the allopolyploid origin of the hexaploid Ht 

from diploid with common ancestry to other Asteraceae.  That is in line with the evidence that Helianthus 

genus is one of the most evolutionary diverse groups of organisms whose biodiversity represents a rich 

resource for bioprospecting orthologous genes related not only to fructan biosynthesis, but also to other 

genes expressed in heterotrophic tissues of carbohydrate storage organs. 

Performing the genomic study, the polymorphism for amplicons from genes above mentioned involved 

in carbohydrate biosynthesis (except SuSym, UDPGP, SuPP) was determined in diploid not tuberizing (H. 
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annuus, H. argophyllus, H. niveus, 2n=2x=34), diploid-tuberizing (H. maximilianii, H. angustifolius, H. 

decapetalus and H. nuttalli, 2n=2x=34), tetraploid-tuberizing (H. hirsutus, H. strumosus, 2n=4x=68) and 

hexaploid-tuberizing (H. schweinitzii, Ht, 2n=2x=102) Helianthus species. The amplicon lengths were used 

to explore the average similarity among species using the Dice index (DSI) with respect to ESTs for 1SST 

and SS in order to depict a reliable genealogy of Ht, and prepare a bioprospection of amplicons to clone 

new homeoalleles for improving Ht ability to produce tuber biomass. 

A striking monomorphism was detected for amplicons from 1FFT, SuS, PGM, SuSym,  while a strong 

and light polymorphism was evidenced for amplicons from 1SST, SS and INV, G6PT, respectively. Non-

tuberizing diploid had a larger polymorphism than tuberizing diploid, which indicate that the higher 

polymorphism in tetraploid and hexaploid Helianthus species might be the a signature of a parental non-

tuberizing diploid species in the pedigree of polyploid Helianthus.  

The non-tuberizing annual diploid H. annuus had highest average similarity (DSI=0.50) to Ht which 

make it a relevant species for exploring the genome of the putative diploid ancestor of Ht.  

The tetraploid-tuberizing species H. hirsutus had also a high average similarity to Ht (DSI=0.46) which 

make it a robust candidate as tetraploid ancestor of Ht.   

The genomic tools have also been used for setting the stage for identification and exploration of the 

genome sequence of the  regulatory regions in Ht 1SST and 1FFT genes.  

A representative subset of 55,296 clones of a sunflower BAC library prepared from the nuclear 

genome of the Helianthus annuus (Ha) ‘line 89’
 
was screened to detect cloned DNA inserts encoding the 

1SST and 1FFT enzymes using the 1SST and 1FFT amplicons from Ht as probes. The BAC library 

covering 5 times the sunflower haploid genome was screened by using a pool of 10 different 
32

P-labelled 

probes was prepared from the selected amplicons after PCR of the DNA from the Ht clones ‘CSR’ (a feral 

Ht-type from Latium, Italy) and ‘CU-3B’ (a half-sib selection from the cultivated clone ‘Hungary’) and 

the Ha ‘line 89’ taken as control.  

A total of 23 different positive BAC clones were detected, paving the way to next sequencing and 

identification of promoter regions useful for exploring polymorphism extant among Helianthus species for 

those DNA sequences.  
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1. INTRODUCTION. 

There is a wide scientific consensus that climate change has been occurring on the global 

scale
1,2,3

 based on the rise in the global average surface temperature which has gone up by 0.6 

± 0.2 °C since the late 19
th

 century (Fig. 1) and 0.17 °C per decade during last 30 years
4
. That 

is testified by instrumental temperature records, mainly weather balloons, rising sea level
5
, 

decreased snow cover in the Northern Emisphere
6
, increased heat content of oceans

7
, 

increased humidity
7
, the earlier time of spring event such as flowering of plant

8
. The 

probability that the above mentioned events are due to the chance is insignificant
7
. 

 

 

Evidences have been taken that changes in weather have been happening in the amount, 

intensity, frequency and type of precipitation
9
 and projections suggest a reduction in rainfall 

in the suptropical regions and an increase in precipitation in both subpolar and equatorial 

regions
10

. Future climate change could be related to extreme events such as a greater 

occurrence of the number of hot days
11

, the frequency, length and intensity of heat waves 

throughout the planet
11

, the maximum wind speed of tropical cyclons
9
 and drought front 

wedging through southern Europe and Mediterranean regions, North and Central America, 

Northwest Brazil and southern Africa
11

. 
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Fig. 1 - Trend in global land-ocean temperature during 19
th

 century. 
Global mean temperature anomaly calculated as difference of the actual 

temperatures from the average 1951-1980 temperature. Modified from 

Hansen et al. 2006, reported by the NASA-Goddard Institute for Space 

Studies. 
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Projections about the warming of Earth’s atmosphere are indicating as the retreat of 

mountain glaciers surface in Europe as well as both the extent and thickness of glaciers in the 

polar regions and the extent of permafrost in the polar regions, will take place more 

vigorously than as occurring at present
6
. The retreat of glaciers and ice caps could cause 

increasing volcanism as assessed by studies carried out in Iceland that demonstrated that the 

rate of volcanic rock production following deglaciation occurred from 10.000 to 4.500 years 

before present was 20-30 times greater than that recorded 2.900 years before present after a 

next glaciation period
12

. The removal of ice coverage could also determine an increase of 

seismicity as numerical modeling studies have shown
13

. 

Related to glaciers dissolution are changes in both sea level and temperature. It was 

assessed as the sea level rose gradually from the mid of 19
th

 century and over the 20
th

 

century
14

 and many studies show as from 1961 and 2003 the sea level was risen 1.8 mm on 

average per year with a range of 1.3-2.3 mm
15

. The sea temperature has gone up by 0.10 °C 

from the surface to a depth of 700 m
14

 and the temperature of Antarctic Southern Ocean 

increased about 0.17 °C from 1950 to 1980
14

. 

Furthermore a consequence of global warming is concerning the carbon dioxide (CO2) and 

oxygen (O2) exchange rate changes between the atmosphere and oceans. In fact, due the 

highest actual level of atmospheric CO2 (about 390 ppm, according to the U.S. National 

Oceanic and Atmospheric Administration 2013 data), the acidification level of oceans has 

been going up and a decline of 0.1 pH units was assessed over the last 250 years
16

. Also, the 

amount of O2 dissolved in the oceans could decline
17

. 

The effects of global warming regard physical, ecological and social aspects on Earth. In 

fact, all the above mentioned physical alterations, driven by climate changes have been 

affecting fundamental physical processes such as both carbon
18

 and hydrological cycles as 

well as currents in the oceans and flows in the atmosphere which in turn have been interesting 

the biological systems on all continents and oceans. Ecosystems have been modifying in 

response to climate changes
8
, particularly with regard to loss of trees and plants coverage over 

many regions, movements of a number of plant and animal species to higher and colder 

latitudes and altitudes in the Northern Hemisphere, changes in bird migration route in Europe, 

North America and Australia and shifting of the ocean’s plankton and fish from colder to 

warmer ocean environments
19

.  

Climate change has been estimated to be a major driver of biodiversity loss when referring 

to conifer and tropical forests, savannas, Mediterranean ecosystems, Arctic tundra and coral 
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reef and it has estimated with a medium confidence that 20-30% of plant and animal species 

assessed so far, would be at high risk of extinction
19

.  

Climate changes has been influencing human activities, mainly agriculture, and health. In 

fact, as consequence of higher both temperature and CO2 concentration in the atmosphere as 

well as altered precipitation regimes, frequency of extreme weather events and drought 

progression in some continents, modification in weed, pest and diseases pressures acting on 

the extant cropping systems were ascertained
17

. With low to medium confidence, the 

production of some important widespread crops such as some cereals are expected to go down 

for about 1-3 °C increase in global temperature in low latitudes and go up in high latitudes, 

making poor Earth’s areas much more dependent than present from rich areas in order to get 

cereal and derivates supplying
20

. Especially, drought has been assessed to determine both crop 

and pasture grazing land for livestock losses
21

. 

The global warming would also be affect human health as testified by estimations from the 

World Health Organization (WHO, 2009), which established as about 3% of diarrhea, 3% of 

malaria and 3.8% of dengue fever deaths recorded worldwide in 2004 were caused by changes 

in climate
22

. With high confidence, both malnutrition and diet alterations are also expected to 

go up as consequence of climate changes
23

. 

At the moment three major different causes have supposed as determinants in order to 

explain the actual global warming scenario: i) solar activities, ii) Milankovitch cycles theory 

of periodical variation of Earth’s astronomical parameters when orbiting around the sun and 

iii) anthropogenic activities. Other causes are also been supposed for climate changes, such as 

volcanic eruptions and human made pollutant dispersion through the atmosphere. However 

more than 90% of the scientists from the national science academics of all major 

industrialized nations agree on the fact that it is the increasing concentration in the Earth’s 

atmosphere of greenhouse gases (GHGs) produced by human activities such as the burning of 

fossil fuels and deforestation, to determine the global warming, a theory known as man-made 

warming and well investigated by studies gather by the Intergovernmental Panel on Climate 

Change (IPCC) association. 

1.1. Claimed factors determining global warming: solar activity, Milankovitch cycles 

and increased concentration of GHGs in the trophosphere. 

The Earth’s climate has always been changing and several reasons for changes have been 

subjected to discussion. It was hypothesized as climate changes would depend either on 

natural (solar activity and cyclic variation of Earth’s astronomical parameters) or human 
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causes. One theory proposed in order to explain the actual global warming is based on solar 

activity
24

 and its influence on cloud formation taking into account as clouds are very 

important in order to regulate the radiation balance on Earth’s and as only little energy is 

needed to change the cloud formation process. It was proposed as solar activity would 

periodically influence the flow of cosmic rays coming to the Earth’s atmosphere which 

contribute to cloud formation. 

A relationship between solar activity expressed as 11 year running mean Zürich sunspot number and Earth’s 

temperature change was ascertained
25

. At the moment it is thought as running mean Zürich sunspot number 

mainly influenced the emission of particles and electromagnetic field from the sun, that is the solar wind. One of 

the effect of the varying wind is the modulation of cosmic ray flux coming to the Earth’s atmosphere from a 

supernova. The higher is the solar wind, the lower is the cosmic ray flux at the upper border of Earth’s 

atmosphere
26

. It was demonstrated as cosmic rays could affect the cloud formation process through ionization 

changes that cause microphysical alteration in the atmosphere that would influence both nucleation and growth 

of ice particles allowing the water vapor condension
27

. A correlation of 0.93 was assessed to be between cosmic 

ray flux and global cloud. 

The hypothesis proposed to explain the global warming on the base of the periodicity of solar activity is that 

when the 11 year running mean Zürich sunspot number is higher, a more intensive solar wind come out the sun 

surface limiting the cosmic ray flux on the Earth’s atmosphere. Consequently the higher is the solar activity, the 

lower is cloud formation process. That would determine an increase of Earth’s temperature. The hypothesis fit 

very well the observed relationship between solar activity intensity and global temperature (Fig. 2). 
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Fig. 2 - Influence of solar activity on Earth’s temperature (ET).  
Trends in both North Hemisphere average temperature and solar activity recorded since 

1550. The solar activity (SA) is expressed by the length of solar cycle, that is the time 

included between two phases of minimum emission of sunspots, ranging from 10 to 12 

years. The figure shows as the Earth’s temperature has been following the solar activity 

over the considered 400 years. Modified by Friis-Christensen, 1995. 
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Milankovitch cycles theory and its further modification and integration
28

, aims to explain 

the effects caused by Earth’s movements at all on its climate. Orbital forcing acting on Earth’s 

climate derive from cyclic variations in orbital eccentricity, obliquity, inclination and the 

precession of the Earth’s axis. Because of those periodical variations, both the amount and 

location of solar radiation coming to the Earth are also periodically altered.  

The Earth’s orbit is an ellipse whose eccentricity varies from 0.005 (circular orbit) to 0.058 (mildly elliptical 

orbit) within a period of 413,000 years. The angle being between the Earth’s axial tilt and the plane of the 

Earth’s orbit (obliquity) varies by 2.4° within a period of about 41,000 years (from 22.1° to 24.5°). The Earth’s 

orbit is used to producing a variation in its inclination versus the orbit invariable plane, drifting up and down, 

within a period of 100,000 years. Precession is the rotation of Earth’s axis with respect to fixed stars and a 

complete precession take a roughly period of 26,000 years.  

The above mentioned astronomical parameters influence the light flow coming to the upper 

border of the Earth’s atmosphere, mainly obliquity and precession. Consequently, their 

variations fit amazingly well the global temperature cycles recorded back to far past, allowing 

predictions about Earth’s climate expected for next hundreds of thousands of years (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 - Milancovitch cycles.  
Past and future orbital parameters occurrences for a period of 800 thousand years. Precession 

index and obliquity regulate the seasonal cycle of light flow coming to Earth’s atmosphere. 

Precession index is calculated as:  sin(. Data for insolation are daily-average calculated at the 

top of atmosphere, on the day of summer solstice at 65° N latitude. Values for temperature derive 

by Antarctic ice core investigation carried out at Vostok Russian research stat ion. Modified by a 

reconstruction schema from both NASA-Goddard Institute for Space Studies (orbital parameters) 

and Petit et al. 2001 (Vostok ice core temperature data), 2009. 
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Fig. 4 – Trend in atmospheric CO2 concentration from 1958 to 2008.  
The Keeling curve showing the increase of CO2 concentration in the atmosphere 

with regard to 1958-2008 period of time according to the US National Oceanic 

and Atmospheric Administration data 2013. Modified by a reconstruction from the 

NOAA original data, 2013. 

The greenhouse effect is the process of absorption and emission of infrared radiation by the 

gases in the atmosphere causing the warming of both Earth’s lower atmosphere and surface. 

The main GHGs are water vapor, CO2, methane (CH4) and ozone (O3) determining 36-70%,  

9-26%, 4-9% and 3-7% of greenhouse effect, respectively
29

. When naturally occurring the 

GHGs produce a total warming effect equivalent to 33 °C
30

.  

Human activities influenced the GHGs concentration in the atmosphere since the Industrial Revolution 

determining an increase of CO2 and CH4 of 36% and 148% since 1750
31

. From 1960 to 2010, the CO2 

concentration measured at Mauna Loa observatory in Hilo, Hawaii, USA arose from about 315 ppm to nearly 

390 ppm, that is about 19% (Fig. 4).  

 

 

 

 

 

 

 

 

 

 

According to the man-made warming theory, the above reported increase of CO2 and CH4 

concentration in the troposphere, due to the anthropogenic activity such as fossil fuels burning 

and deforestation, have been causing the rise of global temperature. 

 The contribution of individual anthropogenic GHGs to total emission in 2004, expressed as CO2-eq were: 

CO2 from fossil fuels (56.6%), CO2 from either deforestation or decay of biomass (17.3%), CO2 from other 

(2.8%), CH4 (14.3%), N2O (7.9%) and F-gases (1.1%)
36

. 

During last 20 years, ¾ of the increase of CO2 content in the atmosphere was caused by 

fossil fuel burning
32

 and for the majority of emission scenarios, CO2 as well as the other 

GHGs emissions are expected to rise
33

.  
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As consequence of that, according to climate model projections summarized in the 2007 Fourth Assessment 

Report (AR4) by IPCC (IPCC-AR4), during the 21
st
 century the global surface temperature is likely to rise from 

1.1 to 2.9 °C (lowest scenario) and from 2.4 to 6.4 °C (highest scenario)
34

. 

The IPCC-AR4 concluded that “Most of the observed increase in global average 

temperature since the mid 20
th

 century is very likely due to the observed increase in 

anthropogenic greenhouse gas (GHG) concentrations.” 

Because of the increase of global temperature and its negative consequences on both 

equilibrium of Earth’s ecosystems and human health, there has been continuing a lot of efforts 

in order to mitigate the human influence on the global warming, by limiting or replacing fossil 

hydrocarbons as major feedstock for producing different kind of energy such as electricity, 

heat and fuels, by exploring new and alternative sources. Those efforts were defined by the 

Kyoto protocol, an international agreement linked to United Nations Framework Convention 

on Climate Change, adopted in Kyoto, Japan on December 11
th

 1997 and entered into force 

on February 16
th

 2005.  

 In the Kyoto protocol the climate change was recognized as one of the most critical 

challenges ever faced by humankind
35

. Among the alternative sources of energy, biomasses 

from dedicated crops seems to be representing a suitable way to get electricity, heat and fuels 

saving GHGs emissions, as well as energy and money in the productive cycles or life-cycles, 

in comparison to both traditional and other alternative sources of energy. 

1.2. Biomasses as a valid renewable energy feedstock.  

At the moment different sources of alternative energy are potentially susceptible to replace 

the fossil hydrocarbons with the aim to get not pollutant energy. Those are represented by 

bioenergy, direct solar energy, geothermal energy, hydropower, ocean energy, wind energy 

and are defined on the whole renewable energy (RE)
36

.  

Bioenergy derive from different kind of biomass feedstock such as livestock and crop 

residues, cellulosic materials from forests, organic municipal solid and processing organic 

wastes, growing algae and dedicated crops and typically offers constant or controllable output 

as electricity, heat and fuels
36

.  

Through a variety of processes, these different biomasses are able to provide electricity, heat and biofuels, 

even though the maturity of related technologies needed to get energy is wide. Some of them have already 

reached a commercial phase. In fact, the technology methods for producing biofuels either from sugars and 

starch (bioethanol) or vegetables oils (biodiesel) as well as domestic pellet-based heating systems and small and 

large-scale boilers, have been perfected, so that being suitable for commercial purposes. Instead, the 



- 14 - 

 

Renewable Resources Non-Renewable Resources 

 

L
if

e-
cy

cl
e 

G
H

G
 e

m
is

si
o

n
s 

(g
 C

O
2
 e

q
 k

W
h

-1
) 

B
IO

M
A

S
S

E
S

 

Fig. 5 – Life-cycle GHG emissions from different energy sources for producing electricity. 
Estimates for GHG emissions concerning several categories of electricity generation technologies, 

from both renewable and not-renewable sources. CCS (Carbon Capture and Storage, black circle) is 

the amount of waste CO2 that is susceptible to be moved as neutralized CO2 into an underground 

geological formation away from the atmosphere. Solar energy is represented by PV (Photovoltaic) 

and CSP (Solar panel). Modified by IPCC, 2008. Summary for policymakers. Special report on 

renewable energy sources. 

 

lignocellulose-based transport fuels and liquid biofuel production from algae are examples of technologies at a 

pre-commercial and research and developmental stage, respectively. 

Direct solar technologies harness solar irradiance to produce electricity using photovoltaic panels (PV) and 

concentrating solar power (CSP) to produce heat. The technology maturity of solar applications varies from 

relative mature (CSP) to mature (wafer-based silicon PV). Although the solar energy is variable and 

unpredictable its temporal profile in some circumstances fit relatively well with energy demand.  

Geothermal energy uses the accessible thermal energy from the Earth’s interior. Once at the surface fluids of 

various temperatures can be used to produce either electricity or heat. Geothermal technologies are mature in the 

configuration of hydrothermal power and offer constant output when used to generate electricity. 

Hydropower harnesses energy of water movement from higher to lower elevations, mainly to produce 

electricity. Hydropower technologies are mature and offer a constant and controllable energy output. 

Ocean energy derives from the potential, kinetic, thermal and chemical energy of sea water which could be 

exploit to generate both electricity and heat. At the moment, with the exception of tidal barrage, ocean energy 

technologies are at research and developmental phase. 

Wind energy use the kinetic energy of moving air. Its prevalent application is referred to produce electricity, 

but the output from turbines located mainly onshore and less offshore is variable as well as unpredictable. 

Biomasses, along with the other RE sources, allow to consistently reduce the amount of 

GHG emission during their life-cycles when compared to natural gas, oil and coal
36

. For 

electricity production purposes, the GHG release into the Earth’s atmosphere by biomasses is, in general, 

negligible (30-60 g CO2 eq kWh
-1

) in comparison to natural gas (almost 500 g CO2 eq kWh
-1

), oil (roughly 850  

g CO2 eq kWh
-1

) and coal (nearly 1000 g CO2 eq kWh
-1

) (Fig. 5). 
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0.77% 

 
OCEAN  
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HYDROPOWER 

17.8% 

 
GEOTHERMAL 

0.77% 

 

Fig. 6 – Proportion of the different sources of global energy supply. 
Diagram shows as in 2008 renewable sources of energy reached about 13% 

of the global primary energy supply and that biomasses represent the major 

contributor to renewable energy. Modified by IPCC, 2008. Summary for 

policymakers. Special report on renewable energy sources. 

On a global basis it has been estimated that RE would account for 12.9% of the total 492 

EJ (492 10
18

 J) of primary energy supply in 2008
36

 (Fig. 6).  

In the same year, RE contributed approximately 19% of the global electricity supply (16% hydropower, 3% 

other RE), 27% of the total demand of heat (25% biomasses, 2% geothermal energy) and 2% of global road 

transport fuel supply (through biomasses)
36. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biomasses represent the principal feedstock of RE, contributing for nearly 80% to the 

alternative energy supply. At the moment, there are different reasons why biomasses are 

prevalent among the RE sources for producing energy . 

 First of all, biomasses are able to allow a possible multiple use intent (electricity, heat, 

fuels) in comparison to direct solar and geothermal sources (electricity, heat) and other RE 

sources (only electricity)
36

.  

Furthermore, as above mentioned, biomasses technologies have got mature allowing a 

widespread commercial use as well as hydropower, hydrothermal and PV-based solar direct 

energies
36

. However, biomasses offer a constant output of electricity in comparison to solar 

direct energies, whereas both hydropower and hydrothermal source provides a controllable 

and constant energy output for electricity only
36

. 

A relevant economical reason has also to be considered. In fact, biomasses require, on 

average, a low cost related to the entire life-cycle when producing one energy unit for 

electricity, heat and fuel. It has been estimated as 1 kWh of electric energy costs 35-40 and 

15-20 USD cents when using available technologies related to direct solar and biomasses 



- 16 - 

 

sources, respectively, and obtaining 1 GJ of heat energy would require as much money as 

100-120 and 40-50 USD from direct solar and biomass energy, respectively
36

. 

Finally the biomasses display only the particularity to be transformed into biofuels by 

paying competitive cost in comparison to fossil hydrocarbons
36

 (Fig. 7).  

 

In conclusion, biomasses are consistently able to represent the major resources in order to 

produce not pollutant energy, taking a robust contribute for mitigating the human effects on 

global warming, due to their versatility as energy feedstock, reliability in offering a constant 

output at low cost and preciosity in saving huge amount of CO2 emissions in comparison to 

the not renewable sources. That is testified by the majority of 164 possible long-term 

scenarios from 16 different large-scale integrated models, reviewed in IPCC-Special Report 

on Renewable Energy Sources (2011) and referred to the expected use of biomasses in the 

future. In fact, in 2030 and 2050 the expectation regarding the amount of energy from 

biomasses would be about 80-85 and 150-160 EJ per year, respectively (CO2 concentration < 

440 ppm) in comparison to about 30 EJ per year corresponding to a 2008-baseline.  
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Fig. 7 – Costs for producing energy through RE sources.  
The diagram shows the range of costs needed to produce energy as electricity, 

heat and fuels. Circle indicate the correspondent cost when using fossil 

hydrocarbon traditional sources. Modified by IPCC, 2008. Summary for 

policymakers. Special report on renewable energy sources. 
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1.3. Concerns related to the use of biomasses as potential feedstock providing 

carbon-neutral biofuels.  

In some specific cases and under particular life-cycle conditions, switching from fossil 

fuels to biofuels to get energy for transportation, is the most powerful response to address 

concerns about the way mitigate global warming through reduction of GHG release 

(European Environment Agency, EEA).  

At present, the global fuel supply for road transportation based on biofuels, is very 

limited. In fact, in 2010 worldwide biofuel production rose up to 105 billion liters
37

, mainly as 

ethanol (81.9%) and biodiesel (19.1%), representing about 2.7% of the total fuels for road 

transportation. However, overcoming a quarter of world demand of transportation fuels by 

2050 is a relevant purpose formulated by the International Energy Agency (IEA) with the aim 

to reduce dependence on petroleum and coal.   

Biofuels are derived by the biologically carbon fixed as either simple or complex molecules. Some alcoholic 

product such as ethanol, propanol and butanol are obtained from the microbial fermentation regarding both 

simple (sucrose) and complex (starch, fructan, cellulose) carbohydrates upon a enzymatic hydrolysis is occurred. 

They are basically used as a gasoline additive with the purpose to increase octane rating and improve engine 

emissions, and to a lesser extent as pure fuel, even though the biobutanol is particularly reliable as pure fuel for 

direct gasoline replacement purposes. Biodiesel is the chemical product of transesterification of vegetable oils 

from crops such as rape, sunflower or oil palm and it is used as either a diesel additive in order to reduce the 

level of particulates such as carbon monoxide (CO) and hydrocarbons, or a direct pure fuel. 

Ethanol or bioethanol, is the most common biofuel worldwide, especially in Brazil and 

USA, the two major producers, accounting for about 90% of global production. It is produced 

by fermenting simple sugars such as glucose and fructose operated by yeasts or bacteria, 

released upon a suitable chemical hydrolysis on complex carbohydrates such as mainly 

sucrose (disaccharide) as well as starch, fructans and potentially cellulose (polysaccharide). 

Distillation and drying ended the productive process.  

Bioethanol is typically mixed with gasoline to any percentage. Its main strength depends on the fact that it 

confers a higher octane rating than normal gasoline, allowing to enhance the engine’s compression ratio for 

increasing thermal efficiency. 

Bioethanol is able to be produced from a variety of biomasses such as dedicated crops as 

well as diverse lignin-cellulosic feedstock and algae. To date, it’s mostly obtained from 

sucrose or starch supplying crops such as potato and winter cereals, corn, sweet sorghum, 

sugar beet, sugar cane, respectively. On the whole, the bioethanol as well as biodiesel derived 

from dedicated crops are defined “First generation biofuels”.  

Their main drawback is related to the high energy input in the life-cycle determining a low Net Energy 

Balance (NEB), that is the difference between the energy output and input for biofuel production process. For 
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Sugarcane 

Corn 
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Up to 143% 

Fig. 8 – GHG emission saving from the cultivation of some 

“First generation bioethanol” crops. 
The diagram shows the range of the percentage of GHG saving 

estimated on the entire life-cycle in comparison to fossil fuels when 

considering some crop typically grown for bioethanol production. 

GHG saving vary a lot depending on the energy input related to the 

crop managing. Modified by IPCC, 2008. Summary for policymakers. 

Special report on renewable energy sources. 

Wheat 

  

example, in the actual corn-to-ethanol production system in the U.S.A., when considering the total amount of 

energy input needed for crop management (consisting in sowing, plant nutrition and protection, irrigation and 

harvesting), transportation of feedstock to refinery, production process (fermentation, distillation, drying) and 

transport to retail pumps, the net benefit is humble, a large amount of that energy input depending on crop 

management
38

.  Furthermore those agricultural practices affect the GHG emission amount related to the life-

cycle of the main bioethanol crops (Fig. 8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another important concern dealing with the use of above mentioned dedicated crops so far cultivated for 

bioethanol production is represented by diversion of their primary food production towards a non-food use 

which may lead to increased prices for commodities. The global population is expected to grow by 36% between 

2010 and 2030 up to nearly 8.3 billion and for the world average, cereal as well as other important crop yields 

are predicted to grow about as fast as overall population. Because of that reason, yield increases will probably 

not compensate food demand so that cropland would have to be expanded in the range 144-334 Mha by 2020 

only to feed the world population
39

. Furthermore, straying away the main crops from their food or animal 

nutrition intent, would determine an increase of their as well as the livestock prices
40,41,42

. A relevant advantage 

of biomasses from dedicated crops is theit high homogeneity wich fit requirements of the transformation 

industry in order to optimize the bioethanol production. 

Bioethenol is also potentially able to be produced by a number of heterogenic biomasses 

such as livestock manure and crop residues, organic materials from forests, municipal solid 

and processing organic wastes. On the whole, those feedstock for bioethanol production are 
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Potato (starch) 
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Increase of the food prices 
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breaking down of  lignocellulosic polymers 
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Fig. 9 – Advantages and disadvantages in using available feedstock for bioethanol 

production. 
The scheme summarizes the main advantages and disadvantages of different biomass sources in 

order to produce bioethanol. 

named “Second generation biofuels”, because of sustainability related to their use in terms 

of availability, impact on GHG emissions, biodiversity and land use
43

. However those feedstock 

shows several troubles in order to be mainly transformed into bioethanol. First of all, the rough material is 

basically cellulose which is protected by lignin fibers which is devoid of sugars and hard to get rid of in order to 

free simple sugars from cellulose hydrolysis. Even though a variety of fungal enzymes are able to digest the 

lignocellulosic polymers
43,44

, and some tree species such as poplar (Populus spp.) seems to be promising as 

lignocellulosic feedstock
45

, the main concern related to the industrial use of those digestive enzymes is 

represented by their high cost which make expansive this method of bioethanol production
44

. Furthermore, the 

wood biomass is available as extremely heterogeneous stocks, which poses several difficulties in order to 

optimize the industrial production process.  

Algae and microalgae also called oilgae or “Third generation biofuels” could provide a 

valid material for both bioethanol and biodiesel production.  

In fact those feedstock has been found interesting because of their ability to grow in different kind of water 

(fresh, sea and wastewater), high biodegradability and high biofuel production per unit area, expected to be up to 

10-100 times higher than other second-generation crops
 
in the future

46
. At present, the major problem extant in 

the algae-to-biofuel system consists in its high capital and operating costs needed to set up either the open-pond 

or photobioreactors establishments for algae cultivation
47

. In Fig. 9 are reported advantages and disadvantages in 

using the different biomass sources for producing bioethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above concerns about bioethanol production (rate of transformation to alcohol, 

dishomogeneity of feedstock, difficulty to reach carbon neutrality in the life-cycle of many 

feedstock harvests, energy benefit in the life-cycle, neutrality with respect to the food price, 
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higher control and managing of the productive processes, particularly on crop management),, 

it would be important to devote efforts to choose a reliable biomass source wich eliminate all 

the concerns linked to biomass production and conversion into bioethanol.  

The Helianthus tuberosus L. plant species seems to be representing a valid resource in 

order to get the highest bioethanol yield by assuring the minimum effects on environment. 

1.4. Effectiveness of Helianthus tuberosus L. for designing low-input cropping 

systems aimed to produce carbon-neutral bioethanol.  

Helianthus tuberosus L. (Ht), commonly known as Jerusalem artichoke, is a 

macrothermal, perennial and rhizomatous species belonging to the Asteraceae clade with high 

potential for designing low-input cropping system dedicated to production of biofuels
48,49

.  

In fact, on one hand, Ht mainly exhibit both high nitrogen and water use efficiency, two 

aspects very important in order to contain the cropping system energy input requirement. A 

good environmental adaptation, disease and pest resistance and competitive ability against 

weeds are also other valuable traits making Ht as a valid source fitting the above mentioned 

purpose
50,51

.  

The Jerusalem artichoke has always been magnified as an extremely efficient crop when referring to its 

nutritional requirements, especially nitrogen (N). It is well known as N is the main plant nutrition element due to 

its basilar function in allowing vegetation, growth and production. Typical N requirement of Ht amounts at 70-

100 kg ha
-1

 and, in general, Ht does not display as much as N requirements in comparison to other crops 

potentially dedicated to bioethanol production such as wheat (Triticum spp.,100-200 kg ha
-1

)
52

, corn (Zea mais 

L., 100-200 kg ha
-1

)
52,53

, sweet sorghum
54

 (Sorghum bicolor L., 80-150 kg ha
-1

), sugarbeet (Beta vulgaris L., 70-

140 kg ha
-1

)
55

, potato (Solanum tuberosum L., 150-180 kg ha
-1

)
55

. Furthermore, it was showed as there is not 

significant difference in tuber yield between a 60 and 120 kg ha
-1

 rate
56

 and that there is not necessarily a 

correlation between an increasing N nutrition and tuber yield
57

. Those facts tend to suggest as Ht is capable to 

efficiently use the N fertilization. Ht is also well known to be able to efficiently use the N reservoir left in the 

soil after that an either corn or soybean (Glycine max) crop is occurred
51

.  

With regard to water requirement, Ht is considered to be relatively highly tolerant to drought, even though it 

is not native from an either arid or semi-arid habitat. It expresses a demonstrated ability to grow without 

irrigation water supply even in semi-arid environments such as Central Italy where in rainfed condition (a total 

rainfall of 125 mm fell in a year) a Ht crop was able to produce about 10 t ha
-1

of tuber dry matter
58

.  Water 

deficit stress effect is particularly limited on the tubers as shown after treating Ht plots through two different 

irrigation rate both low (275 mm) and high (376 mm). In fact, the differences in tuber dry matter yields were 

ascertained to be very small (1.5 t ha
-1

)
58

.  

As the Jerusalem artichoke is salt stress tolerant, is feasible to irrigate Ht crops by using diluted seawater in 

order to ease the pressure on the normally exploited freshwater. It was demonstrated as the tuber productions 

from both 25 and 50% seawater irrigated Ht plots located in a coastal and semi-arid Chinese area, were higher 
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than both non irrigated and 75% seawater irrigated plots, suggesting as the seawater irrigation could be 

experimented on large-scale in order to save the precious freshwater
59

. 

 Furthermore, Ht displays a better use of irrigation water when producing biomass, expressed as water 

efficiency use coefficient (14.17 mm t
-1

 ha
-1

) in comparison to other  macrothermal crops capable to supply 

bioethanol in temperate environmental conditions occurring at medium latitude regions, such as corn (17.29 mm 

t
-1

 ha
-1

)
51

, sweet sorghum (19.70 mm t
-1

 ha
-1

)
51

, sugarbeet (20.70 mm t
-1

 ha
-1

)
60

, potato (28.86 mm t
-1

 ha
-1

)
60

. 

Very interestingly Ht was also found tolerant to soil salinity in greenhouse and field trials in Australia, 

suggesting as the Jerusalem artichoke is able to satisfyingly grown on marginal land
61

. 

At present, the number of fungal diseases affecting the Jerusalem artichoke are only a 

fraction of those for the related sunflower plant species
62

 and in the U.S. no fungicides are 

registered for use on the crop
63

, so that Ht is considered as relatively diseases-free.  

However, there are some fungal diseases damaging both the aerial, such as rust
64

 (caused by Puccinia 

helianthii Schw.), powdery mildew
65

 (caused by Erysiphe cichoracearum DC.), alternaria leaf blotch (Alternaria 

alternata Keissl.) and tuber part, such as sclerotinia rot
66,67 

(caused by Sclerotinia sclerotiorum de Bary) of Ht 

plant, especially in cool and moist climatic conditions
68

, for example in Northern Europe and due to climate 

change also in other planet regions normally dryer as the Mediterranean Basin. Puccinia helianthii, a 

basidiomycete, causes serious losses in Jerusalem artichoke, even though exist several clones showing high level 

of resistance used for incorporate the resistance genes into Helianthus annuus
69

. Erysiphe cichoracearum, an 

ascomycete, occurs generally late in the season and damage in temperate regions tend to be limited, whereas 

higher symptoms are recorded in hot and humid regions. However several clones expressing high resistance to 

the pathogen were found out
65

. Sclerotinia sclerotiorum, also an ascomycete,  attacks a wide range of plant hosts 

(over 360 species) causing in Ht early wilt, stalk rot and degradation of tubers. It is the most important sunflower 

fungal disease in North America
67

 as well as the most common fungal pathogen of Jerusalem artichoke globally 

in economic terms. 

The Jerusalem artichoke shows a high competitive ability against weeds, especially after 

canopy closure and, to date, no herbicides are cleared for use in the U.S. to control weeds. 

In general, the higher is the plant height, the better is the competitive ability against weed in Ht. It was 

demonstrated through the comparison of competitive ability against Ht as weed displayed by corn and soybean. 

In fact, the yield of corn, with its higher habit, resulted much higher than soybean
70

. Furthermore, the effect of 

either herbicides or mechanical weed control, is low on crop yield as assessed by carrying out an experiment 

based on both the distribution of several chemicals such as Chloramben, EPTC, Metribuzin, Pendimethalin and 

Trifluralin through preplanting incorporated treatment and the mechanical weed control. The tuber yield 

displayed by the Ht cultivar ‘Columbia’, was not increased by weed control, whether via herbicides or hand 

weeding, when compared to weedy control treatments
71

. 

On the other hand the Jerusalem artichoke is able to produce the highest bioethanol yield 

when compared to the other crops suitable for that purpose. In fact, Ht provides similar 

bioethanol yields from tubers in comparison to sugarcane (Saccharum officinarum L.) stems 

(up to 6,
 
400 and 6,500 L ha

-1 
respectively)

72,73
 but alcoholic yields from Ht are much higher 
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in comparison to corn grain (2,680 L ha
-1

), wheat grain (1,800 L ha
-1

), sweet sorghum stem 

(3,160 L ha
-1

)
74

, sugarbeet roots (3,185 L ha
-1

)
75

. 

Therefore, among the few species eligible for fitting a scheme suitable to design low-input 

cropping systems dedicated to bioethanol production, Ht is an ideal candidate because of the 

positive energy balance related to its life-cycle expected to be better than other important 

crops grown in order to produce bioethanol.  

In fact, the Output/Input energy ratio estimated for various relevant crops when producing 

bioethanol is ranging from about 2 (wheat, corn, sugarbeet) to nearly 10 (sugarcane) (Fig 

10a)
76

. Because the Jerusalem artichoke is able to produce as much as alcohol as sugarcane, 

whereas it needs less energy for crop management requirements in terms of fertilizers, 

irrigation water and pesticides in comparison to the other crops
76

 (Fig. 10b), such as 

sugarcane and corn, the most important crops providing biomass convertible into bioethanol 

in Brazil and USA, respectively, it would be expected to provide the highest Output/Input 

energy ratio. 

 

Hence, the Jerusalem artichoke could become an alternative to dismissed maize or sugar-

beet or grape cropping systems in either the crop rotation with winter cereals or in their 

continuous cropping system.  
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Fig. 10 – Energy input and output related to 

some relevant crops producing bioethanol. 
Energy Output/Input ratio for the entire life-cycle 

related to some crop providing bioethanol (a) and 

energy input dealing with pesticides supply to both 

sugarcane and corn, the most important bioethanol 

crops in Brazil and USA, respectively (b). Modified 

by Macedo et al. 2008. 
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Finally one has to take on account as the Jerusalem artichoke is a non-food crop so that its 

cultivation for bioenergy purposes doesn’t divert the limited land area from cultivation aimed 

to get grain, sugar or tubers for human nutrition and doesn’t influence the global food prices.  

Ht has the full set of attributes that make it an important dedicated bioenergy crop.  

1.5. Biomass production and carbohydrate biosynthesis and storage during plant 

growth in Helianthus tuberosus L.  

The deposition of dry matter in Ht plant varies among different clones depending on their 

growth characteristics, photoperiodic requirements, time of planting, location and other 

factors. However exists a general pattern of development and deposition of dry matter 

illustrated for the typical Ht clones, flowering when short-day conditions occuring
77

.  

The growth cycle starts with tuber shooting in early spring and finished with the tuber 

maturation in early autumn. The accumulation of photosynthesized into complex 

carbohydrates occurs before in the stem, then those are hydrolyzed and transferred as sucrose 

into growing tubers where a next and final accumulation takes place.  

Development of Ht plants can be separated into 5 primary stages: emergence and canopy development, 

rhizome formation, flowering, tuberization and senescence, covering about 32-34 weeks.  

On a numerical basis, within the 8
th

 week from tuber planting the growth of the aboveground organs, stems 

and branches, has reached a plateau phase, when approximately ⅔ of the leaves have been formed.  

Rhizomes has formed by starting from the 8
th

 until the 12
th

 week. The enlargement of the rhizomes into tuber 

continues from 12
th

 to 32
nd

 weeks. During the tuber development, between the 20
th

 and 28
th

 week, both the ⅓ 

foliar surface left is emitted for sustaining the tuber growth, and flowering occurs. 

The dry matter accumulation in aboveground plant organs takes tremendously place between the 8
th

 and 18
th
 

week, along with a progressive increase in rhizomes and tuber number. At 18-20
th

 week stems and branches 

make up the largest percentage of the dry matter (up to 80%), with leaves comprising the majority of the 

remainder. The lower node comprise the majority of dry matter
78

. 

Recycling of dry matter from aboveground organs to enlarging tuber starts a little while before flowering 

time and new assimilates are no longer directed toward the stem apex but to enlarging tubers at the time when 

flowering occurs although there is not a relationship between flowering and tuber ripening. In fact, while 

flowering is influenced by photoperiod, tuber ripening does not
79

. The maximum loss in stem and branch dry 

matter begins around the 19
th

 weeks after planting and continues until the 28
th

 week. During this time the tuber 

size and weight increase is also maximum
78,80

. The relative growth rate of tubers at this time is nearly 35 mg g-
1
 

day
-181

.  

In Fig. 11 is showed the dynamics of the partition of dry matter, expressed as total amount 

of carbon per plant, to the different organ in Ht plant during the growth cycle. 
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The dry matter yields reach about 12,000 and 9,000 kg ha
-1

 in stems and tubers, harvested at the time of their 

maximum carbohydrate content
51

, and 12,000-13,000 kg ha
-1

 at all at the date of tuber harvesting
75

 (stem dry 

matter is about ⅓ of tuber dry matter). The percentage of dry matter allocated to the tubers at harvest is 65-75%, 

comparable to sweetpotato (Ipomoea batatas L)
82

. 

Complex carbohydrates stored by Ht plants are essentially represented by fructans and 

therefore carbon in Ht is predominantly in the form of fructans
83

. Tuber heterotrophic tissues 

do not contain detectable amount of starch, the predominant form of storage glucose polymer 

among plant species.  

The tubers of Ht typically comprise about 80% of water, 15% carbohydrates and about 1-2% proteins, 

virtually no fats and have a relatively low calorific value. 

Fructans consisting in reserve fructose polymers, widespread throughout Bacteria
84

 as well 

as Plant kingdom
85

. Among plants, fructans are present in grasses
86,87

, such as forage (Phleum 

pretense L., Festuca arundinacea Schreber) and cereal (Triticum aestivum L., Hordeum 

vulgare L.) species, as phleins and highly branched polymers, respectively, Asparagus, Allium 

and other genera belonging to the Liliaceae clade, as neokestose derivatives, and among 

Asteraceae clade
88

 where fructans are stored as inulins.   

 

Fig. 11 – Distribution of dry matter in terms of carbon in growing Ht plant. 
Accumulation and partition of dry matter, expressed as carbon plant content, among the 

different organs during the growing season. Data are referred to growing conditions occurred 

at 30°57’ N. Modified by Sombda et al. 1999.  

Weeks after planting 
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Each class of fructans is characterized by the type of glicosidic bond extant between two next fructose 

residues: -(2→1) (inulins and neokestose series), -(2→6) (phleins), -(2→1) and -(2→6) (heterogeneous 

fructans).  

In particular, in both tuber and stem of Jerusalem artichoke are mostly biosynthesized and 

stored the water-soluble inulins, a mixture of polymers containing 30-35 fructose residues 

(degree of polymerization, dp=30-35). On a quantitative basis, the Jerusalem artichoke and 

chicory are the most important inulin-storing crops. It was assessed as in Ht, the inulin 

content of tubers ranges between 7 and 30% of fresh weight, whereas a content between 8 and 

21% is considered typical and the inulin incidence on tuber dry matter amounts at nearly 

50%
89

.  

Photosynthesis occurring in aerial organs forms glucose as the first sugar in the leaves, 

with fructose and sucrose coming soon after. Carbohydrate are temporary stored as inulins 

and negligibly starch
90

. During the night the inulins stored into leaf cells are hydrolyzed to 

sucrose which is transferred into stems and branches. In those organs, inulin polymers are 

again synthesized and stored according to a concentration gradient increasing toward the top 

of the stem. Inulins with a higher dp are more likely to be found in the upper part of the 

lignin-containing stem, whereas inulins with a lower dp occur more frequently at the base of 

stem
91

. Starting at 20
th

 week from planting, inulins stored into stems and branches are 

hydrolyzed to sucrose which is moved in the tubers where a final storage occurs. 

Consequently their dp goes down ranging from 4 to 12 residues in mature stems in the fall
92

. 

Biochemical aspects regarding both inulin structure and dynamics were thoroughly 

studied
93

. 

For 11 cultivars essayed for inulin content, polysaccharides (dp>4) ranged from 55.8 and 77.3% of total 

carbohydrates, trisaccharides (dp=3) from 9.7 and 16.5% and disaccharides (dp=2) from 8.2 and 18.3%
94

.  

Inulins in Jerusalem artichoke are typically a mixture of linear fructose chains in whicha 

glicosidic-(1-2) bond occurred between two next D-fructose resides with a terminal 

glycopyranose unit at the reducing end (Fig. 12), whereas branched inulin chains produced 

via -(2-6)-glicosidic linkages occurred with a low frequency
95

.  

The exact chemical name conventionally used and accepted for inulin polymers is alpha-

D-glucopyranosyl-[beta-D-fructofuranosyl](n-1)-D-fructofuranosides (GpyFn). 

It was ascertained as the first fructose residue is added to a sucrose (Glucose + Fructose = 

GF) molecule producing a 1-kestose (Glucose + Fructose + Fructose = GF2) molecule (dp=3), 

then further polymerization occurs through addition of a new fructose residue to growing 

chain, the donor of that one being either sucrose (GF) or a fructan polymer (GFn)
93

.  
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   Fig. 12 – The molecular structure of inulins. 

Inulins are a kind of linear fructans polymers showing a -(1-2) bond in the 

chain between two next fructose monomers. Levans are a branched kind of 

fructans showing a -(2-6) bond causing the branched. Inulins are the most 

important fructan in both tubers and stems of Jerusalem artichoke. 

 

Inulin stored in the tuber during rhizome growth and enlarging into tubers are already 

hydrolyzed partly during tuber storage process and mostly thereafter when tuber sprouting. 

According to Edelman & Jefford (1966) in Ht tubers there are two key enzymes involved 

in inulin biosynthesis named Sucrose:sucrose-1-fructosyltransferase (1-SST) and 

Fructan:fructan-1-fructosyltransferase (1-FFT). 

The inulin synthesis take place through two different steps: the former involves 1-SST 

which catalyzes the formation of the triose 1-kestose from both sucrose and fructose, whereas 

the latter involves 1-FFT which catalyzes the inulin chain stretching by adding a fructose 

residue from sucrose molecule or 1-kestose or 1,1-nystose (GF3) or a fructan with a dp higher 

than 3 to n-1 fructose-long chain. It was also guessed that both the 1-SST and 1-FFT are 

located across the vacuole tonoplast membrane and that 1-kestose is synthesized into 

cytoplasm, whereas 1,1-nystose and GFn inulin polymerization and accumulation occurs into 

vacuole
93

. 

The assumptions made by Edelman & Jefford about 1-SST and 1-FFT behavior was confirmed by several 

studies focused on chemical kinetic properties of the two enzymes, evaluated through in vitro experiments
96

. In 

fact, it was showed as in vitro concerted action of 1-SST and 1-FFT enzymes leads to the synthesis of inulin 

from sucrose substrate. Furthermore, the localization of inulin polymerization in vacuole organelle was 

confirmed by other studies
97

. 
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The above described hypothesis funded on two step-based pattern for inulin biosynthesis was corroborated 

by genetic transformation experiments. DNA sequences encoding for both 1-SST and 1-FFT enzymes were 

identified from a Ht cDNA library, cloned and used with the aim to transform plants of Petunia that do not 

normally synthesize fructans. After transforming the plants acquired the ability to produce inulin, proving the 

involvement of 1-SST and 1-FFT enzymes in inulin synthesis
98

.  

With regard the physical properties of inulin the Nuclear Magnetic Resonance (NMR) spectroscopy and 

other physical analysis showed as Ht inulins are consisting of randomly ordered chains
99

 rod-shaped when 

staying in aqueous solution with maximum dimensions of 5.1 x 1.6 nm
100

. With crystallization, the molecules 

form helices that are stabilized by hydrogen bonds as ascertained by Electron Diffraction carried out on single 

inulin crystal
101

. Table 1 reported some principal chemical and physical characteristics of inulin from Jerusalem 

artichoke. 

 

 

 

 

 

 

 

 

  

 

 

 

1.6. Biomass conversion processes into ethanol from Helianthus tuberosus L. 

feedstock. 

Ethanol produced by using biomass fedstock is known as bioethanol and the production 

process involves the fermentation of pre-treated and suitably ground material by yeast or 

bacteria
102

.   

Bioethanol is a colorless, water-soluble and volatile liquid being increasingly added to gasoline to enhance 

thermal engine performance through octane boosting. The higher is octane number of a fuel, the shorter is the 

delay between the fuel injection in the engine and self-ignition. That reduces knocking phenomenon, 

determining an enhancement of the thermal engine performances, at last. Furthermore, the emission of exhaust 

compounds such as CO is reduced, thereby improving air quality.    

PARAMETER INULIN OLIGOFRUCTOSE 

Average polimerization degree (pd) 12 4 

pH (10% w/w) 5-7 5-7 

Sulfated ash (% dry matter) < 0.2 < 0.2 

Heavy metals (% dry matter) < 0.2 < 0.2 

Solubility at 25 °C (g L
-1

) 120 > 750 

Viscosity in water (5%) at 10 °C (mPa sec) 1.2-1.3 1.0 

Appearance White powder White powder 

Sweetness vs sucrose (%) 10 35 

Taste Neutral Moderately sweet 

Functionality in food Fat replacement Sugar replacement 

Tab. 1 – Physical and chemical parameters of inulins from Helianthus 

tuberosus L. 
Some principal both physical and chemical characteristics of inulin from of 

Helianthus tuberosus L. The table has the aim to evidence as the reported 

parameters can vary with the pd of polymers (from Kays & Nottingham, 2007). 
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Ethanol produced by Jerusalem artichoke has been recognized as promising biofuel since 

1920s and improvements related to an efficient production of bioethanol from Ht have been 

gone on
103

. 

In order to get bioethanol from tubers or stems of Jerusalem artichoke, they are firstly pre-

treated by grinding to produce a pulp from which a juice is separated. After juice extraction 

the lignin compounds are removed and cellulose and hemicelluloses digested into fermentable 

compounds by partial or complete hydrolysis through sulfurous acid, exogenous enzymes or 

enzymes from both bacteria and fungi. 

The inulins present into Ht juice are totally digested into fructose by operating both acid or 

enzymatic hydrolysis before fermentation
104

.  

Acid hydrolysis is carried out by highly acidifying (pH=2-3) with a strong acid and heating 

at 70°C to 100°C
105

 the digestive chemical environment including inulins.  

A high acid concentration generally requires lower temperature and viceversa
106

. Typically by adopting this 

method, contaminant are produced which have to be eliminated. 

Inulins are preferentially digested using an enzymatic-based hydrolysis
107

. In this way, the 

juice inulin-containing is heated, then inulins hydrolyzes by exploiting a suitable hydrolytic 

enzyme named inulinase.  After cooling the juice is ready for undergoing the fermentation.  

There are two kind of inulinases: endo-inulinases (-D-fructofuransoidase), capable to break down the 

glicosidic linkages inner the inulin chain and producing fructan polymer shorter and exo-inulinases (2,1--D-

fructan fructanohydrolase) cleaving the external glicosic linkages and therefore capable to determine an integral 

digestion of inulins. Exo-inulinases are usually used for the purpose of inulin degradation and they are extracted 

by several species of micororganism
108

, such as bacteria, fungi and yeasts, typically from the same 

microorganism species used for performing the following fermentation process. 

When digestion of inulins is performed by acid hydrolysis then the fermentation of the 

fructose syrup is operated by using either the bacterium Zymomonas mobils or yeasts such as 

Schizosaccharomyces pombe. 

When digestion of inulins is got by an inulinase treatment, then the fermentation is 

produced by the same microorganism source for inulinase. The fungus Aspergillus ficuum is 

exploited for the inulinase purification and for fermenting the fructose syrup produced by the 

related inulinase
109

. 

However the most efficient method to convert biomass from Ht into bioethanol is 

represented by a direct fermentation or simultaneous saccharification and fermentation (SSF) 

through some yeast species possessing an inulinase activity, such as Kluyveromyces 

marxianus. Those microorganisms are able to both hydrolyze inulins and convert the fructose 

into ethanol
110

. 
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Ht biomass 

(Stems and branches, tubers) 

Pre-treatment 

(Tissue washing and grinding, inulin-rich juice extraction) 

Saccharification of inulin-rich juice  

(acid or inulinase-based  hydrolysis) Simulatenous saccharification  

and fermentation (SSF) 

(based on inulinase-producing yeasts) 

 

Distillation, drying 

 and ethanol recovery 

Fermentation of fructose-rich syrup  

(with bacteria or yeasts) 

Fig. 13 – Schematic view of the two routes for Jerusalem artichoke biomass conversion. 

The first is based on two separated steps of saccharification and fermentation, whereas the second 

uses a simultaneous saccharification and fermentation process carried out by suitable inulinase-

producing yeast species. 

 

 

 It was assessed that SSF fermentation, yields the highest amount of ethanol at an ideal pH 3.5 after 

proceeding a week in a semi-continuous culture
111

, whereas in batch and continuous culture, the optimal pH is 

ranging between 3.5 and 6.0
112

. Optimal temperature related to fermentation processes based on inulin-containg 

yeasts is rather variable, 28-40°C
113

, although the higher is temperature, the lower is the tolerance to alcohol by 

the yeast cells and more likely is the stoppage of fermentation.  

Several yeast species are able to produce high rates to ethanol conversion, such as Kluyveromyces spp., 

Candida and Saccharomyces spp.
114 

and using the yeast species K. marxianus and typical Ht dry matter 

production per land area, ethanol yields of 7,500-8,500 L ha-
1
 can be obtained. 

Another efficient system to produce ethanol is based on the use of Zymomonas mobils bacteria species. As 

the bacterium does not contain inulinase enzyme, then either acid or enzymatic hydrolysis of inulins has to come 

before fermentation. That bacteria species operates a satisfying conversion of Ht biomass into ethanol, at pH 4.0-

5.0 and temperature 30-40 °C, due to its ability to grow in both high sugar and alcoholic concentration that is the 

major limit displayed by SSF fermentation based on K. marxianus.  

In Fig. 13 are wrapped up in a schematic view the main steps of conversion of Ht biomass into bioethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conversion factor of biomass from Jerusalem artichoke into ethanol is ranging between 0.45 and 0.81, the 

mean value being around 0.6, depending on clone and environment conditions.  

In fact, several trial took demonstration for those values. By comparing 17 different clones, it was ascertained 

as the ethanol yield varied between 5,589 and 2,630 L ha
-1

, from correspondent tuber dry matter yield of 12,200 

and 5,600 kg ha
-1

, respectively
115

. In a Canadian trial, a given clone produced 5,780 and
 
2,423 L ha

-1 
of ethanol 

from correspondent tuber and stem fresh matter yield of 42,000 and 12,000 kg ha
-1

, respectively
75

. 
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Kingdom Plantae 

Subkingdom Tracheobionta 

Superdivision Spermatophyta 

Division Magnoliophyta 

Class Magnoliopsida 

Subclass Asteridae 

Order Asterales 

Family Asteraceae 

Genus Helianthus L. 

Species Helianthus tuberosus L. 

Fig. 14 – Taxonomic classification of Helianthus tuberosus L. 
Source: Stanley K & Nottingham SF, 2007. Biology and Chemistry of Jerusalem 

Artichoke-Helianthus tuberosus L. CRC Press.  

1.7. Center of origin and phylogenesis of Helianthus tuberosus L. 

Helianthus tuberosus L. is an hexaploid (2n=6x=102), perennial and tuberous species 

whose modern common names are Jerusalem artichoke (English), Topinambur (Italian, 

German), Topinambour (French) and Tupinambo (Spanish), belongs to Asteraceae botanic 

family (also named Compositae until 1972) and Asterales order. The exact classification of Ht 

is provided in the prospect in Fig. 14. 

 

 

 

 

 

 

 

 

 

 

 

 

It is native to North American subcontinent like the other species of the genus 

Helianthus
116

. 

 Reliable hypothesis about the exact center of origin of Ht, was firstly proposed by the 19
th

 century’s eminent 

American botanist Asa Gray who assumed Ht was likely originated from Ohio and Mississippi river valley based 

on the fact that local aborigines used to grow Ht plants due to their large diffusion throughout those regions
117

. 

However the overlapping areas of distribution areal of possible Ht progenitor species, neither extinct nor 

have been cultivated and therefore distributed by people, points toward the eastward part of Great Plains of the 

upper Midwest region of the actual USA the most probable area where Ht originated
116

. 

The basic haploid chromosome number for the species of genus Helianthus is equal to 

17
118

, and it contains diploid (2n=34), tetraploid (2n=4x=68) and hexaploid (2n=6x=102) 

species, classified by different authors (Heiser et al. 1969
119

, Gower et al. 1971
120

, and 

Schilling & Heiser 1981
121

) in four different sections differently defined by each of them. 

According to Shilling & Heiser (1981) the Helianthus genus includes on the whole 49 

species, belonging to the sections I Helianthus, II Ciliares, III Agrestes, IV Atrorubens (Fig. 

15) on the basis of their peculiar morphological traits. 
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H. annuus L. 

Diploid  2n=34 

Tetraploid 2n=4x=68 

Diploid 2n=34 

Tetraploid 2n=4x=68 

Hexaploid 2n=6x=102 

Diploid 2n=34 

Tetraploid 2n=4x=68 

Diploid 2n=34 

Annual 

Perennial 

None 

None 

H. floridanus A. Gray ex Chapman 

H. carnosus Small 

H. silphioides Nutt. 

H. pauciflorus Nutt. 

None 

H. glaucophyllus Smith 

H. microcephalus T.&G. 

H. smithii Heiser 

H. laevigatus T.&G. 

H. eggertii Small 

Rhizomes 

and tubers 

Rhizomes 

and tubers 

Rhizomes 

and tubers 

     - 

     - 

Ciliares 

Pumili 

Corona-solis 

Microcephali 

Atrorubentes 

Angustifolii 

H. atrorubens L. 

H. occidentalis Riddell 

H. tuberosus L. 

III 

Ciliares 

II 

Agrestes 

I 

Helianthus 

IV 

Atrorubens 

H. anomalus Blake 

H. argophyllus T.&G. 

H. bolanderi A. Gray 

H. debilis Nutt. 

H. deserticola Heiser 

H. exilis A. Gray 

H. neglextus Heiser 

H. niveus (Benth.) Brandegee 

H. petiolaris Nutt. 

H. paradoxus Heiser 

H. praecox Engelm.& A. Gray 

H. agrestis Pollard 

H. arizonensis R. Jackson 

H. laciniatus A. Gray 

H. ciliaris DC. (1) 

H. cusickii A. Gray 

H. gracilentus A. Gray 

H. pumilus Nutt. 

H. salicifolius Dietr. 

H. decapetalus L (2) 

H. divaricatus L. 

Gray H. nuttallii T.&G. 

H. giganteus L. 

H. grosseseratus Martens 

H. mollis Lam. 

H. maximilianii Schrader 

H. hirsutus Raf. 

H. strumosus L.(3) 

H. resinosus Small 

H. californicus DC. 

H. schweinitzii T.&G. 

H. angustifolius L. 

H. heterophyllus Nutt. 

H. longifolius Pursh 

Ploidy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Helianthus genus is very variegated due to the different level of ploidy
122,123,124,125

(diploid, tetraploid and 

hexaploid), growth cycle (annual or perennial), and ability to belowground organs like rhizomes enlarging in 

tubers, displayed by the species included in the genus
119

. The main representative species, H. annuus (Ha), is 

diploid (2n=2x=34), annual and non-rhizomatous. The geographical distributions of the species included in the 

genus Helianthus are depicted in Fig. 16. 

Section Storage  

organs 

Growth 

cycle 

Species Series 

Fig. 15 – Taxonomic classification within genus Helianthus. 
Classification of the species belonging to the genus Helianthus according to Schilling & Heiser (1981). 

Alternative tetraploid forms exist for H. decapetalus (2) as well as H. ciliaris (1) and H. strumosus (3). 
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Fig. 16 – Geographical distribution of the Helianthus species in the USA. 
Maps show the distribution of non-tuberizing diploid species (A), tuberizing diploid species (B), 

tetraploid (C) and hexaploid (D) tuberizing species of the genus Helianthus. The name of each species is 

centered on the geographical area where the highest population density has been found for that species. 

Maps were reconstructed by using the ArcMap GIS software starting from original data from  ‘The 

Biota of North America Program’ website and Rogers et al. 1982, Sunflower species of the United States. 
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The sunflower (Ha) and other species belonging to the section Helianthus as well as 

section Agrestes are diploid annuals and non-tuberizing species. Instead, the species included 

within both sections Ciliares (except for the diploid H. arizonensis and H. laciniatus) and 

Atrorubens are perennials. The majority of the member species of the section Atrorubens, 

such as Ht, are rhizomatous and tuberizing (Fig. 15).  

Other minor morphological traits distinguishing the different sections are dealing with plant height (very 

variable in section Helianthus from 25 to 400 cm and in general less than and more than 100 cm in sections 

Ciliares and Atrorubens, respectively), leaf disposition on stems and branches (mostly alternate in sections 

Helianthus and Agrestes, usually opposite in sections Ciliares and Atrorubens), color of style branches and disk 

corollas (typically red to purple in sections Helianthus and Agrestes, yellow in sections Ciliares and 

Atrorubens). Efforts were made in the recent past to better clarify the genealogical relationship linking the 

Helianthus species on the basis of their cross compatibility (Tab. 2). 

 

 

 

 

 

 

Efforts in order to reconstruct the phylogenetic relationships among the species belonging 

to genus Helianthus were also made to gain molecular evidence from the polymorphic 18S-

26S ribosomal DNA external transcribed spacers (ETS)
126

, chloroplast DNA restriction 

data
127

, and RAPD molecular markers
128

.  
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annuus - x x   x x x x  x 

argophyllus x - x     x    

niveus x x -         

D 

P 

angustifolius x  x - x x    x  

nuttalli   x  - x    x  

maximilianii x   x x - x     

decapetalus x     x -  x   

T 

P 

hirsutus x x      - x  x 

strumosus x      x x -  x 

H 

P 

schweinitzii    x      - x 

tuberosus x       x x x - 

Tab. 2 – Hybridization occurrence among a subset of Helianthus species. 
After that a wide plan of controlled hybridizations among all the species belonging to genus 

Helianthus was carried out (Rogers et al. 1982) it was possible to roughly define phylogenetic 

relationships among the Helianthus species. A matrix inherent the hybridization occurrence among 

the crew of species considered to include the most probable Ht ancestors because of sharing several 

traits to Ht and overlapping of their native areal to Ht, is reported. 
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A highly resolved and conserved gene tree for the Helianthus genus was obtained
126

, 

evidencing as at least four different genomes exists in the Helianthus genus
128

, named 

“genome A” (unique to Atrorubens section), “genome C” (common to all of the three 

Helianthus sections), “genome H”  (unique for section Helianthus), and “genome P”  

(common to all of perennial species). Uncertainty cover the genealogical position of the 

diploid species H. agrestis and H. porteri with respect to the four sections of Helianthus
127

. 

Two different hypothesis could explain the origin of Ht: (a) the species would have been 

risen from hybridization between a diploid and tetraploid Helianthus species, or (b) it 

descended by natural selection from an extant hexaploid species.  

Heiser (1976) sustained hypothesis a and suggested that hybridization occurred between a 

diploid and a tetraploid Helianthus species widespread throughout eastward and central North 

American continent, overlapping the geographic area where Ht populations are 

widespread
116,129,130

.  

Excluding from the list of candidate ancestors those species whose life-cycle traits and 

geographical distribution were different from that of Ht, Heiser (1976) considered H. 

decapetalus, H. hirsutus and H. strumosus the most likely tetraploid parents for Ht.  

On the basis of its higher resemblance to Ht, Heiser (1976) indicated H. hirsutus as the 

most probable tetraploid ancestral species of Ht. Concerning the diploid parent, Heiser (1976) 

didn’t consider H. annuus as probable ancestral parent due to the westward diffusion of the 

species in North America. If sunflower was the diploid parent, it would have been moved 

from native Indians territory to the central and eastern part of the continent so that Ht would 

be a very youthful species, perhaps a few thousand years, which would have dispersed on an 

extensive environmental range in a relative short time.  

Heiser (1976) guessed the diploid perennial H. giganteus or H. grosseserratus as the most 

solid candidate to the role of diploid parent of Ht. 

Cytolgenetic studies
118,119,123,124 

revealed that hybrids occurring between Ht and both H. 

annuus and H. hirsutus showed multivalent chromosome pairing during the metaphase of 

meiosis I indicating as homology relationships between genomes from Ht, H. annuus and H. 

hirsutus would exist. Although no chromosome pairing between chromosome from Ht and H. 

strumosus, H. resinosus. H. rigidus, H. schweinitzii were observed in mother cells of hybrids, 

those resulted highly fertile. 
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Those evidence indicate H. hirsutus and H. strumosus as the candidate for the tetraploid 

parental species of Ht, whereas H. annuus could be considered among the diploid candidates 

(Tab. 3). 
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An allopolyploid origin of the majority of the Helianthus polyploid species is confirmed by 

morphological, cytological, geographical and chemical data. Spring & Schilling (1991) 

analyzing the profile for sesquiterpene lactone (STL) secondary metabolite, considered the 

origin of Ht as consequential to the cross occurred between H. strumosus and a not specified 

diploid species
131

. Cytological evidence led Cauderon (1965) to narrow the range of the 

diploid species to the annuals only
132

. Biochemical and molecular data were suggested by 

Bizzarri & De Pace (2010) as showing sunflower as a possible diploid annual parental 

ancestor of Ht
133

. 

The studies focusing on the 18S-26S ribosomal DNA ETSs suggested H. decapetalus as 

the most similar tetraploid species to Ht and as a hybridization event involving a diploid, 

perennial and rhizomatous species such as H. maximilianii, H. giganteus, H. grosseseratus 

and H. nuttallii perhaps determined the rise of Ht
126

.  

To date it seems likely that Ht could have been risen as a consequence of an hybridization 

event in which a rhizomatous perennial and a tetraploid species have played a major role. 

However the nature of the diploid parent, annual non rhizomatous or perennial rhizomatous, 

H. tubeosus 

vs. 

Hybrid Chromosome pairing 

Type Fertility R M U B+F 

H. annuus A,N Low - x x x 

H. hirsutus A Low - x x - 

H. strumous A High - - - - 

H. resinosus A High - - - - 

H. schweinitzii A High - - - - 

Tab. 3 – Chromosome pairing between Ht and some 

Helianthus species. 
Hybrids between Ht and the tetraploids H. strumosus and 

hexaploids H. resinous and H. schweinitzii artificially (A) 

produced showed a high fertility. Hybrids naturally (N) 

and artificially occurring between Ht and H. annuus 

displayed some multivalent (M) chromosome pairing and 

bridges and fragments (B+F) at metaphase of meiosis I 

plus univalents (U) as well as hybrids between Ht and H. 

hirsutus (from Jan 1997).  
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a b c 

Fig. 17 – The different kind of growth habits shown by Jerusalem artichoke clones. 
Three main plant architectures are existing among Ht clones: the mono-stem (a) and semi-brushy (b) 

types are typical of cultivated clones fitting an high (a) and low (b) plant density condition required by 

different cropping systems. The brushy type (c) characterized the wild clones widespread in semi-

natural environments. The pictures regard three different clones grown at Experimental Farm of 

University of Tuscia, Viterbo, Italy, in 2010: ‘K8-HS142’ (a), ‘Violet de Rennes’ (b) and the semi natural 

clone ‘CSR’ native from Latium, Central Italy. The sprouting of either only the apical (a) or also the 

lateral (b, c) buds of tubers determine the different number of the stems showed by the adult plant. 

has not yet been clarified. Furthermore the identity of the diploid ancestor of the tetraploid 

parental species of Ht, remains unknown. 

1.8. Botanical aspects of Helianthus tuberosus L. 

Several studies were focused on description of the variation of morphological traits 

existing among Ht clones under uniform environmental conditions
134

. 

The number of stems arising from the seed-tuber as well as the number of lateral branches 

per stem determines the possible plant architecture in Ht.  

There are three possible growth habits among Ht clones: i) monostem types are characterized by producing 

only one stem from the sprouting of the seed-tuber, showing a little attitude to emit lateral branches (Fig. 17a), 

ii) semi-brushy types are used to emitting 1-2 stems from the seed-tuber and a number of lateral branches come 

out from each stem (Fig. 17b), iii) brushy types showed a number of stems higher than 3 and each of them emits 

a large number of lateral branches (Fig. 17c).  
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a b c d e 

Fig. 18 – Different variants of the lanceolate-shaped leaves of Helianthus tuberosus L. 
Five variants of the typically lanceolate-shaped Ht leaves from different clones: ‘Violet de Rennes’ 

(a), ‘CU-3B’ (b), ‘D19-HS2’ (c), ‘K8-HS142’ (d) and the semi-natural ‘CSR’ (c) grown at 

Experimental Farm of University of Tuscia, Viterbo, Italy in 2010.  

The first and second growth habit are typical of cultivated clones, fitting a high and low 

plant density, respectively, desired in the cropping system design, whereas the third is 

common among the wild clones, fitting the semi-natural requirements. The monostem types 

deriving from the sprouting of the apical tuber bud only, whereas both the semi-brushy and 

brushy types come from the sprouting of the lateral buds as well, due to the fact that a lower 

apical dominance is working. 

The number of branches can vary from 0 (monostem clones) to over 100 (brushy clones), on the basis of both 

plant population density and genotype influencing the growth habit
135

, according to 4 different patterns: 1) 

branches occurring all along the stem, 2) only in the lower part of the stem, 3) only in the upper part of the stem 

and 4) on the lower and upper part of the stem. The color of stems and branches is typically either green or 

violet. 

The leaves are simple, 300-1000 per plant
136

, occurring along the stem opposite at the 

bottom and alternate al the top, showing a shape varying from lanceolate to lance-ovate (Fig. 

18), 10-20 cm long by 5-10 cm wide, scabrous above and pubescent below, colored from light 

to dark green. The leaves emerged from the central part of the stem are thought relevant in the 

final tuber yield
137

. 

 

 

 

The inflorescences of Ht, varying in number between 1 and 200 per plant, basically 

depending on the number of branches
136

, are located at the upper end of both stems and 

axillary branches, comprising a number of small heads (also named capitula), surrounded by 

a circle of yellow bracts, bearing both fertile self-incompatible tubular disk flowers and 

surrounding them, 10-20 sterile ray flowers.  
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The size of heads, when external bracts are comprised, varies in the range 7-12 cm, the 

disk diameter accounting for 14-17% of total head dimension
136

. The disk flower, on average 

60 per head, showed a circle of anthers closed each other surrounding the pistil. The interior 

of anthers is filled with pollen grains trough which the stigma passes at maturity, but since the 

flowers are self-incompatible, they must be pollinated by another clone for successful 

fertilization. 

Due to the irregular meiosis occurring in Ht, with the second metaphase often varying in 

the number of chromosomes from 49 to 53
138

, generally plants are sterile and very few fruits 

formed
139,140

, typically 3-50 per capitula and less than 1 in wild and cultivated clones, 

respectively
141

. That are achenes, wedge shaped, 5 mm long x 2 mm, 0.8-10.8 mg in weight, 

wide and black, gray or brown in color
142

.  

The rhizomes represent the extending outwards and slightly downwards of underground 

part of the stems, being able to be 25-70 per plant in number, 2-6 mm in width and 5-25 and 

150-200 cm in length in cultivated and wild clones, respectively
134,136

.  

In general, the higher is the number per plant, the longer is the average rhizome length
134

. 

They are generally white and enlarging at their tips in tubers during the tuberization time. 

Wild clones display  more numerous, longer and richer in bud rhizomes than cultivated 

clones
136

, because of their relevant role as asexual propagules. 

The tubers are modified stems to store large amount of fructans and represent the primary 

reproductive propagule.  

They are white, red, violet or brown in color, have a number of nodes very close to each 

other and display a diverse degree of apical dominance. When that is tough only the apical 

bud sprouts to generate a correspondent aboveground stem as occurs in the monostem clones, 

whereas if the apical dominance was weaker, a larger number of axillary buds would sprout, 

as happens in semi-brushy and brushy clones.  

The number is ranging between 30 and 95 per plant
136

.Tuber shape is varying from round 

to slender to irregular knobby
142

 on the basis of the genotype. However the tuber shaped 

earlier tend to be elongated and on long rhizomes, whereas the last formed are rounder and on 

short rhizomes
143

.  

Exactly there are 4 different tuber shapes, according to Pas’ko (1973)
174

: 1) pear-shaped, 2) 

short pear-shaped (1.5-1.7 times longer than wide), 3) oblong (2.2-2.5 times longer than 

wide), 4) spindle-shaped (3 or more longer than wide). The forms 1-3 are typical of cultivated 
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Fig. 19 – Different shapes of tubers formed by Helianthus 

tuberosus L plants. 
Different shapes of mature tubers collected from Ht clones wild ‘CSC’ 

(spindle, a), ‘K8-HS142’ (spindle, b), ‘4 14 C2 III’ (short pear, c), 2 3 VR 

III (pear, d), grown at the Experimental Farm of University of Tuscia, 

Viterbo, Italy in 2013. Tubers in  b, c and d are from cultivated clones, 

whereas in a is from a semi-natural clone. 

a b c d 

clones whereas 4 is peculiar of wild clones. The same author detected three different weight 

classes: small (< 20 g per tuber), medium (20-50 g per tuber) and large (> 50 g per tuber). 

In Fig. 19 are showed some tuber shapes. 

 

 

 

 

 

   

 

Complex carbohydrates, especially fructans, are biosynthesized and stored into vacuole 

organelle of the parenchyma tuber cells.  
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2. RATIONALE OF THE RESEARCH. 

One of the most important breeding objective for Jerusalem artichoke trait enhancement is 

the increased ability to store larger amount of carbohydrates into tubers in order to obtain 

higher bioethanol production per unit of land used, while maintaining low management inputs 

(low agrochemicals for fertilization and diseses and pest control, and water supply only to 

avoid drought). 

Marker Assisted Selection (MAS) may help selection of suitable clones in half-sib and full-

sib progenies, but genetic markers are need especially for genes encoding key enzymes of the 

carbohydrate biosynthetic pathways. Expressed Sequence Tag (EST) may be a source of such 

markers.  

A multidisciplinary approach was used to identify, on the basis of the phenotypic 

performance in uniform field conditions, those clones expressing traits not considered in 

previous studies
144

 which are traceable to genes governing plant architecture, phenology, 

tuber shape and size, and response to disease such as powdery mildew. This phenomic 

approach was combined to the metabolomic approach to discover those clones producing the 

highest amount of carbohydrate per plant at the tuber and stem levels, and to the 

transcriptomic approach to identify those genes and related function highly expressed during 

tuber development. Using the genomic approach, genetic markers (PCR amplicons for a 

structural portion of the coding sequence) were discovered for the genes encoding the main 

enzymes involved in carbohydrate biosynthesis and used for bioprospecting new alleles in Ht-

related species and to infer the putative ancestor species of Ht.   

A phenomic study was conducted on a set of 67 different Ht clones belonging to the 

primary gene pools of the species, both wild and cultivated, grown during the period of time 

2010-2013 at the Experimental Farm of University of Tuscia, Viterbo, Italy, with the purpose 

to analyze the existing genetic variability for the main morphological (plant architecture and 

height, tuber shape and size) and physiological (flowering and tuberization times, resistance 

to environmental stresses such as drought and fungal diseases) traits affecting either directly 

or indirectly the ability to produce biomass during tuber development, mainly influencing the 

carbohydrate biosynthetic processes. 

Four Ht clones resulted the most interesting for suitably expressing traits affecting tuber 

biomass production ability, such as ‘K8-HS142’ (monostem type showing a high resistant to 

drought stress), ‘D19-HS2’ (monostem type), ‘CU-3B’ (semi-brushy type displaying a high 

precocity in starting the tuberization as well as resistance to powdery mildew fungal disease) 
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and ‘Violet de Rennes’ (‘VR’) (semi-brushy type showing both a high precocity in starting 

the tuberization and resistance to powdery mildew), were taken into account in order to carry 

out specific agronomic trials aimed to ascertain their tuber biomass performances in both 

rainfed and irrigated conditions. 

Analysis of the carbohydrate components of tubers and stem in different clones provided 

the data to support the choice od the clones with the highest carbohydrate output for unit on 

planted land to Ht. Such biochemical study was essential for the subsequent identification of 

the stage, level of expression, and gene markers for the most important genes underlying the 

carbohydrate synthesis determining the tuber yield biomass to be converted into bioethanol.  

The two Ht clones ‘K8-HS142’ and ‘VR’, ideal for fitting both high and low density 

planted cropping systems, respectively, showing different tuber biomass yields as well, ‘K8-

HS142’ being much more productive, were chosen in order to carried out a transcriptomic 

study based on a microarray method, aimed to analyze the temporal expression of the major 

genes involved in carbohydrate biosynthesis and storage during tuber development.  

Studies regarding the expression pattern of genes regulating complex carbohydrate 

biosynthesis were done in other crop species. By exploiting microarray analysis, it was 

possible to assess as a number of genes differentially expressed during caryopses 

development in Tritucum aestivum (common wheat) control starch synthesis and starch 

granule sizes
145,146

. Analog studies concerning carbohydrate biosynthesis were carried out on 

other organs such as stem
147

 and species such as Arabidopsis thaliana
148

, Gossypium hirsitum 

(cotton)
149

, Oryza sativa (rice)
150,151

, Solanum tuberosum (potato)
152,153

. In rice a study based 

on the identification of a set of regulatory genes working in modulate the starch biosynthesis 

was also carried out
154

. 

The gene expression regarding fructan biosynthesis was also well studied in several 

species belonging to the Poaceae clade such as common wheat
147

, barley (Hordeum 

vulgare)
155

 and Lolium perenne (ryegrass)
156

. Robust studies focused on expression of genes 

interested in fructan biosynthesis came from chicory (Chicorium intybus), a representative of 

Asteraceae clade. About 200 ESTs related to carbohydrate biosynthesis were detected and the 

genes involved in the regulation of 1SST and 1FFT as well as the hydrolyzing enzymes were 

investigated upon exposing of plantlets from in vitro culture to several external stimuli such 

as C and N medium concentration and growth temperature
157

. 

So far, neither studies focused on the gene expression during the tuber development in Ht, 

especially with regard to genes involved in the carbohydrate biosynthesis, or on the co-
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occurrence of fructan and starch biosynthesis in, respectively, the vacuole and amyloplast of 

heterotrophic tissues such as tubers of Ht were not done yet. 

With the purposes to: i) detect the set of Ht genes differentially expressed between the two 

Ht clones as well as over the tuber growth and ii) identify the most expressed genes tightly 

related to both inulins and starch biosynthetic processes, a genechip was designed containing 

about 9,000 EST sequences selected exploiting the bionformatic tool Blast2GO for being 

putatively involved in the carbohydrate biosynthetic process as well as the metabolic and 

biologic processes determining the carbohydrate storage into tubers, from the publicly 

available Ht_CHT(LMS)_norm library created by the US research consortium ‘The 

Compositae Genome Project’. The complex of selected ESTs was hybridized by using aRNA 

samples prepared by Ht tuber from both ‘K8-HS142’ and ‘VR’ clones at three different 

developmental stages, initial tuberization (T0), when rhizomes are turning and enlarging into 

tubers, active tuber growth (T3), when three different tuber nodes were produced, and final 

maturation (Tm), when the carbohydrate storage into tubers was completely occurred. 

Although fructans like inulins are the major reserve carbohydrate in the Ht tuber it would 

be relevant to ascertain if starch was also biosynthesized in tubers being eventually able to 

contribute to the total tuber carbohydrate content. In fact, a suitable road to improve the 

ability of Ht clones to produce tuber biomass convertible into ethanol could derive from 

enhancing their attitude to store larger amounts of total carbohydrates, that means not only 

inulins, but also starch. 

Therefore, the set of ESTs encoding for either enzymes or structural proteins directly 

(1SST, 1FFT) or indirectly (Sucrose/H
+
 symporter, SuSym) implied in fructan biosynthesis as 

well as ESTs encoding for either enzymes or structural proteins directly (Starch synthase 

[SS]) or indirectly (-Invertase [INV], Phosphoglucomutase [PGM], Sucrose synthase [SuS], 

UDPG pyrophosphorilase [UDPGP] and Glucose 6P-translocator [G6PT]) involved in the 

starch biosynthesis, was detected and their temporal expression magnitude compared. 

A further parallel metabolomic study was performed to determine the content of the 

biochemical products resulting at last from the gene expression process taking place during 

tuber development such as complex carbohydrate (inulins, starch) and draw a biochemical 

profile temporally corresponding to the gene expression and prove its reliability. 

The evidences from the transcriptomic study drove the next analysis of  the polymorphism 

for the set of genes encoding enzymes involved in both fructans and starch biosynthesis in Ht 

and other Helianthus species. Therefore, a genomic study was carried out in order to: i) pave 
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the way to sequence the BAC clones hatboring the structural and regulatory parts of those Ht 

genes encoding for the two key enzymes (1SST, 1FFT) involved in fructans biosynthesis, and 

ii) explore the amplicon polymorphism for genes involved in fructan (1SST, 1FFT, SuSym) 

and starch biosynthesis (SS, SuS, INV, PGM, G6PT) in different Helianthus species (the 

diploid not-tuberizing H. annuus, H. argophyllus, and H. niveus, the diploid tuberizing H. 

maximilianii, H. nuttallii, and H. decapetalus, the tetraploid H. strumosus and  H. hirsutus, 

and the and hexaploid tuberizing H. schweinitzii). The phylogenetic implication stemming 

from the comparative analysis of the amplicon patterns of the Helianthus species, will be 

evidenced.  
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Cultivated Wild 

 

Collection of 67 Ht clones representing a sample of the primary gene pool of the species 

Phenotypic analyses 

Agronomic and  

metabolomic analyses 

K8-HS142 D19-HS2 CU-3B VR 

Transcriptomic 

analyses 

Genomicc 

analyses 

Analysis of the polymorphism 

within genus Helianthus 

            → Ht clones 

            → Helianthus spp. 

 

Screening of a  

sunflower BAC library 

→’CSR’, ‘CU-3B’ 

              → H. annuss 

 

3. MATERIALS AND METHODS. 

3.1. PHENOMIC ANALYSES. 

3.1.1. Plant material 

A set of 67 different Ht clones were studied in a phenomic study for evaluating several 

phenotypic traits dealing with tuber carbohydrate biosynthesis and biomass production.  

Four different Ht clones, ‘K8-HS142’, ‘D19-HS2’, ‘CU-3B’ and ‘VR’ were compared in 

agronomic trials aimed to assess the most suitable ‘K8-HS142’ and ‘VR’ for carried out a 

transcriptomic study aimed to determine the expression profiles of genes implied in the 

carbohydrate biosynthesis during tuber development as well as a metabolimic study whose 

purpose was to get a biochemical pattern related to the gene expression.  

A set of 10 out of 67 Ht clones as well as the species H. annuus, H. argophyllus, H. niveus, 

H. angustifolius, H. maximilianii, H. nuttalli, H. decapetalus, H. strumosus, H. hirsutus and 

H. schweinitzzii belonging to the genus Helianthus were used to produce a genomic study for 

both bioprospetting new homealleles for their regulatory (screening a sunflower BAC library) 

and encoding region dealing with tuber carbohydrate biosynthesis and master the Ht 

genealogy. 

In Fig. 20 is schematically showed the different kind of plant materials used to carried out phenomic, 

transcriptomic, metabolomic and genomic studies.  

 

 

 

 

 

 

 

 

 

Fig. 20 – Plant material of Helianthus tuberosus L. 
Plant materials of Jerusalem artichoke used for carrying out the different kind of phenomic 

(phenotypic, agronomic), transcriptomic, genomic and metabolomic analyses. 
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3.1.2. Phenotypic evaluations. 

A set of 67 different Ht clones were studied for evaluating several morphological and 

physiological traits concerning both the aboveground and belowground organs dealing with 

either directly or indirectly carbohydrate biosynthesis and biomass production during tuber 

development. 

All the examined clones were belonging to either wild or cultivated sub-primary gene pool 

of the species and were grown at Experimental Farm of University of Tuscia (EFUT), 

Viterbo, Italy, during the period of time 2010-2013.  

The clones included into wild sub-primary gene pool were native to Latium and Umbria, 

Central Italy. 

Four different wild or semi-natural Ht clones were grown and essayed: ‘CSR’ and ‘CSC’ aboveground part 

of adult plants were collected in ‘Tuscia’ and ‘Sabina’ countryside of Latium, exactly in Ronciglione, Viterbo 

and Cittaducale, Rieti, respectively, and transplanted in the plots of EFUT. The two ‘CSA1’ and ‘CSA2’ native 

to Assisi’s countryside, Perugia, Umbria were collected at the same way of ‘CSR’ and ‘CSC’. 

Different kinds of clones included into the cultivated sub-primary gene pool were 

examined, such as the cultivars ‘Violet de Rennes’ (VR), ‘Dobrvosky’ and ‘Hungary’ and 

several half-sib progenies derived, at last, from four cultivars used as parental clones: ‘D19’, 

‘Fuseau’, ‘Nahodka’ and ‘K8’.  

The tubers of the parental clones ‘D19’, ‘Fuseau’, ‘Nahodka’ and ‘K8’ from which originated the half-sib 

progenies, were firstly received by Experimental Station of INRA (Institut National de la Recherche 

Agronomique) of Rennes, France in 1987. After one grown cycle at EFUT, different open pollination-based 

hybridizations  involving the four mentioned Ht clones  were produced so that 628, 28, 132 and 38 achenes were 

collected from 1232, 139, 936 and 236 capitula of ‘D19’, ‘Fuseau’, ‘Nahodka’ and ‘K8’ respectively
48

.  

Ten different genotypes showed interesting agronomic traits in comparison to their 

parental clones, but the ‘D19-HS2’ and ‘K8-HS142’ raised from achenes collected on ‘D19’ 

and ‘K8’ heads, respectively, were selected in 1995 from the respective half-sib progenies and 

propagated via tubers because of their best elected agronomic traits. In fact both of them 

showed both a monostem and unbranched growth habit fitting suitably a high density planted 

cropping system, as well as the highest tuber production per land unit (942 and 1456 g of 

fresh weight per plant in ‘D19-HS2’ and ‘K8-HS142’ in comparison to 796 and 822 g of fresh 

weight showed by the parental clones ‘D19’ and ‘K8’)
48

. 

Next open pollinations occurred during the time since 1990  involving further parental clones such as ‘VR’ 

and ‘Hungary’ added to the previous both cultivated clones and their half-sib progenies allowed to generate other 

different half-sib progenies. 

In Tab. 4 are listed all the Ht clones examined in the period of time 2010-2013.  
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Tab. 4 - List of different clones evaluated for the assessment of the genetic variability extant 

in the Helianthus tuberosus L. primary gene pool.  
Different clones belonging to the primary gene-pool of H. tuberosus were grown at EFUT during the 

2010-2013 period of time in order to carried out both morphological and physiological evaluations 

aimed to evaluate the extant genetic variability paving the way to diverse molecular studies regarding 

the genes involved in the carbohydrate biosynthesis occurring during tuber development sustaining 

the breeding dealing with the improvement of the ability to produce tuber biomass. The rough 

pedigree of main clones studied in this research listed on the left is given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clone Type Clone 

CSR 
Semi-natural clone collected in  

Ronciglione, Latium, Italy 

8 NAH-HS376 H20 A 

8 NAH-HS376 H20 B 

CSC 
Semi-natural clone collected in  

Cittaducale, Latium, Italy 

8 NAH-HS376 pt1 

8 NAH-HS376 ethrel 

CSA1 
Semi-natural clone collected in  

Assisi, Umbria, Italy 

1st seedling 4 NAH 

2nd seedling 4 NAH 

CSA2 
Semi-natural clone collected  

in Assisi, Umbria, Italy 

3rd A seedling 4 NAH 

4th seedling 4 NAH 

Dobrovosky 8 Cultivated clone 5th seedling 4 NAH 

Violet de Rennes (VR) Cultivated clone 1st A seedling 13 VR 

Hungary pt2 Cultivated clone 1 3 N IIIR 

K8-HS142 
Genotype from the first half-sib  

progeny from the ’K8’ clone 

3 16 C7 IIIR 

4 14 CU2 IIIR 

CU-3B 
Genotype from the first half-sib 

 progeny from the ’Hungary’ clone 

K8T43 pt1 

K8T43 pt2 

D19-HS2 
Genotype from the first half-sib 

 progeny from the ’D19’ clone 

5 clone 5 pt1 

5 clone 5 pt2 

2 Fuseau HS6 ethrel pt3 exp1 

Genotypes from the first half-sib  

progeny from the ’Fuseau’ clone 

5 clone 5 pt3 

20 Fuseau HS6 H20 pt1 5 clone 5 pt4 

20 Fuseau HS6 ethrel pt1 6 clone 6 pt1pt1 

20 Fuseau HS6 H20 pt2  6 clone 6 pt1pt2 

20 Fuseau HS6 ethrel pt2 19 clone 10 ethrel 

2nd seedling 12 K8 pot801 

Genotypes from a next half-sib 

progeny descendent from the ’K8’ 

clone  

19 clone 10 pt1 

3rd seedling 12 K8 pot802 19 clone 10 pt2 

4th seedling 12 K8 pot803 19 clone 10 pt3 

1st A seedling 12 K8 19 clone 10 pt4 

1st B seedling 12 K8 19 clone 10 H20 

5th seedling 12 K8 19 clone 10 pt1 H20 

6th seedling 12 K8 21 clone 10 H20 

7th seedling 12 K8 21 clone 16 pt1 

8th seedling 12 K8 21 clone 16 pt2 

9th seedling 12 K8 21 clone 16 pt3 

12thseedling 12 K8 21 clone 16 pt4 

1st seedling 11 D19 

Genotypes from a next half-sib  

progeny descendent from the ’D19’ 

clone 

New clone 1 

2nd seedling 11 D19 New clone 2 

3rd seedling 11 D19 New clone 3 

4th seedling 11 D19 New clone 4 

5th seedling 11 D19 New clone 5 
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With the aim of accurately recording the variability for morphological and physiological 

traits, several biometric measurements and descriptive evaluations were made at different 

growing stages. Quantitative traits whose phenotypic values change over time are called time-

dependent traits or ”longitudinal traits”. 

The traits related to the aboveground part of the plants on which observation were made 

regarding both morphological and physiological traits. Among the morphological reliefs were 

carried out on: i) the kind of vegetative or growth habit or plant architecture, ii) the height of 

main stem. The precocity of flowering time,  powdery mildew (caused by the fungal pathogen 

Erysiphe cichoracearum) occurrence were the physiological traits recorded. 

Each clone was classified into three different groups (§ 1.8, Fig. 15) according to following growth habit: 1) 

Brushy types (two or more stems shows a number of axillary branches), 2) Semi-brushy types (not more than 

two stems showing several axillary branches), 3) Mono-stem (one only stem not branched). Biometric 

measurements regarding stem and head were performed when plants reached their maximum sizes. The 

flowering time was expressed as number of days starting since May 31
st
. Reliefs were carried out about 

symptoms of powdery mildew air-born inoculums occurrence on leaves of 15 plants per clones according to a 

binary detection criteria used for evaluating the symptoms due to different fungal pathogens in several plant 

species such as cereals
158

,  based on both the height of plant interested by symptoms expressed as three ⅓ of the 

stem starting from the base (1st ⅓ = ⅓, 2
nd

 ⅓ = ⅔, 3
rd

 ⅓ = symptoms up to head) and the extension of fungal 

mycelium occurring on the leaves located on each ⅓ of the stem (0 = no mycelia spots to 6 = all the leaf surface 

covered by mycelia spot). The different combination describing the symptoms intensity from immunity (1
st
 ⅓, 0) 

to high susceptibility (3
rd

 ⅓, 6), were converted in infection type (IT) scores: 0 = immunity, 1 = high resistance, 

2 = resistance, 3 = medium resistance, 4 = medium susceptibility, 5 = susceptibility, 6 = high susceptibility (Fig. 

21).  

Fig. 21 – Scale of the intensity of symptoms due to powdery mildew on Helianthus tuberosus L. 

leaves. 
Intensity of the symptoms determined by air-born inoculums of Erysiphe cichoracearum, the fungal 

pathogen causing powdery mildew disease, occurring on leaves of Jerusalem artichoke at EFUT during 

the period of time 2010-13. The symptoms are scaled from 0 to 6. Values ranging from 0 to 2 indicate a 

resistance reaction, whereas values ranging from 4 to 6 indicate a susceptible reaction. However, the 

intensity of leaf symptoms has to be combined with the plant height reached by the fungal mycelia, in 

order to get a comprehensive evaluation of symptoms of disease. 

0 1 2 3 4 5 6 
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On the belowground organs morphological reliefs regarding the shape and weight of tubers 

were made at maturity considering three different tubers deriving from the same plant, 

whereas the physiological measurements were dealing with the precocity of tuberization, 

expressed as the number of tuber nodes counted at the date of September 21
st
 on three 

different plant per each clone. The higher was the tuber node at that date, the earlier was 

considered the clone examined for the precocity in forming tuber. 

For each examined phenotypic trait a frequency distribution was elaborated taking into account different 

classes as follows: i) growth habit (monostem, semi-brushy and brushy type), ii) height of stem (short: 110-170 

cm, medium: 171-230 cm, tall: > 230 cm), iii) precocity of flowering time (earliest: < 90 days, medium in 

precocity: 91-105 days, medium: 106-120 days, belated: 121-140 days and very belated: > 140 days), iv) 

reaction to powdery mildew (0-5 ITs), v) tuber shape and weight according to Pas’ko (1973)
174

, vi) precocity in 

tuberization (earliest: 7-10 nodes, medium: 3-6 nodes, belated: 0-2 nodes, precocity scores of 0-3, 4-10 and 11-

13, respectively). 

3.1.3. Agronomic comparisons. 

The Ht clones ‘K8-HS142’, ‘D19-HS2’, ‘CU-3B’ and ‘VR’ resulted the most interesting 

for their potential agronomic use from the phenotypic evaluations above described, were 

compared through specific agronomic trials aimed to ascertain their ability to produce stalk 

and tuber biomass in both rainfed and irrigated conditions.  

Trials carried out in an irrigated regime, scheduled daily water supplies from June to 

September at pots in which 10 plants were grown per m
-2

. 

Trials carried out in rainfed conditions regarded pots were plants were grown as volunteers 

at the density around 100 per m
-2

, after that previous water supply trials. 

Both fresh and dry matter were measured. To determine the dry matter content in both above and 

belowground organs from either rainfed or irrigated plots, the all or one plant grown in 1 m
-2

 were collected, 

respectively, and their stems and branches, roots and  tubers were dried through heating  in oven at 67 °C until 

the water content of the organs was gone down 70-80% in comparison to the initial one.   

It required 25-90, 150-350, 200-450 and 170-220, 200-350 and 600-700 hours of oven incubation for 

aboveground, roots and tubers from rainfed and water supply pots, respectively. 

Furthermore a punctual measurement of both tuber dry matter production was determined 

at the three tuber developmental stages of initial tuberization (T0), active growth (three nodes 

formed, T3) and final maturation (Tm) in irrigated pots.   

Nine plants for each of the above mentioned clones per m
-2

 were grown  in order to draw tuber biomass yield 

profiles to suitably pair to the data from both metabolomic (tuber inulin content) and gene expression (genes 

implied in the tuber carbohydrate biosynthesis) analyses performed at the same stages. 
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3.2. METABOLOMIC ANALYSES. 

Analyses of the content of tuber complex carbohydrate (inulins and starch) and the related 

conversion in bioethanol, were carried out at the three developmental stage T0, T3 and Tm for 

the monostem ‘K8-HS142’ and semi-brushy ‘VR’, that displayed the most interesting 

agronomic traits, with the aim to drawn a biochemical profile related to the parallel temporal 

gene expression in order to further confirm the reliability of the microarray experiment and 

advance some biological consideration about the activity of genes dealing with carbohydrate 

biosynthesis taking place during tuber development. 

Samples represented by 1 g of dry both tuber tissues were dissolved in 10 mL water in a 15 

mL tube and boiled for 1 hour in order to extract the sugars. Then the samples were 

centrifuged at 2,500 RPM at RT for 5 min and the supernatant containing the dissolved sugars 

was pipetted into a new 15 mL tube.  

A volume of 2 mL of supernatant was diluted in water to a final volume of 5 mL to assess 

the content of total and simple free sugars (glucose, fructose and sucrose). 

In parallel, an acid hydrolysis of inulins were produced to determine the content of sucrose, 

glucose and fructose constituting the inulin polysaccharide. 

 A volume of 0.5 mL of 1N HCl (pH 3.0) was poured into 2 mL supernatant and the final solution boiled for 

20 min. To stop the hydrolysis a suitable volume of 1N NaOH was added. 

- Determination of the content of simple sugars and fructans in Ht tuber tissues 

The determination of total and simple free sugars as well as simple sugars deriving from 

inulin hydrolysis were ascertained by HPLC (High-Pressure Liquid Chromatography) 

analyses. 

Before proceeding to HPLC filtration all the samples were purified according to the official method AOAC 

982.14
170

 by using Sep-PAK
® 

C18 cartridges 300 mg (Waters Corporation, USA) and filtered through cellulose 

membranes  0.20 M (Agilent Technologies Inc, Germany). 

The HPLC analyses were operated by exploiting the machine Agilent 1100/1200 series (Agilent 

Technologies Inc, Germany) in YMC-pack polyamine II columns (250 x 4.6 mm S-5 M 12 nm) eluting the 

prepared samples through YMC-pack polyamine II VS 12 S-5 M, 10 x 4 mm (YMC, Japan). Before injecting 

the samples onto the column  a dilution occurred of a volume of 0.75 mL of water dissolved sample to 3 mL by 

adding acetonitrile as mobile phase. The column temperature was 25 °C. Glucose, fructose and sucrose whose 

concentration was known (Carlo Erba Reagenti, Italy) were used as a control. 

After assessing the concentration in glucose, fructose and sucrose of preparations derived from the samples 

in which the acid hydrolysis of inulins occurred, both the initial inulin concentration and its related dp were 

determined according to the Negro et al. (2006) method
171

. 
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The sugars were totally converted into ethanol by Saccharomyces cerevisiae AT1 

inoculum (50 Mc mL
-1

). 

- Determination of the content of starch content in Ht tuber tissues 

Starch content was determined by using around 0.5 g of tissue previously either dried or 

lyophilized from tuber collected both at maturity and upcoming sprouting from both the 

monostem ‘K8-HS142’ and semi-brushy and branched ‘VR’ by using the Megazyme 

amylose/amylopectin (Megazyme) determination kit according to the manufacturer’s 

instructions. 

All the metabolomic analyses were carried out by the researchers of Agricultural Research Council (CRA), 

Research Unit for Enology in Central Italy (ENC), Velletri, Italy. 

3.3. TRANSCRIPTOMIC ANALYSES. 

3.3.1. Microarray analysis experiment design. 

A functional genomic approach based on a microarray platform was designed using ESTs 

from the Ht_CHT(LMS)_norm expression library constructed by The Compositae Genome 

Project team, as well as from NBCI database.  

The ESTs printed on the arrays consisted of 6,365 sequences each replicated 2 to 6 fold, 

representing genes expressed during tuber carbohydrate biosynthesis. Highly qualitative RNA 

were purified from tubers of two Ht clones, ‘Violet de Rennes’ (‘VR’) and ‘K8-HS142’, 

which differed for several morphological (plant architecture, tuber shape and size), 

physiological (precocity in flowering and tuberization time, resistance to powedery mildew) 

and agronomic (tuber biomass production) traits.  

Tubers from the two mentioned Ht clones, were harvested during the tuber development. 

Three growing-stages were considered to study the expression pattern of genes encoding for 

tuber enzymatic and structural proteins involved in the biosynthetic pathway of 

carbohydrates: 1) pre-tuberization (T0), occurring when the rhizomatous apex was not yet 

enlarged and was just going to evolve into tuber,  2) active growth (T3), when tubers had 

three internodes, occurring 18 and 78 days after the T0 stage in ‘VR’ and ‘K8-HS142’, 

respectively, and 3) ripening (Tm), when tubers reached the physiological maturity.  

The developmental stage of tubers used for RNA purification are showed in Fig. 22. 

Three biological replicates at each of the mentioned time-points were obtained from one tuber 

of the same clone. 

A total of 18 transcriptoms were therefore examined. 
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With regard to experiments below detailed, in silico analyses and RNA purification 

experiments where performed at University of Tuscia, Department of Science and 

Technologies for Agriculture, Forests, Nature and Energy, Viterbo, Italy, under the 

supervision of prof. C. De Pace, whereas all the phases inherent the evaluation of RNA 

quality and integrity as well as the microarrary platform experiment hybridization and 

acquiring of related data at University of Verona, Department of Biotechnology, Verona, Italy, 

under the supervision of prof. M. Delledonne. 

3.3.2. In silico selection of target Helianthus tuberosus L. EST sequences involved in 

carbohydrate biosynthesis. 

A fasta file contained the complete set of 40,361 EST sequences from H. tuberosus, of 

which 21,994 unigene, for a total of 7,156 contigs, included in the Ht_CHT(LMS)_norm 

library built by starting of different kind of plant tissues (seedlings, leaves, flowers, achenes, 

tubers) and make publicly available by ‘The Compositae Genome Project’ US research 

consortium were submitted to Blastx (capable to simultaneously align a set of query DNA 

sequence to a existing protein-converted DNA sequence database) built in Blast2GO
159

 

bioinformatic tool (BioBam Bioinformatics S.L.), in order to search multiple alignments 

between query sequences from Ht ESTs and subject sequences into NCBI database (National 

K8-HS142 VR 

K8-HS142 VR 

K8-HS142 

VR 

T0 T3 Tm 

Fig. 22 – The different developmental tuber stages considered for studying the 

expression of  genes involved in carbohydrate biosynthesis in Helianthus tuberosus L. 
Morphology showed by tubers from the two Ht clones ’K8HS-142’ and ‘VR’ during three 

rhizome developmental stages: T0 (pre-tuberization), T3 (tubers with three internodes), and 

Tm (tuber maturity). Arrows indicate the last distal rhizome node subtending the terminal 

tuberizing portion. The rectangular boxes refer to homologous portion of the tubers at 

different developmental stages. The numbers indicate the different tuber nodes. 
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Center for Biotechnology Information, www.ncbi.nlm.nih.gov). For that purpose, the default 

E-value < e
-3

 and the number of subject hits equal to 20, were used.  

Alignment reliability of the ablast process was enhanced deleting all the query sequences 

whose mean minimum E-value was higher than e
-40 

and mean similarity (MS) lower than 

75%. Ht EST sequences were consequently annotated using mapping and annotation 

functions in Blast2GO.  

The select by function tool of Blast2GO was used to identify those Ht EST sequences 

putatively involved in all the biologiacal process determing the biomass production in the 

developing tubers, at last, such as: i) carbohydrate biosynthesis and storage in tuber tissues ii) 

tuber metabolism and iii) tuber biological processes, after that a suitable list of conventional 

terms dealing with each oh the three functional groups was produced according to ‘The Gene 

Ontology’
160

 (GOs) nomenclature.  

Exactly, a complete list of 261, 803 and 523 terms belonging to the GO levels 4-6 was 

produced in order to detect the corresponding EST sequences for the groups of carbohydrate 

biosynthetic processes (e.g., Sucrose biosynthetic process, Regulation of glycolysis, 

Polysaccharide metabolic processes, Oxidation-reduction processes, Fructose metabolic 

processes, etc.),  tuber metabolism (e.g., Cellular macromolecule biossnthetic processes, 

Amino-acids biosynthetic processes, DNA biosynthetic processes, General transcription from 

RNA polymerase II, Mitochondrial DNA metabolic processes, etc.) and tuber biological 

processes (e.g., Ripening, Response to chemical stimuli, Regulation of nuclear division, 

Regulation of growth, Nucleosome assembly, Organ formation, etc.).  

An extra-set of  80 analogous ESTs from other plant species known to be either implied in 

fructan biosynthesis such as Cynara scolymus, Chicorium intybus, Allium sativum, Festuca 

arundinacea, Lolium perenne or starch biosynthesis by forming belowground organs such as 

Solanum tuberosum and Brassica rapa, or in cell process such as Arabidopsis thaliana, were 

also accluded at the set of selected EST sequences from Ht for their cababling into microarray 

platform, so that a total of 6,365 EST sequences were analyzed in the microarray experiment. 

A set of 159 different ESTs related to housekeeping genes (Actin 11, Actin 2/7, Adenine 

phosphoribosyltransferase, -actin, -tubulin, Cyclophilin, Elongation factor 1, Elongation 

factor 1, HSP90, Polyubiquitin, Ubiquitin like, 18S rRNA, Tubulin -3/-5 chain, Tubulin -

9, Rubisco, Histone H4, Phosphoglicerate kinase, Phosphoribulokinase, Plastocyanin, EIF4) 

were also researched in NCBI databse from a number of plant species (Prunus persica, Vitis 

http://www.ncbi.nlm.nih.gov/
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vinifera, Triticum aestivum, Beta vulgaris, Arabidopsis thaliana, Coffea arabica, Lactuca 

sativa and others) and placed on the microarray platform. 

CellDesigner 4.2 software tool
161

 was used to depict the main networks of enzymes 

involved in carbohydrate metabolism.  

Statistical analyses concerning the reliability of alignments and annotations related to the 

6,365 ESTs were performed by using the statistical tools in Blast2GO.   

Putative biological and molecular fuctions for the set of ESTs found differentially 

expressed from the microarray experiment was determined by exploiting the make combined 

graph function in Blast2GO.  

In Fig. 23 is schematically shown the process inherent the selection of the set of Ht ESTs 

involved in carbohydrate biosynthesis and storage in tuber tissues, tuber metabolism and tuber 

biological processes performed by using the Blast2GO tool. 

Fig. 23 – In silico phases for selecting the set of Ht ESTs implied in the biological processes 

dealing with carbohydrate biosynthesis and storage in tubers. 
Starting by around 40,000 ESTs from H. tuberosus a putative biological function related to each of 

them was determined by performing Blastx, Mapping and Annotation analyses in Blast2GO. Through 

creating a suitable list of conventional GO terms the only set of around 6,360 ESTs putatively implied 

in the carbohydrate biosynthesis and storage during tuber development was selected for performing 

the microarray analysis. 
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Fig. 24 – The Custom Array
TM

 2x40k microarray platform. 
Around 40,000 siliceous electrodes enclosing each 30-35 mer oligonucleotide probes designed 

by OligoArray 2.1 software from 6,365 ESTs were cabled on the surface of two different 

hybridization chambers (the red line in the figure is delimiting each one whereas the yellow 

line surrounding the entire hybridization area) contained in a Custom Array
TM

 2x40k 

platform. 

3.3.3. Genechip design and synthesis. 

A Custom Array
TM 

2x40k array (CombiMatrix) was synthesised by using the CombiMatrix 

platform at University of Verona (http://ddlab.sci.univr.it/Functional-Genomics/).  

The CombiMatrix technology combines phosphoramidite chemistry and semiconductors for the digital 

control of probe synthesis on the chip surface. Custom Array
TM 

2x40k contained 40,000 features placed on each 

of two hybridization chamber (Fig. 24), that is siliceous electrodes enclosing each 30-35 mer oligonucleotide 

probes designed by OligoArray 2.1 software from 6,365 ESTs hypothetically involved in carbohydrate 

biosynthesis selected in Ht_CHT(LMS)_norm expression library as well as imported from NCBI database by 

Blast2GO
 
bioinformatic tool and synthesized in situ with 1-4 replication each. Those replicated probes were 

randomly distributed across the array occurring thousand times each per spot, with the purpose to control 

variability internal to each EST. A number of bacterial oligonucleotide probes provide from CombiMatrix were 

used in array design as negative control. 

Microarray experiments were designed and performed according to MIAME guidelines 

(http://www.mged.org/miame). 

 

 

 

 

 

 

3.3.4. RNA extraction and purification. 

Two different extraction protocols were firstly compared in order to determine the best one 

for purifying a total RNA suitable for high downstream application such as microarray 

hybridization, the Mohan Kumar et al. (2007)
162

 (MK) ideated for RNA extraxtion from 

belowground organs (roots and modified stem) and the method based on he use of TRIzol® 

reagent (Invitrogen) by adopting a modification of the protocol prepared by Chomczyński and 

Sacchi
163

 (T). Total RNA was purified from frozen tuber tissue.  

http://ddlab.sci.univr.it/Functional-Genomics/
http://www.mged.org/miame
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With regard to both MK and T protocols 2000 mg and 500-800 mg of tuber tissues, 

respectively, from each sample were quickly reduced into a powder through mortar and pestle 

previously cleaned by RNase ZAP ® (Ambion), taking care to mantain the powder frozen 

over the time by adding nitrogen liquid with the aim to avoid polyphenol oxidaction which 

was going to prejudice RNA purity and its further processability with reverse transcription 

into cDNA. Water exploited for RNA dissolution as well as to prepare ethanol 75% was first 

treated with 0.1% (v/v) diethylpyrocarbonate  (DEPC), through incubation at 37 °C for 3 

hours and then autoclaved at 121 °C for 20 min to inactivate DEPC. 

Powder was transferred into a 15 mL (MK) and 50 mL (T) RNase-free tubes (Falcon). 

Then the two protocols consisted in different steps.  

In the MK method, an extraction buffer contained 1, 0.5, 1.65, 1.75 and 0.1 mL of NaCl 

5M, SDS 10% (w/v), Na2SO3 1.95% (w/v), 0.2M pH 8.0 Tris-borate and -mercaptoethanol 

was added, the resulting mixture vortexed and incubated in a thermal bath at 65 °C for 5 min. 

After a centrifugation at 4,800 RPM and 23 °C occurred for 5 min, the supernatant was pippetted in a cleaned 

15  mL tube and a equal volume of pH 7.9 Tris-saturated phenol was poured into the tube, the mixture shaked 

and a new centrifugation at 4,800 RPM and 23 °C was performed for 5 min. The volume of supernatant was 

collected and transferred into a clenead 15 mL tube and 1.5 vol. chloroform-isoamilic alcohol (24:1) added. 

After shaking for 3 min a third centrifugation at 4,800 RPM and 23 °C took place for 5 min. The supernatant was 

pippetted into an 2 mL eppondorf tube where 0.9 mL of cold isopropanol (4 °C) was already reversed. After 

incubating the mixture for 1 hour at 4 °C, a final centrifufation was carried out at 9,000 RMP and 4 °C for 20 

min. The resulting pellet was washed 4 times by 75% ethanol, died in a speed-vacuum machine and dissolved 

100 L of DEPC H20. 

In the T method, 1 mL of TRIzol® reagent was added per 1 mg of homogenized tissue. 

Then the mixture was vortexed and incubated at RT for 5 min. Thereafter the tubes were 

centrifuged at 11,000 g and 4 °C for 10 min and acqueous supernatant pipetted into four 2 mL 

eppendorf RNase-free tubes (about 1-1,5 mL each).  

A volume of 200 L of chloroform per 100 mg of 1 mL of TRIzol® reagent was added in each tube, the 

mixture vortexed for 15 sec, incubated for 3 min at RT and centrifugated at 11,000 g for 15 min at 4 °C. 

The aqueous phase containing the RNA was recovered from each tube, transferred into a new one where 0.5 

mL of cold isopropanol (kept at -20 °C) was mixed with  5 M NaCl to reach a 1.2 M final salt concentration 

allowing RNA precipitation.  The mixture was incubated  at RT for 20 min, then centrifuged  at 12,000 g at 4 °C 

for 20 min to pellet RNA. Finally, the RNA pellet was washed by adding 1 mL of 75% ethanol, dried into a 

speed-vacuum, and dissolved in 100 L of DEPC water. RNA samples were pooled (final volume equal to 400 

L) into a 0.5 mL RNase-free test-tube and strored at -80 °C.  

Traces of DNA in the RNA samples were removed through a bovin pancreas DNase I (Ambion) treatment (2 

U L
-1

) as follow: the RNA suspension was partially dried  in  a speed-vacuum from 400 L to 50 L according 
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to manufacturer’s instruction, with the aim to increase RNA concentration up to about 200 ng L
-1

, which is the 

optimal nucleic acid concentration for DNase I activity. A volume of 5 L of 10X DNase I buffer (0.1 vol) and 1 

L of DNase I  (2 U) were added to 50 L of RNA DEPC suspension and resulting solution was incubated at 37 

°C for 30 min in a water bath. To avoid RNA chemical degradation during heat inactivation of DNase I, 1 L of 

0.5 M ethylenediaminetetraacetic acid pH 8.0 (EDTA) was added to each RNA sample (final concentration equal 

to about 5 mM) to chelate bivalent cations and a following incubation occurred in a water bath for 10 min at 75 

°C . 

A preliminary  measurement of RNA concentration prepared by both MK and T methods was performed by 

using a GeneQuant spectrophotometer (Amersham Biosciences), estimating a RNA concentration ranging from 

100 to150 ng L
-1

. The RNA integrity was evaluated carrying out an electrophretic separation of RNA fragments 

in 1.2% non-denaturing agarose gel made of TAE buffer containg ethidium bromide (75 ppm v/v) as fluorescent 

dye (Fig. 25) and sharpness of both 28S and 18S rRNA bands were considered together lacking of smear for 

mRNA in the pattern in order to establish the level of RNA integrity. 

 

 

 

 

 

Because of: i) the larger amount of tuber tissue needed for RNA extraction when exploiting 

the MK method, that is a limit when the tissue has to be collected from the same tuber and ii) 

the minor purity of RNA samples prepared by MK than T protocol due to the much higher 

DNA presence (Fig. 25), that determined a more difficult complete DNA degradation when 

treating RNA samples with DNase I, it was decided to use the T protocol for purifying RNA 

from the 18 different tuber samples to convert into cDNAs in order to prform the microarray 

hybridization. 

Total RNA purified by T protocol was pelleted, resuspended in 20 L DEPC water, and 1 L of RNA 

suspension was used to measure purity in a Nanodrop 1000 spectrophotometer (Thermo Scientific). The 

MK T 

 1       2  1       2 

rRNA 28S 

rRNA 18S 

DNA 

1.5 

1.0 

0.7 

5.0 

kb 

Fig. 25 – Patterns from RNA sample prepared by MK and T methods. 
Two different protocols were compared in order to assess the best one for purifying total 

RNA from tuber tissues, the Mohan Kumar et al. (2007) (MK) and Trizol-based (T). The 

latter resulted more suitable for further downstream applications such as reverse 

transcription into cDNA and next microarray hybridization, due to the high level of RNA 

purification displayed. 



- 57 - 

 

absorbance at optimal wavelenght for nucleic acid (260 nm), proteins (280 nm), polysaccharide and polyphenols 

(230 nm) was detected and calculated 260/230 and 260/280 ratios.    

Total RNA integrity was surveyed through performing a microchannel separation of RNA fragments by 

using a 16-well RNA chip provided by Aegilent RNA 6000 Nano Kit (Aegilent Technologies) loading with gel-

dye (blue) mix, ladder carried out into an Aegilent 2100 bioanalyzer.  

To perform the microcapillary separation the manufacturer’s instructions (Aegilent RNA 6000 Nano Assay 

Protocol) was followed. To evaluate the integrity level of purified total RNA, a high-throughput measuring 

approch criteria based on the quantification of the pattern of total RNA from microcapillarity electrophoresis 

expressed as RNA integrity number
164

 (RIN), refleting the integrity of RNA molecules determined by Eukaryote 

Total RNA Nano Series II algoritm, was adopted. In Fig. 26 the quality RNA parameters referred to the totality 

of 18 RNA samples used for microarray hybridization are reported as well as the the elettropherogram from two 

representative of them. 

 

 

 

 

 

3.3.5. Synthesis of cDNA and in vitro transcription of antisense array hybridizing 

RNA. 

Purified total RNA was subjected to reverse transription into cDNA by using the RNA 

ampULSe Amplification and Labelling Kit for Combimatrix Array (Kreatech) according to 

manufacturer’s instruction.  

Helianthus tuberosus 

clone 

Tuber stage 

growth 

Replica 

1st-2nd-3rd 

Total RNA 

concentration 
Adsorbance ratio 

ng mL-1 260/280 260/230 

VR 

T0 Mean  1,608.52 2.10 2.35 

T3 Mean  435.02 2.08 2.13 

Tm Mean  1,887.88 2.10 2.23 

K8-HS142 

T0 Mean  1,685.41 2.07 2.15 

T3 Mean 544.66 2.15 2.37 

Tm Mean 1,580.16 2.10 2.18 

a 

b c 

d 

e RIN = 9.50 

RIN = 10.0 

RIN = 3.50 Fig. 26 – Analyses of the purity and 

integrity of RNA from tuber tissue. 
In tab. a the mean values from the three 

biological replications for each tuber 

stage and clone of the 260/230 and 

260/280 ratios indicate a high purity of 

RNA from polysaccharides and proteins, 

respectively. Microchannel separation 

(b) and the related electopherograms d, e 

show a high integrity of RNA samples 

used for microarray hybridization in 

comparison to a control RNA sample (c) 

highly degraded. 
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Briefly, 1 L of T7 oligo(dT) primer was added to 10 L DEPC water solution of 2 g of 

total RNA into a 0.2 mL RNase-free tube and the resulting mixture incubated at 70 °C for 10 

min into a thermo-block in order to accomplish the primer annealing with RNA template, then 

moved to ice. 

A volume of 1 L of 50 mM MgCl2 was further added to take into account Mg
++

 lost beacause of EDTA 

chelation took placed during heat inactivation of DNAse I with the purpose to avoid troubles in catalytic activity 

concerning Reverse Transcriptase enzyme. 

To allow the synthesis of the first cDNA strand, 8 L of Reverse Transcription Master Mix 

was prepared at RT by mixing 10X First Strand Buffer (2 L), dNTP mix (4 L), RNase 

Inhibitor (1 L) and Array Script (which is the Reverse Transcriptase enzyme) (1 L).  

The mix, was added to each RNA sample pre-incubated with T7 oligo(dT) primer. After pipetting the final 

solution 2-3 times, followed by light manual shaking and spinning, samples were moved into a pre-heated stove 

at 42.0 °C and icubated for 2 hours. 

When the incubation time was over, the Second Strand Master Mix was prepared to get the 

second cDNA strand synthesis. The mix was prepared by placing into a 2 mL RNase-free 

tube on ice, nuclease-free water (63 L), 10X Second Strand Buffer (10 L), dNTP mix (4 

L), DNase polymerase (2 L) and RNase H (1 mL) enzymes. 

At the end of the first cDNA strand synthesis, a volume of 80 L of the Second Strand Master Mix was 

added to each sample. After pipetting the final solution 2-3 times, followed by light manual shaking and 

spinning, samples were moved into a pre-heated thermo-block at 16 °C and icubated for 2 hours. After the 

second cDNA strand synthesis, tubes containg double stranded cDNA were immersed on ice.  

To purify cDNA, 250 L of cDNA binding buffer were added to each sample, taking care 

to pipette 2-3 times and spin the mixture.  

The resulting volume was poured onto a cDNA filter cartridge located in a 2 mL collecting tube and 

centrifuged at 10,000 g and RT for 1 min. The flow-through filter was discarded and the filter cartridge placed 

again into collecting tube, then 500 mL of wash buffer was added onto the filter. A new centrifugation at 10,000 

g and RT for 1 min took place twice. The flow-through filter was discarded and the filter cartridge placed into a 

1.5 mL RNase-free tube. A volume of 10 L RNase-free water pre-heated at 52.5 °C was added onto the 

cartridge filter which was incubated at RT for 2 min. Hence, the purified cDNA was eluted from filter cartridge 

by a centrifugation at 10,000 g and RT for 2 min. A volume of 10 L of RNase-free water pre-heated at 52.5 °C 

was furtherly added to filter cartridge and eluition repeated. Finally, a volume of 20 L of cDNA purified in 

RNase-free water was obtained. 

Synthesis of aRNA (in vitro transcription) was carried out by adding 24 L of RT-

prepared In Vitro Transcription Mix made of 10X Reaction Buffer (4 L), T7 rNTP mix (16 

L) and T7 Enzyme mix (4 L) to each cDNA purified sample. Hence, an overnight 
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incubation at 37 °C in stove took place. Incubation was then interrupted by adding 80 mL of 

RNase-free water to each aRNA (antisense RNA) sample.  

The aRNA purification started with adding 350 L of aRNA binding buffer and 250 mL of 100% ethanol to 

each aRNA sample, taking care to pipette 2-3 times the mixture. The resulting volume was poured onto a aRNA 

filter cartridge located in a 2 mL collecting tube and centrifuged at 10,000 g and RT for 1 min. The flow-through 

filter was discarded and the filter cartridge placed again into collecting tube; then 650 mL of wash buffer was 

added onto the filter. A centrifugation at 10,000 g and RT for 1 min was performed. The flow-through filter was 

discarded and the filter cartridge placed again into collecting tube, and 650 mL of 80% ethanol were added 

followed by two centrifugations at 10,000 g and RT for 1 min. A volume of 100 L of RNase-free water pre-

heated at 55 °C was added onto the cartridge filter. After incubation at RT for 2 min the purified aRNA was 

eluted from filter cartridge by a centrifugation at 10,000 g and RT for 2 min.  

Therefore, a final volume of 100 L of aRNA purified in RNase-free water was eluted and 

the quality for each Ht sample was assessed with regard to concentration as well as 260/280 

and 260/230 ratios by using a Nanodrop 1000 spectrophotometer (Thermo Scientific). 

In Fig. 27 are showed the main phases of reverse transcription of total RNA in aRNA. 

 

 

 

3.3.6. Cy5 fluorochrome labeling of aRNA and its fragmentation. 

The aRNA molecules from each surveyed Ht sample were labelled with cianine Cy5 

fluorochrome (maximum light assorbance at 649 nm, maximum light emission at 670 nm) by 

Total RNA 

Fig. 27 – Steps of reverse transcription of total RNA in aRNA molecules. 
To get aRNA molecules suitably hybridizing on microarray platform as a target, starting from the total 

single strand RNA the first doubled stranded heterodimeric molecule (RNA-cDNA) was firstly allowed to 

be created by Reverse Transcriptase enzyme. Then the second DNA strand was synthesized by DNA 

polymerase enzyme and finally, the T7 RNA polymerase produced the single strand aRNA. 
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exploiting the RNA amplUSe kit Cy5 for CombiMatrix arrays (Kreatech), according to 

manufacturer’s instruction.  

A acqeous volume containing 5 g of aRNA was poured into a 0,2 mL eppendorf RNase-

free tube along with cianine Cy5 fluorescent dye (1 L per 1 g of aRNA), 10X Labeling 

Solution (0.1 vol.) and a volume of RNase-free water complementary to 20 L. The resulting 

mixture was pipetted and incubated at 85 °C for 45 min into a thermo-block. 

After incubating tubes containing aRNA labelled were moved on ice and covered with 

alluminium foil to avoid degradation of Cy5 beacause of its photolability. Fluorophore 

molecules not bound was removed by filtering aRNA-Cy5 labelled solution through a 

KREApure column. The Cy5-bounding liquid content was first resospended by vortexing, 

then the column was placed into an RNase-free tube (2 mL), discarding the excess of 

bounding-liquid by a centrifugation at 20,800 g and RT for 1 min. Hence, the filter was 

washed by pouring in it 300 L of RNase-free water and centrifugating as above mentioned. 

Finally, after placing the filter into a new RNase-free tube (1,5 mL), aRNA-Cy5 samples were purified from 

un-bound Cy5 by pouring the 20 L solution into filter, followed by elution with a final centrifugation at 20,800 

g at RT for 1 min. 

The concentration of aRNA-Cy5 as well as adsorbance of both aRNA and Cy5 

fluorochrome was measured by using a Nanodrop 1000 spectrophotometer (Thermo 

Scientific). Then the Degree of Labelling number (DoL) was calculated. Values of DOL 

ranging from 2.5 to 3.0 indicated  the completion of a good labelling reaction. 

Prior to be hybridizated onto the microarray, the Cy5-labelled aRNA was fragmented. The labelled aRNA 

fragmentation needed the addition of  2 g of Cy5-labelled aRNA to the fragmentation mix made of 5X RNA 

Fragmentation Solution (2.3 L) and nuclease-free water (9.2 l minus aRNA-Cy5 volume corrsponding to 2 

g).  

The final fragmentation reaction volume was 11.5 L and aRNA-Cy5 fragmentation occurred at 95 °C for 20 

min. At the end of the incubation period, the tubes were quickly moved into ice. 

Fragmented aRNA-Cy5 was used to hybridize EST-oligonucleotide probes printed on 

microarray. The EST-oligo probes were selected from the Ht_CHT(LMS)_norm expression 

library. 

3.3.7. Hybridization of Cy5-labelled fragmented aRNA on CustomArray
TM

 2x40k 

array. 

The aRNA probe from each Ht tuber sample was hybridized onto one of two arrays 

containing 40,000 features each placed on the platform Chip CombiMatrix Custom Array
TM 

2x40k (CombiMatrix), according to manufacturer’s instruction. 
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The Custom Array
TM 

2x40k  platform containing a semiconductor slide covered by aRNA-

Cy5 hybridization mix, was put into the hybridization clampchamber after washing it with 

both MilliQ water and cleaning it with tissue paper soaked by 100% ethanol. The platform 

was covered by hybridization cap and locked into hybridization chamber by closing  clamps. 

The hybridization chamber underwent a pre-hybridization phase which started by fillingin 

RNase-free water through special holes, avoiding to introduce air bubbles; the holes were 

covered by adhesive tape to prevent evaporation. The hybridization chamber was incubated 

into a oven pre-heated at 65 °C for 10 min. 

The adhesive tape covering the special holes of the hybridization chamber was stripped-off 

and the RNase-free water was removed and replaced by 65 L of 125 L of a pre-

hybridization solution made of Nuclease-free water (42.5 L), 2X Hybridization Solution 

Stock (62.5 L), 50X Denhardt’s Solution (12.5 L), Salmon Sperm DNA (1.25 L 

concentrated 10 ng L
-1

) previously denatured at 95 °C for 5 min and placed into ice for at 

least 1 min. The pre-hybridization solution was introduced into each hybridization chamber 

taking care to leave into it a small air bubble. A gentle pipetting followed. The entrance holes 

were covered by adhesive tape to prevent evaporation and hybridization chamber was 

incubated into a rotisserie oven pre-heated at 45 °C for 30 min. 

At the end of pre-ibridization incubation, the adhesive tape was stipped off the special 

holes of hybridization chamber and pre-hybridization incubation solution was removed from 

it, hence 65 L of an hybridization solution made of 2X Hybridization Solution Stock (30 

L), Salmon Sperm DNA (1 L concentrated 10 ng L
-1

) previously denatured at 95 °C for 5 

min and placed into ice for at least 1 min, 1% SDS (2.5 L), Formamide (15 L, to reach a 

final concentration of 25 %) and aRNA-Cy5 fragmentation solution (48.5 L), previously 

denatured by incubating at 95 °C for 3 min into a heating block and quicly placed into ice for 

1 min covered by a foil to prevent Cy5 degradation due to light, was introduced into each 

hybridization chamber.  

The hybridization solution was introduced into each hybridization chamber taking care to 

leave into it a small air bubble. A gentle pipetting followed. The entrance holes were covered 

by adhesive tape to prevent evaporation and hybridization clamp was incubated into a 

rotisserie oven pre-heated at 45 °C overnight for 16 hours. 

Because of 3 different biological replications were collected from each of ‘K8-HS142’ and ‘VR’ clones at 

three different tuber developmental stages (T0, T3 and Tm), a total of 18 different aRNAs were hybridized on the 

hybridization chambers of the microarray platform (Fig. 28). 
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When the hybridization incubation was finished it was first proceed to array wahing 

according the steps as follows. 

The hybridization clamp was removed from oven, the adhesive tape was stipped off the special holes of 

hybridization chamber and hybridization incubation solution was pipetted away it, then a volume of 65 L of 6X 

SSPET Wash Solution pre-heated at 45 °C was poured into each hybridization chamber by pipetting it 2-3 times, 

then removing it. A volume of 65 L of 6X SSPET Wash Solution pre-heated at 45 °C was added again to wash 

hybridization chamber, simultaneously introducing a small air bubble, the adhesive tape was applied onto the 

special hole and the hybridization clamp was incubated into a rotisserie oven pre-heated at 45 °C overnight for 5 

min. 

The hybridization clamp was removed from oven, the adhesive tape was stipped off the special holes of 

hybridization chamber and 6X SSPET Wash Solution was pipetted away it, then a volume of 65 L of 3X 

SSPET Wash Solution was added according to procedure described for 6XSSPET wash solution, however 

without introducing air bubble into hybridization chamber and by incubating it at RT for 1 min. 

Washing procedure adopted for 3X SSEPT wash solution was similarly used per other followinf washing of 

hybridization chamber by exploiting in sequence 0.5X SSPET Wash Solution, PBST Wash Solution and PBS 

Wash Solution used twice. 

Fig. 28 – Hybridization of the aRNAs from the different tuber samples. 
After that a reverse transcription was carried out, a number of 18 different aRNA samples were 

produced and hybridized on 3 different microarray platforms (each containing 2 hybridization 

chambers). Each microarray platform could be exploited 3 times taking care to wash it after each 

hybridization process. Because of RNA from 3 different biological replications collected from tubers of 

‘K8-HS142’ and ‘VR’ clones at the tuber developmental stages of T0, T3 and Tm underwent the reverse 

transcription process, a total of 18 aRNA samples were used in order to proceed to microarray platform 

hybridizing. 
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Fig. 29 – Organization of the probes designed from Ht ESTs on array. 
From 2 to 8 different probes (oligonucleotides 25-35 bp long) were designed on each of 6,365 

Ht EST and placed on the microarray platform, so that a total of around 40,000 probes were 

cabled (A) . Each probe was randomly assigned to a given spot in which occurred thousand 

times (B). The higher was the homology between a given Cy5 marked aRNA (C) and a probe, 

the higher was the number of binds formed by to each other on the corresponding spot (B) 

and  the hybridization signal emitted a 635 nm by the fluorochrome stimulated by laser ray 

(B, D). 

aRNA 
Cy5aRNA 

Each aRNA sample was hybridized on the microarray platform contained about 40,000 

probes (oligonucleotide 25-35 mer) corresponding to the 6,365 ESTs plus control probes. In 

fact, each EST was represented by 2-8 different probes placed randomly on the array in single 

spots (whose coordinate was X,Y on the array) in which occurred thousands of replications. In 

Fig. 29 is shown the organization of the probes on the array and as well as the spot 

hybridization through using the target aRNA. 

 

 

 

3.3.8. Imaging of the hybridized Custom Array
TM

 2x40k. 

The final PBS wash solution was removed from each hybridization chamber of Custom 

Array
TM 

2x40k array, by lifting off the semiconductor slide surface, then thr Custom Array
TM 

2x40k array platform was removed and covered with a foil to prevent Cy5 degradation due to 

light. 

A volume of 100 L of Imaging Solution was uniformy poured down the semiconductor 

slide. Then, a LifterSlipTM coverslip was carefully applied onto the semiconductor slide 

using a thin-tippet forceps, taking care that air bubbles weren’t introduced between 

semiconductor slide and the coverslip, otherwise array scanning will be altered. 
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The  prepared Custom Array
TM 

2x40k array was hence introduced into a Perking Elmer 

4000XL and both scanning and image acquisition was performed by the accompanying 

acquisition software ScanArray Express Microarray Analysis System v4.0. 

Extracting of raw data from TIFF images for the data statistical analysis was preformed by 

using the Genepix v7.0 software. 

3.3.9. Statistical analyses of the data from spot signal intensity. 

Extraction of raw data from the TIFF-image file was performed by using the Genepix v7.0 

software and subsequently the data underwent statistical analysis. 

Differential expression was statistically ascertained by the Linear Models Microarray 

Analysis (LIMMA). 

Briefly, in order to establish whether levels of two conditions were statistically different or 

not, such as either the expression level of a given EST at Tx time-point for the two examined 

clones or two different ESTs at Tx time-point for the two examined clones, two parameters 

were considered in concert. 

The former was the difference between the log2 (Lx) normalized values, log2 (L1/L2), where 

L1 and L2 represented the average expression level from the microarray analysis related to the 

conditions 1 and 2, respectively. 

The latter was the P value adjusted for a multiple test (Padj) calculated according to the 

Student t analysis of mean differences between the two groups of data originating L1 and L2 

normalized values. 

The image analysis software returned foreground and background intensities for each spot. The foreground is 

an overall measure of the intensity of the spot while the background is a measure of the ambient signal. Removal 

of ambient, non-specific signal from the total intensity is known as ‘background correction’, which is the 

procedure to adjust for effects which arise from variation in the microarray technology rather than from 

biological differences between the RNA samples or between the printed probes. Taking care of ‘background 

correction’ based on spatial position of the spot on the array is necessary to scavenge the data of background 

unspecific signals.  

The M=log2(1/2)-e model was used to measure the ratio, on the log2 scale, of the 

hybridization signal between 1 and 2 samples corrected subtracting the average residual (e) 

of the signals from the factory-probes. The residuals ranged in the -0.15 to +0.15 interval. 

Corrected M values were considered significant when higher than 1 or lower than -1. 

The intensities of factory-probe spots on the replicated arrays, account for differences among spots arisen 

from background, print quality, ambient conditions when the plates were processed or simply from changes in 

the scanner settings, and from random hybridization to probes. The average intensities, F, from the factory-probe 
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ranged from 800 to 1,200 emittance units at 635 nm (EU635). Determination of specific hybridization signal 

from a given analyzed EST-oligo spot was then applied by subtracting to the intensity of that spot, the average 

intensity from the factory probe (set at F=1,000 EU635).  

The L1 and L2 levels were considered as significantly differents only if: i) │log2 (L1/L2)│> 

1, that is │L1/L2│> 2 and ii) related Padj<0.05. 

For example the EST sequence whose code is CHTS12252.b1_H16.ab1 was represented on the microarray 

platform through two different probes A (5’-TCGCTTCAAACTCGAAAGATGATCCAGCAAAGGGT-3’) and 

B (5’-CGCGAGTAATGCTACTTATTTTCGTTTTCGTGGAGTG-3’) each replicated twice, so that when 

considering its expression in ‘K8-HS142’ and ‘VR’ clones at T0 tuber developmental stage for the three 

biological replications, a total of 12 expression data for each clone would be analyzed (2 probes x 2 probe 

replications x 3 biological replications). The mean of emitted signal levels at 635 nm from ‘K8-HS142’ and 

‘VR’ data groups were 692.5 and 1.396,0, respectively.  

Because both log2(L1/L2)= 1.01 > 1 and Padj=0.0027<0.05, then the EST coded as CHTS12252.b1_H16.ab1 

was considered as differentially expressed at T0 tuber developmental stage between ‘K8-HS142’ and ‘VR’ 

clones. 

The significance of the difference between the expression level from the two considered 

‘K8-HS142’ and ‘VR’ clones was also evaluated when the mean was derived from the probes 

evidencing the highest hybridization signals. In the same way as described above, the 

statistical significance of expression difference between the tuber developmental stages (T0, 

T3 and Tm) was also determined.  

Once again, probe specific emissions were calculated, on the log2 scale, by subtracting to 

the intensity of each EST-oligo spot, S, the average intensity from the factory probes (set at 

F=1,000 EU635), using the following expression: M=log2 S – log2 F=log2 (S/F). On this 

scale, M=0 represent equal expression, M=1 represents a 2-fold change between the intensity 

of the EST-oligo spot and the spot from the factory probe, M=2 represents a 4-fold change, 

and so on. 

The corrected M1 and M2 values from ‘K8-HS142’ and ‘VR’ (or tuber developmental 

stages) were tested for their difference by carrying out a t test.  

3.4. GENOMIC ANALYSES. 

In order to explore the polymorphism related to both the regulatory and encoding regions 

of the major genes involved in the carbohydrate biosynthesis during tuber development, 

revelealed as highly expressed by the microarray analysis, two different molecular 

experiments were carried out, i) a screening of a sunflower BAC library by exploiting a set of 

Ht probes dealing with the genes encoding for the two key enzymes 1SST and 1FFT enzymes 



- 66 - 

 

in the fructan polymerization during tuber development, representing the first step toward 

their sequencing and further investigation of the polymorphism extant among the species 

related to Ht and ii) the analyses of the polymorphism extant among several both tunerizing 

species and not belonging to the genus Helianthus for the encoding regions of those genes.  

The BAC library included about 107,000 clones covering 5 times the sunflower haploid 

genome. A pool of 10 different labelled probes was prepared from selected amplicons after 

PCR of the DNA from the Ht clones ‘CSR’ (an agrestal type from Latium, Italy) and ‘CU-3B’ 

(a cultivated clone from Hungary) and the Ha ‘line 89’ taken as control.  

The identification of BAC clones related to 1SST and 1FFT enzymes would pave the way 

to their DNA sequencing for identifying regulatory regions and explore the related 

polymorphism among the Helianthus species for prospecting new expression alleles 

enhancing fructan biosynthesis.  

To get cue about the polymorphism extant within genus Helianthus with regard to 

encoding region of the set of genes implied in the carbohydrate biosynthesis and highly 

expressed in the microarray platform, with the aim to set a framework for bioprospecting new 

alleles useful for improving the ability of Jerusalem artichoke to produce tuber biomass, PCR 

amplicons were obtained after designing suitable primer pairs from the related ESTs.  

The selected ESTs had high sequence similarity to those for fructan (1SST and 1FFT) and 

starch biosynthesis (Starch synthase) as well as to those for both structural and enzymatic 

proteins indirectly affecting starch pathways (Phoshoglucomutase, Sucrose synthase, -

invertase, Glucose 6P-translocator).  

A set of Helianthus species including diploid non-tuberizing (H. annuus, H. argophyllus, 

H. niveus, 2n=2x=34), diploid-tuberizing (H. maximilianii, H. angustifolius, H. decapetalus 

and H. nuttalli, 2n=2x=34), tetraploid-tuberizing (H. strumosus, H. hirsutus, 2n=4x=68), and 

hexaploid-tuberizing (H. shweinitzii and H. tuberosus, 2n=6x=102) were investigated.  

Furthermore, by using the same set of species and genes dealing with tuber carbohydrate 

biosynthesis used for bioprospetting new homealles within genus Helianthus, the similarity 

for the amplicon patterns was investigated to get clues about a possible genealogy of Ht, 

because of its actual not complete certaininty. 

The research activities inherent the screening of the sunflower BAC library as well as the 

purification of DNA from the selected species belonging to genus Helianthus basilar for next 

study of the polymorphism were carried out at the United States Department of Agriculture 

(USDA), Agriculture Research Service (ARS), Northern Crop Science Laboratory (NCSL), 
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Sunflower Plant Biology and Research Unit (SPBRU) and North Dakota State University 

(NDSU), Fargo, North Dakota, USA, under the supervision of Dr. C.C. Jan. The study of 

polymorphism for both bioprospetting new homeolalles for carbohydrate biosynthesis and 

study a possible genealogy for Ht were carried out at University of Tuscia, Viterbo, Italy. 

3.4.1. The screening of the sunflower BAC library for genes encoding for 1SST and 

1FFT key genes. 

In order to have a better characterization of the encoding region of the genes for the 1SST 

and 1FFT enzymes as well as the regulatory function of the nucleotide sequences surrounding 

them, an experiment was planned and carried out for screening large cloned DNA inserts 

including those genes using a pEBAC1 library built some years ago starting from nuclear 

DNA purified from sunflower (Ha).  

For that purpose a pool containing different PCR-based 
32

P-labeled probes for genes 

encoding for 1SST and 1FFT enzymes in Ht was exploited with the goal to detected the DNA 

sequences from Ha highly homologous to DNA sequences encoding for 1SST and 1FFT 

enzymes in Ht. 

3.4.1.1. Plant materials, achene germination and DNA extraction procedure. 

To obtain the leaf tissue suitable for the DNA purification and amplification in order to 

construct the PCR-based 
32

P-labeled probes useful for the hybridization and screening of the 

Ha BAC library available at NCSL-ARS-USDA, 10 mature achenes from the two 

representative Ht clones wild ‘CSR’ (an agrestal native to Ronciglione, Latium, Italy) and 

‘CU-3B’ (selected from a half-sib progenies from‘Hungary’ clone) collected at Experimental 

Farm of University of Tuscia, Viterbo, Italy, in fall 2012 were germinated according to C. C. 

Jan’s method
165,166

. 

The achenes were soaked in 30% bleach for 12 minutes and rinsed several times with 

sterile distilled water (Fig. 30a).  

Then, the bleach from the surface-sterilized achenes were completely removed by soaking 

in sterile distilled water for 3 hours and repeated rinsing with sterile water. 

 The cotyledon-end of the achenes were cut off and the remaining part were treated by 

immersion in 100 ppm GA3 (gibberelic acid) for 1 hour (Fig. 30b), then several rinsing by 

using sterile distilled water followed.  
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c 

Fig. 30 – Germination phases of achenes from Helianthus species. 
Mature achenes from both different Ht clones, such as wild ‘CSR’ and ‘CU-3B’ and H. annuus 

line ‘89’ were germinated according to Jan’s method, sterilizing their surface by dipping into 

bleach (a) and cutting off the cotyledon ends and treating the remaining part with GA3 (b). 

After about 4-7 days seedlings ready for transplanting into jiffy pots were got (c). 

 

a b 

The treated achenes were transferred into Petri’s dishes onto blue wet germination paper at 

RT until their germination (Fig. 30c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

After germination the 2-3 days seedlings were moved into jiffy pots inside a covered plastic glass and 

incubated by exposing them at 25 °C inside a steadily artificially illuminated room. 

Seedlings derived from the germination of achenes were transplanted into jiffy pots inside a plastic box 

exposed to suitable light, temperature and moisture conditions. When the 4
th

-5
th

 leaves were emitted, the 

plantlets were moved into a growth chamber at 25 °C also steadily illuminated. About 200 mg of the leaves at 

the 6
th

-7
th

 node were used for the DNA purification. 

DNA extraction was performed by using the DNeasy Plant Mini Kit (Qiagen) according to 

manufacturer’s instruction starting from nearly 200 mg of leaf tissue. Homogenization was 

carried out into suitable plastic tubes including a metallic bead each. The initial tissue was 

reduced to powder by exposing to N2 liquid and shaking vigorously the tubes through a 

shaker machine (working frequency equal to 25 sec
-1

, time of shaking equal to 90 sec). 

The measurement of DNA quality and concentration was performed through a Nanodrop 

1000 spectrophotometer (Thermo Scientific) which revealed good DNA concentration values 

(ranging from 20 to 150 ng L
-1

, frequently 100 ng L
-1

), as well as acceptable purity index 

referred to carbohydrates (260/230 ratio) and proteins (260/280 ratio) contamination (260/230 

typically ranged around 2.5, 260/280 ranged around 1.85). Each DNA sample was finally 

diluted to a working concentration of 20 ng L
-1

. 
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3.4.1.2. Primer design for PCR-based 
32

P-labeled probes construction. 

PCR-based probes for screening Ha BAC library were prepared starting to DNA from the 

two Ht clones wild ‘CSR’ and ‘CU-3B’, and the line 89 of sunflower (Ha89) used as control.  

The PCR-based 
32

P -labeled probes used to screen the Ha BAC library were derived from 

the two genes encoding for the 1SST and 1FFT enzymes.  

Three different primer pairs were designed by using the Primer-BLAST tool available in 

NCBI based on the Primer3 software to get the PCR-based probes suitable for the Ha BAC 

screening analysis taking care to assure the further right compatibility in order to avoid the 

possible formation of both secondary structures and dimers by appling the DNA calculator 

software (Sigma). A primer pair was derived from the Ht EST sequence encoding for the 

1FFT enzyme (GenBank: AJ009757.1), two others from the Ht EST encoding for the 1SST 

enzyme (GenBank: AJ009756.1), respectively named 1SST_2 and 1SST_3.  

In Tab. 5 are reported the sequences as well as annealing characteristics of the primer pairs 

from Ht EST encoding for 1FFT, 1SST as well as the expected length of their DNA amplified 

fragments. 

 

 

 

 

 

The PCR reactions took place into a final 25 L volume after adding the following 

reagents: 1X buffer, 0.75 mM MgCl2, 1.0 mM dNTP mix, 0.2 M fwd and rev primers, 0.04 

U L
-1

 Taq DNA polymerase. 

The adopted amplification programs were: 3 min at 94°C, 35 cycles each composed by 30 

sec at 94°C, 30 sec at Tm and 45 sec at 72°C, followed by a final extension 8 min long at 

72°C. Tm was 60°C for 1FFT primer pairs and 59°C for 1SST_2 and 1SST_3 primer pairs. 

Electrophoresis were performed in a 1.2% TAE agarose gel stained by pouring ethidium bromide up to a 

final concentration of 37.5 10
-3

 ng L
-1

 or GelRed 10,000X (6.25 10
-6

 L mL
-1

). The runs were 2.5 hours long.  

Ht EST ID Enzymatic function Code Type Sequence (5' to 3') 
Length 

(pb) 

Tm 

 (°C) 

Expected 

fragment 

length (pb) 

gi 
AJ009757.1  

Sucrose:sucrose 1-
fructosyltransferase             

(1-SST) 

1SST_2 
fwd CCCCCTCGGCCACCACATT 19 58.6 

543 
rev CACCATCAGGGCCCGACCAC 20 59.4 

Sucrose:sucrose 1-
fructosyltransferase            

(1-SST) 

1SST_3 
fwd CCCCCTCGGCCACCACATT 19 58.6 

1,142 
rev GAGTGCCCCGGGTCGAAGC 19 59.8 

gi 
AJ009756.1 

Fructan:fructan 1-

fructosyltransferase             

(1-FFT) 

1FFT 
fwd TTGTCGTGGGAACGGACCGC 20 59.6 

1,444 
rev CCTCCTTGCGCAAACCCCTCC 21 60.3 

Tab. 5 – Primers from ESTs for 1SST and 1FFT used for the construction of the probes for the 

screening of sunflower BAC library. 
Characteristics of primer pairs from Ht DNA sequences designed for obtaining the PCR-based 

32
P -

labeled probes used for hybridizing and screening the Ha BAC library.   
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3.4.1.3. Preparation of PCR-based 
32

P-labeled probes hybridizing the BAC clones 

onto the Ha BAC library. 

A final volume of 100 L obtained by adding 4 PCR reactions for each genotype 

performed as above mentioned deriving from the exploiting as primer pairs of 1FFT, 1SST_2 

and 1SST_3 were loaded into a 2.0% TAE agarose gel stained with 37.5 10
-3

 ng L
-1

 ethidium 

bromide. 

The run was 5 hours long at 6 V cm
-1

 in order to allow a better separation of the amplified DNA fragments. 

Three different genotypes were used for obtaining the PCR-based probes: i) Ha89 as a 

control and ii) two Ht clones, the wild ‘CSR’  and the cultivated ‘CU-3B’.  

When amplified by the three primer pairs, each mentioned genotype showed after running gel electrophoresis 

a complex amplification pattern comprising a number of different DNA fragment amplified (Fig. 31).  

The criteria adopted about the choices regarding the DNA amplified fragments used as 

hybridizing probes were as follows.  
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Fig. 31 – PCR profiles from gel electrophoresis concerning DNA fragments amplified by 

using primer pairs designed from Ht EST sequences encoding for 1SST and 1FFT enzymes 

in order to get the PCR-based 
32

P-labeled probes suitable for Ha BAC library screening. 
PCR-based 

32
P-labeled probes used for the screening of Ha BAC library were derived from the 

amplification of DNA from the Ht clones ‘CSR’ (1 in picture a and 2 in b), ‘CU-3B’ (3 and 4 in picture 

b) and Ha89 (1 in picture b). Black array in picture a indicates the 1.4 kb-long DNA fragment 

amplified from AJ009757.1 EST sequence encoding for 1FFT enzyme eluted from the corresponding 

region of the gel in order to obtain the 1FFT PCR-based probe. Arrays in picture b show the DNA 

fragments amplified from AJ009756.1 EST sequence encoding for 1SST from which, at last, were got 

the 0.6 kb-long 1SST_2- (red), 1.3 kb-long 1SST_2+ (orange) and 1.2 kb-long 1SST_3 (blue) PCR-

based probes. The DNA related to each probe was recovered from 4 samples in order to elute about 

100 L of amplification product from each genotype. Gel displayed in a was stained by GELRED 

10,000X dye, in b through ethidium bromide.  

a b 
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One DNA fragment obtained by using the 1FFT primer pair (named 1FFT, nearly 1.4 kb long) displayed by 

Ha89, Ht ‘CSR’ and Ht ‘CU-3B’ and two different others obtained consequently to the use of 1SST_2 primer 

pair (named 1SST_2- and 1SST_2+ due to their different molecular weight, nearly 0.6 and 1.3 kb respectively) 

displayed by the same genotypes, as well as one DNA amplified fragment produced after DNA amplification by 

using 1SST_3 primer pair from the only Ht ‘CU-3B’ (named 1SST_3, about 1.2 kb long), were eluted from the 

agarose gel.  

Those DNA fragments were selected for constructing PCR-based 
32

P -labeled probes 

exploited for the screening of Ha BAC library, because of their similar length to the expected 

DNA amplification fragments that 1FFT, 1SST_2 and 1SST_3 primer pairs would produce 

(1FFT, 1SST_2- and 1SST_3, Tab. 4) whereas 1SST_2+ DNA fragment was chosen taking 

into account the chance that one or more intron could occur within Ht EST sequence 

AJ009756.1. 

 Furthermore, a total of 10 of amplified DNA fragments were selected also on the basis of 

their abundance, as inferred by the brightness of the related bands (Fig. 28), with the aim to 

get a set of PCR-probes suitable and consistent for the hybridization of the Ha BAC library. 

The gel bands corresponding to the amplified selected DNA fragments were first excised 

by using a scalpel. Then 400 mg of excised fresh gel were weighed for each sample and the 

DNA amplified fragments were eluted by exploiting a QIAquick Elution Kit (Qiagen) 

according to the manufacturer’s instruction.  

After recovering DNA in 30 L elution buffer, the four DNA solutions deriving from each 

genotype were pooled producing a 120 L final volume, then both concentration and quality 

of the recovered DNA were measured at Nanodrop 1000 spectrophotometer (Thermo 

Scientific) which revealed a concentration variable from 3.0 and 13 ng L
-1

 and the ratios 

260/280 and 260/230 ranged between 1.5 and 3.5 and 0.02 and 0.05 respectively. Each 

sample was finally concentrated by a speed-vacuum process as 25 ng amount of 1-6 L eluted 

DNA was needed for hybridizing each membrane. 

To ascertain as the selected amplified DNA fragments (1FFT, 1SST_2-, 1SST_2+ and 

1SST_3) were correctly recovered, an electrophoretic analysis was carried out loading into a 

2.0% TAE agarose gel stained by ethidium bromide, 90 ng of the eluted DNA sample and 

allowing to DNA fragment to run for 2.5 h at 6 V cm
-1

. 

3.4.1.4. Hybridization of the sunflower BAC library. 

The BAC (Bacterial Artificial Chromosome) library built from nuclear DNA of H. annuus 

line 89 by using the Escherichia coli strain ElectroMax DH10B cells after their transforming 
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through the F plasmid-based pECBAC1 comprising 107,136 DNA inserts at all, whose 

average length was 140 kb-long, equivalent to approximately 5 haploid genomes of sunflower 

(3,000 Mb/1C) by exploiting BamHI as restriction enzyme
167

, was assayed.  

Three different 22.5x22.5 cm sized filters made of Hybond N+ high-density nitro-cellulose membranes (Fig. 

32) designed by adopting a 4x4 clone format using the GeneTAC
TM

 G
3
 Robotic Workstation starting from 

randomly selected 384-well plates and processed according to a standard alkaline lysis metdhod
168,169

, containing 

18,432 clones from 8 different 384-well plates each including 384 different BAC colonies growing into a LB 

agar medium with X-gal, IPTG and chloramphenicol, corresponding to a representative subset of the BAC 

library, were exploited for the Ht PCR-based 
32

P -labeled probe hybridization.  

 

A pool made of 10 different PCR-based probes above described was used for exploiting 

the Ht BAC screening analyses. The hybridization of the Ha BAC library was performed by 

two consequential steps, a pre-hybridization followed by a true probe hybridization.  

Each high-density filter was placed on and wrapped into an equal sized gridded plastic support, then put into 

a glass container roller-shaped. The gridded support was useful to avoiding the adherence between the 

membrane and the inner surface of glass container, allowing to both pre-hybridization and hybridization buffer 

to correctly flow throughout the membrane allocating the BAC clones. Into the glass container was poured a 

volume of 50 mL of pre-hybridization buffer (1M sodium phosphate, 20% SDS, 5M EDTA, 0.2 10
-3

 ng L
-1

 

a 

b 

Fig. 32 – A typical high-density filter 

allocating 18,432 clones from the pEBAC1 

Ha library used to detect the Ha DNA 

sequences homologous to the Ht 

corresponding encoding for 1SST and 

1FFT enzymes. 
A Hybond N+ high-density nitro-cellulose 

22.5x22.5 cm sized membrane used for the 

experiment regarding the screening of the Ha 

BAC (a). It contains 18,432 BAC clones from 

corresponding E. coli colonies. Plasmids 

comprising each of those Ha89 DNA sequences 

are organized in 6 different fields each 

containing the clones deriving from 8 384-well 

plates. The filter shown wrapped into a saran 

plastic bag is already been hybridized and is 

ready for placing on a suitable 

autoradiographic impressible film. The zoom 

reported in b the characteristic data detecting 

the filter, such as the plant species which it 

derived (sunflower), the code (pEBAC1), the 

restriction enzyme adopted (BamHI), the 

number identifying the 384-well plates 

contained on and the date of construction. 
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Fig. 33 – Schematization of the procedures related to the 

hybridization of the high-density filters by using the 

nuke-labeled PCR-based probes. 
A Hybond N+ high-density nitro-cellulose 22.5x22.5 cm sized 

membrane was wrapped into a plastic grid (a) to allow the 

pre- and hybridization buffers to flow correctly throughout 

the filter, putted into a glass cylinder where hybridization 

solution containing the nuke-labeled PCR-based probes was 

poured (b), washed several times with a SSC-based solution 

into a basin to remove the non-bound probes (c) and finally 

placed on an autoradiographic film that was impressed by the 

 rays emitted by the corresponding probe-hybridized dots 

from the above membrane (d). 

 

salmon sperm), then the container was entered a microwave oven placed on a suitable rolling rack and incubated 

at 65°C overnight.  

After finishing the pre-hybridization, the corresponding buffer was discarded and replaced by 160 mL of 

hybridization buffer, whose preparation was made as follows: i) 1 L of each PCR probes (3 x 1FFT, 3 x 

1SST_2-, 3 x 1SST_2+, 1 x 1SST_3) was poured into an 1.5 mL eppendorf tube obtaining a 10 L pooled 

volume, ii) 1 L of 0.167 ng L
-1

 PGEM plasmid and 5 L of sterile distilled water were added to the tube up to 

a 11 mL final volume, iii) the solution was denatured into a thermal bath at 80°C for 10 min, then placed into 

ice, iv) a volume of 4 L of Roche High Prime (Roche Applied Science) containing both the random primers and 

the Klenow enzyme as well as 5 L 
32

P dCTP (50 Ci) were added in order to get by the random-primer method 

the 
32

P-labeled DNA filament homologous useful for the BAC clone hybridization, v) the solution was incubated 

into a thermal bath at 37°C for 30 min, then the reaction was stopped by adding 0.5 mL of hybridization buffer 

(1M sodium phosphate, 20% SDS, 5M EDTA) and finally the double stranded 
32

P-labeled filaments were 

denatured into single stranded DNA filament after incubation into a thermal bath at 95°C for 5 min, vi) the final 

volume was added to a 160 mL of hybridization buffer and the glass cylinder-shaped container was incubated at 

65°C overnight.  

After hybridization the membranes were removed from the glass container and washed into a basin through 

several washing: twice with 100 mL of 1X SSC and 0.1% SDS at 65°C for 20 min, twice with 0.1X SSC and 

0.1% SDS until the radioactive signal decreased up to not dangerous but efficient values able to impress the 

autoradiographic film (as revealed by membrane exposure to Geiger’s detector). In Fig. 33 the procedures are 

schematically summarized. 
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When the washings were finished, each membrane was wrapped into a saran bag well adherent to the same 

ones, placed onto a suitable autoradiographic film into a plastic cassette (Amersham Biosciences) and incubated 

at RT overnight allowing to decay emission due to -rays radiation to impress the film corresponding to the 

emission areas on the high-density filter. 

The hybridizing spot related to the autoradiogram was lastly visualized by introducing the autoradiographic 

film into a Typhoon 9410 molecular imager machine (Molecular Dynamics) and by using related image 

acquiring software (Fig. 34). 

 

 

3.4.1.5. Screening of the library and identification of the positive BAC clones from the 

blots occurred on the high-density filters. 

Each high-density filter was divided into 6 different fields containing 384 squares or small 

areas comprising 8 duplicated BAC clones deriving from the corresponding E. coli colonies 

present in 8 different 384-well plates. A total of 18,432 BAC clones was placed on each high-

density filter (384x8x6=18,342). The fields were gridded into 16 rows (A-P) and 24 columns 

(1-24). Then each BAC clone and its plate was completely identified on the basis of its 

coordinate on the field and the orientation displayed by the couple of duplicated spots. 

The corresponding BAC clones located in the 8 different plates were dotted in the same squares: the 8 clones 

numbered 1-8 from 8 different 384-well plates were dotted into each square identified as A1-A24, B1-24,……., 

P1-P24 (Fig. 34).  The disposition of the BAC clones into the squares according to the fixed pattern allowed to 

detect the exact plates from which the clones originated.  

For example, the clone rounded and notified as X in Fig. 35 is the 371
th

 clones out of 384
th

 (P11) belongs to 

plate 94 as inferred through the square pattern (88=1, 89=2, 90=3, 91=4, 92=5, 93=6, 94=7, 95=8), so that its 

exact identification is 94P11. 

a b 

Fig. 34 – The autoradiographic impressible film used for exposing the high-density filter 

after its hybridization with the nuke-labeled PCR-based probes and the acquiring device 

needs to visualize the hybridization pattern. 
A cassette containing the autoradiographic film on which a high-density filter was placed after 

hybridization performed by using the PCR-based radio-probes opportunely labeled by including a 
32

P 

isotope-marked dCTP for a overnight incubation at RT (a) and the Typhoon 9410 machine allowed to 

capture the related images concerning the hybridization spots scattered on each high-density filter 

(b). 
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Fig. 35 – Clone organization on a Hybond N+ high-density filter and identification scheme. 
A Hybond N+ high-density filter allocating 18,432 different BAC clones. Six equal-sized fields are present on 

the filter, each comprising 3,072 BAC clones from eight different 384-well plates (see border of the filter). 

The plasmids carrying a single different DNA insert from a corresponding E. coli colony from a 384-well 

plate of the Ha89 BAC library are placed into a small squares (see field at the left bottom) according to an 

established pattern (see red bordered tables referred to squares 1, 24 and 384). Each small area, identified 

by a row and column term, comprises the same numbered duplicated clones from 8 different 384-well 

plates (see red bordered tables). When positive dots occur, then the corresponding field coordinates allow 

to detect the clone number on the plate, whereas the geometric disposition of the duplicated positive dot 

allow to determine the plate number (see example indicated by the red arrays). 
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3.4.2. Analyses of the molecular polymorphism within genus Helianthus. 

The molecular polymorphism for the set of genes involved in carbohydrate biosynithesis 

whose expression was found to be noteworthy during the tuber development was studied for 

ascertaining the differences among the PCR amplicon profiles showed by the selected 

Helianthus species in order to detect homeoalleles usuful for enhancing the actual ability to 

produce tuber biomass in Jerusalem artichoke as well as the similarities among them with the 

aim to trace a reliable identification of the parental ancestors of Ht. 

The polymorphism was studied about the set of ESTs encoding for either enzymes or proteins implied in 

fructan biosynthesis, both directly (1SST, 1FFT) and indirectly (Sucrose H
+
/symporter) and starch biosynthesis, 

both directly (Starch synthase) and indirectly (Phosphoglucomutase, -invertase, Sucrose synthase, Glucose 6-P 

translocator). For each of them a suitable primer pair was designed by using the Primer3 software in NCBI  

taking care to assure the further right compatibility in order to avoid the possible formation of both secondary 

structures and dimers by appling the DNA calculator software (available at http://www.sigma-

genosys.com/calc/DNACalc.asp). The set of ESTs as well as related primer pairs including their annealing 

characterstics are listed in Tab. 6. 

 

 

 

 

EST Protein Primer sequence 
Tm 

ID Origin Function Code Fwd Rev 

gi_3367689_emb 

AJ009756.1 

H. 

tuberosus 

Sucrose:sucrose 1-

fructosyltransferase 

1SST_1 
5’-CCCCCTCGG 

CCACCACATT-3’ 

5’-GTTGTTCGG 

AGCGCTGGGC-3’ 
59 

1SST_2 
5’-CCCCCTCGG 

CCACCACATT-3’ 

5’-CACCATCAGGG 

CCCGACCAC-3’ 
59 

gi_3367710_emb 

AJ009757.1 

H. 

tuberosus 

Fructan:fructan 1-

fructosyltransferase 
1FFT 

5’-TTCCTGGGTGGA 

CTTTCGAACTTTG-3’ 

5’-CCCCCTCCAGTC 

CAAACTTATGCT-3’ 
58 

gi_254061131_gb 

GR721628.1 
B. rapa Sucrose/H+ symporter SuSym 

5’-AGCTTTCAAAACTG 

GGGCTATGGGA-3’ 

5’-AACCCAACAACCC 

AAGAAGACGAAT-3’ 
58 

CHTM2753.b1 

A17.ab1 

H. 

tuberosus 
Starch synthase SS 

5’-TGCTTTTCGCAGA 

CTGACATCTTCA-3’ 

5’-TGAGAGCAGA 

CAACACATCCCCT-3’ 
57 

gnl_UG_Stu#S 

14742277 

S. 

tuberosus 
Starch synthase SS 

5’-AGACAAATTTC 

GTGCTTGGGTTGGA-3’ 

5’-ACACGGTTCGA 

ATCTTGAGGGCA-3’ 
58 

CHTM16162.b1 

C09.ab1 

H. 

tuberosus 
-invertase INV 

5’-ACGCTGTTGTGT 

GCAGATGGT-3’ 

5’-CCCTCTGTGTC 

GTGTTTCAGCA-3’ 
57 

CHTM17660.b1 

H24.ab1 

H. 

tuberosus 
Phosphoglucomutase PGM 

5’-TGCCGCCAATG 

CAGTCCAAT-3’ 

5’-TTTGGCTACAAC 

ATCAAGAGCAGCA-3’ 
57 

CHTS9275.b2 

E15.ab1 

H. 

tuberosus 
Sucrose synthae SuS 

5’-TGGCTGAATCTG 

TTCCGTTGGCT-3’ 

5’-TGGCGATGAAAT 

GAGAACACACACA-3’ 
58 

CHTM1517.b1 

J20.ab1 

H. 

tuberosus 
Glucose 6P-translocator G6PT 

5’-CAAGGTTCACTT 

TGGGCGAAACG-3’ 

5’-GTTGAGTTCAGTA 

AGGGCGGCA-3’ 
57 

Tab. 6 – List of the ESTs analyzed for studying polymorphism extant in genus Helianthus. 
For each EST implied in carbohydrate biosynthesis and highly expressed during tuber development are 

indicated the primer pairs designed for analyzing the polymorphism for PCR amplicon within genus 

Helianthus. Three different primer pairs were designed on the EST for 1SST enzyme. 
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The PCR reactions took place in a final 25 L volume according to the following reaction concentration: 1X 

buffer MyTaq, 0.07 mM MgCl2, 0.045 mM dNTPs, 5 M primer fwd and rev each, 0.036 U L
-1

 Taq polymerase 

(MyTaq Bioline). 

Each PCR reaction proceed according the following amplification program: initial denaturation at 94°C for 3 

min, 35 cycles with denaturation at 94°C for 30 sec, annealing at Tm (Tab. 5) for 30 sec and polymerization at 

72°C for 45 sec each, final polymerization at 72°C for 8 min. 

In Tab. 7 is listed the set of species selected from the genus Helianthus for carrying out the 

study of polymorphism for the PCR amplicon profiles related to the ESTs involved in 

carbohydrate biosynthesis. 

The set of Helianthus species were chosen with the intent of including the putative ancestral species of Ht 

under the hypothesis that Ht was originated after an hybridization event involving a diploid and tetraploid 

species
130

,
116

. For example H. argophyllus (D) and H. hirsutus (T) are able to hybridize to each other and show 

several traits similar to Ht (Tab. 7). Considering that other researchers proposed that Ht originated under 

domestication from a wild hexaploid species
130

 sharing morphological similarities to Ht and overlapping 

dispersal areas (Fig. 15), H. schweinitzii was included in the analyses (Tab. 7). The similarity of the PCR 

amplicon profiles among the compared species was determined according to the Dice’ index. 

 

 

 

 

 

With the purpose to obtain the leaf tissue suitable for the DNA purification and 

amplification in order to perform the molecular PCR compared analyses, 10 mature achenes 

from each different Ht clones collected at EFUT  in fall 2012 (Table 8a) and wild Helianthus 

species (Table 8b), from either USDA-ARS-NCSL or the Information Network (GRIN) of the 

USDA, were germinated. 

Species 
Ploidy  

level 

Growth 

 cycle 
Reason for choice 

annuus D A Cross compatibility with other diploid and tetraploid species 

nuttalli D A Sharing of many traits with Ht, cross compatibility with  H. californicus (H) 

maximiliani D A Sharing of many traits with Ht, cross compatibility with H. decapetalus (D, T) 

argophyllus D A Sharing of several traits with Ht, cross compatibility with H. hirsitus (T) 

niveus D A Cross compatibility with H. laevigatus (T) 

angustifolius D A Sharing of several traits with Ht, cross compatibility with schwainitzii (T) 

decapetalus D, T P Tuberizing tetraploid, cross compatibility with sunflower 

hirsitus T, H P Tuberizing tetraploid, cross compatibilty with sunflower and Ht 

strumosus T P Tuberizing tetraploid, cross compatibility  with sunflower 

schweinitzii H P Hexaploid similar to Ht, cross compatibility with Ht 

Tab. 7 – List of the species considered for studying polymorphism in genus Helianthus. 
Each Helianthus species was carefully chosen on the basis of cross compatibility to Ht or other 

Helianthus species, sharing of several traits concerning both the above and belowground organs with 

Ht, ability to produce tuber-enlarging rhizomes and overlapping of the native areal to Ht (Fig. 15). 
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Helianthus tuberosus 

clone 
Description 

Wild ‘CSR’ GA3+ 
Half-sib progenies deriving from the clonal plant tuber-propagated belongs to the wild Ht ‘CSR’ clone 

native to Ronciglione, Latium, Italy 

CU-3B GA3+ 
Half-sib progenies deriving from the clonal plant tuber-propagated named ‘CU-3B’ bred from the 

Hungarian clone 

3 16 C7 III Half-sib progenies deriving from the clonal plant tuber-propagated named ‘3 16 C7’ clone 

20 Fuseau HS6/H2O  

pt 1 
Half-sib progenies deriving from the clonal plant tuber-propagated obtained from ‘Fuseau’ clone 

1th seedling HS/07 12K8 
Half-sib progenies deriving from the 1th seedling developed into a clonal plant tuber-propagated named 

‘12K8’ originating from the ‘K8’ clone 

1th A seedling HS/07 13VR 
Half-sib progenies deriving from the 1th seedling developed into a clonal plant tuber-propagated named 

‘13VR’ originating from the ‘Violet de Rennes’ clone 

5th seedling HS/07 11D19 
Half-sib progenies deriving from the 5th seedling developed into a clonal plant tuber-propagated named 

‘11D19’ originating from the ‘D19’ clone 

1th seedling HS/07 4NAH 
Half-sib progenies deriving from the 1th seedling developed into a clonal plant tuber-propagated named 

‘4NAH’ originating from the ‘Nahodka’ clone 

Helianthus 

wild species 

Accession, 

line or code 

Initial 

genetic 

material 

Institution 

providing 

the genetic material 

Helianthus 

wild species 

Accession, 

line or code 

Initial 

genetic 

material 

Institution 

providing 

the genetic material 

annuus 89 DNA USDA-ARS-NCSL 

niveus 

spp. canescens 

PI468786 

PI468789 

Achenes USDA-GRIN 

argophyllus PI649863 DNA USDA-ARS-NCSL decapetalus 

PI468697 

PI547169 

PI547170 

Achenes USDA-GRIN 

angustifolius G04/795 2424 DNA USDA-ARS-NCSL hirsitus PI547174 DNA USDA-ARS-NCSL 

nuttalli 102-4 DNA USDA-ARS-NCSL strumosus 

PI547226 

PI547218 

Achenes USDA-GRIN 

maximilianii PI586892 DNA USDA-ARS-NCSL schwainitzii G04/787 2415 DNA USDA-ARS-NCSL 

Tab. 8 – Details about the genetic materials used for the study of comparative genomics within 

genus Helianthus. 
The achenes from Ht clones (a) were collected at EFUT, Italy, whereas those from wild Helianthus 

species were from either USDA-ARS-NCSL or USDA-GRIN, USA. 
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The DNA samples from H. argophyllus were kindly provided by Dr. L. Qi of the Sunflower Research Unit of 

the USDA-ARS-NCSL-SPBRU, Fargo, ND, USA.  

Achens from all of the Ht clones as well as H. decapetalus, H. niveus, H. strumosus were after germinated 

according to Jan’s methods
165,166 

and DNA was purified as described in § 3.3.1.1. 

The remaining samples were already present at USDA-ARS-NCSL as DNA solution. The germination of 

achenes and DNA purification were carried out at USDA-ARS-NCSL, Fargo, ND, USA, whereas next PCR 

analyses at University of Tuscia, Viterbo. 
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Wild ‘CSR’ ‘K8-HS142’        

‘D19-HS2’ 

‘VR’ ‘CU-3B’ 

‘K8-HS142’ 

‘D19-HS2’ 

‘VR’ ‘CU-3B’ 

Wild ‘CSR’ 

b 

a 

4. RESULTS 

4.1. PHENOMIC STUDIES. 

4.1.1. Phenotypic analyses. 

After carrying out biometrical measurements for several traits regarding both above (plant 

architecture and height, flowering time, response to powdery mildew) and belowground 

(tuber shapes and weights, precocity of tuberization) organs of the Ht plants, influencing the 

ability to produce both stalk and tuber biomass, among the collection comprising 67 clones 

maintained at EFUT, a wide genetic variability was assessed. 

 Four different clones, ‘K8-HS142’, ‘D19-HS2’, ‘CU-3B’ and ‘VR’, evidenced noteworthy expressions of 

one or more traits making them potentially suitable for next agronomic use. As reference terms, expression 

values for the above mentioned traits recorded in the wild or semi-natural ‘CSR’ are provided. 

With regard to the morphological traits of aboveground organs, the clones were classified 

in three different classes for both growth habits and plant height. (Fig. 36) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 36 – Genetic variability for morphological traits of aboveground organs of Ht clone 

collection. 
Three different growth habits (a) were showed by the Ht clones grown at EFUT: brushy type, typical 

of wild or semi-natural clones such as ‘CSR’ and ‘CSC’, branched or semi-brushy type, typical of 

‘VR’ and ‘CU-3B’ and the majority of clones, and mono-stem type, peculiar of the two only ‘K8-

HS142’ and ‘D19-HS2’. Three height pattern (b) were identify: short, medium, in which ‘VR’ and 

‘CU-3B were included and tall, peculiar of the ‘K8-HS142’ and ‘D19-HS2’ clones. 
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a b c d e 

Fig. 37 – Typical growth habits among the Ht clones from EFUT collection. 
The brushy type wild ‘CSR’ (a) showed several stems each very branched. The semi-brushy or 

branched types ‘VR’ and ‘CU-3B’ (b, c) evidenced on average not more of 2 stems from which 

several branches came out. The monostem types ‘D19-HS2’ and ‘K8-HS142’ (d, e) formed one 

only stem from which either some (d) or no (e) branches departed.  

 

 

 

 

 

 

 

 

 

The majority of Ht clones were classified as branched or semi-brushy types and of medium height (Fig. 36). 

The brushy growth habit was shown by the wild or semi-natural ‘CSR’ whose height was around than 240 cm. 

Among the branched types were ‘VR’ and ‘CU-3B’ were considered of medium height, measuring 190 and 215 

cm, respectively (Fig. 37). Two only clones displayed a mono-stem plant architecture, ‘K8-HS142’ and ‘D19-

HS2’ which were classified as tall, because their height reached 250 and 230 cm, respectively (Fig.37). 

 

 

 

 

 

. 

A wide genetic variability useful for agronomic purposes was assessed among Ht clones 

regarding both growth habit and plant height traits. 

The two semi-brushy ‘VR’ and ‘CU-3B’, forming on average 2 stems variously branched, 

would seem to be indicated for designing cropping systems in which a low density of plant 

population occurs.  

In fact, those clones due to their high competitive ability against weeds, related to the 

branched plant architecture, could be cultivated in marginal areas where low input of 

chemicals related to weed control would need. 

The two monostem ‘K8-HS142’ and ‘D19-HS2’, forming one only main stem either no or 

slightly branched, respectively, would be suitable when a high plantation density is desired. 

Therefore, those clones could be mainly cultivated in conventional cropping systems where 

the combination of high energy input, basically irrigation water, high plantation density and 

plant height assures that a large amount of biomass would be produced for unit land area.  

However, because of its tolerance to drought determining high tuber dry matter yields in rainfed conditions, 

the ‘K8-HS142’ could be also grown in low-input cropping systems, especially when either no or low irrigation 

water supply are provided (see afterword). 
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The physiological traits of aboveground organs considered were the occurrence of 

flowering time and the reaction to powdery mildew fungal disease (Fig. 38). 

 

 

 

 

 

The majority of clones were considered as medium or belated with regard to the occurrence of flowering 

time. The ‘VR’ and ‘CU-3B’ as well as the wild ‘CSR’ clones came to flowering together around 100-105 days 

after the reference point-time established on May 31
th

. The only two monostem types, ‘D19-HS2’ and ‘K8-

HS142’, were the earliest, blooming approximately 75 and 40 days before, respectively.   

In order to the reaction to the air-born inoculums of powdery mildew, a large part of the Ht clones resulted 

resistant, but ‘VR’ evidenced the strongest resistance (IT = 0).  

A high resistance response was displayed by ‘CU-3B’ (IT=1) and wild ‘CSR’ (IT=2), whereas the two 

monostem ‘K8-HS142’ and ‘D19-HS2’ showed a medium (IT=3) and very low resistance (IT=5), respectively.  

In Fig. 39 are shown the IT of the above mentioned clones. 

‘K8-HS142’ 

‘D19-HS2’ 

‘VR’ ‘CU-3B’ 

‘VR’ 

‘CU-3B’ 

‘K8-HS142’ 

‘D19-HS2’ 

Wild ‘CSR’ 

Wild ‘CSR’ 

b 

a 

Fig. 38 – Genetic variability for physiological traits of aboveground organs of Ht clone 

collection. 
The ‘VR’ and ‘CU-3B’ as well as the majority of Ht clones were medium or belated when blooming 

(a). Differently, both ‘K8-HS142’ and ‘D19-HS2’ were the earliest (a). In order to the reaction to 

powdery mildew fungal disease (b), ‘VR’ resulted the most resistant, ‘CU-3B’ very resistant, while 

the resistance displayed by ‘K8-HS142’ and ‘D19-HS2’ were slighter and missing, respectively. 
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‘K8-HS142’ 

‘D19-HS2’ 

‘VR’  

‘CU-3B’ 

‘K8-HS142’ 

‘CU-3B’ 

 ‘D19-HS2’ 

 ‘VR’ 

Wild ‘CSR’ 

Wild ‘CSR’ 

b 

a  

 

The morphological traits took into account for the belowground organs of the plant were 

the tuber shapes and weight (Fig. 40a,b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 39 – Different reactions to powdery mildew among Ht clones from EFUT collection. 
The ‘VR’ and ‘CU-3B’ evidenced a high resistance to the air-born inoculums of Erysiphe 

chicoracearum, the fungal agent of powdery mildew. The resistance in wild ‘CSR’ and ‘K8-HS12’ 

was slighter, whereas ‘D19-HS2’ was susceptible. 

 

 

 

 

 

 

 

 

Fig. 40 – Genetic variability for morphological traits of belowground organs of Ht clone 

collection. 
All of Ht clones evaluated at EFUT were classified for their tuber shape (a) and weight (b) according to 

Pas’ko (1973). The shape depends on the ratio between the two axis of tuber. ‘K8-HS142’ and ‘D19-

HS2’ displayed large and medium tubers, respectively, both of them spindle-shaped. VR’ and ‘CU-3B’ 

showed small and large tubers, respectively, each of them short-pear shaped. 
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Wild ‘CSR’ VR CU-3B D19-HS2 K8-HS142 

Fig. 41 – Tuber shapes among the Ht clones from EFTU collection. 
According to Pas’ko (1973) rules, tuber shapes from Ht collection were classified in 

four different groups. Tuber from wild ‘CSR’, ‘K8-HS142’ and ‘D19-HS2’ were 

considered spindle-shaped, whereas tubers from ‘VR’ and ‘CU-3B’ short pear-shaped. 

 

 

 

 

 

 

 

 

 

According to Pas’ko (1973)
134

, four and three different tuber shapes and weight were 

respectively identify on the basis of tuber axis ratio (§ 3.1.2). The pear, short-pear, oblong and 

spindle-shaped tubers displayed a ratio between the two main axes (down and cross) in the 

range < 1.5, 1.6-2.2, 2.3-3.0 and > 3.0, respectively.  

The monostem clones ‘K8-HS142’ and ‘D19-HS2’ and the wild ‘CSR’ were classified as spindle-shaped 

showing ratios of 3.33, 3.45, 3.00 respectively, whereas the branched ‘VR’ and ‘CU-3B’ were included in the 

short pear-shaped class, because of their tuber axis ratios were 1.59 and 2.07, respectively (Fig. 41). Tubers from 

wild ‘CSR’, ‘VR’ and ‘K8-HS142’ displayed a low number of lateral tubers (on average 0, 0.5 and 1.5, 

respectively), whereas tubers from ‘CU-3B’ and ‘D19-HS2’ a high number of lateral tubers (on average, 2.5 and 

3.0, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The majority of clones produced medium-large sized tubers. ‘K8-HS142’ and ‘CU-3B’ 

formed large tubers whose weights were around 85 and 125 g, respectively, ‘D19-HS2’ 

medium tubers around 45 g weighing and ‘VR’ and wild ‘CSR’ small tubers for which a 

mean weight of about 40 and 14 g were determined. 

The precocity of tuber maturation was the physiological trait of belowground organ 

examined (Fig. 42a,b). 
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The large part of clones were medium in starting the tuberization process. At the time-

point reference of September 21
th

, the two branched ‘VR’ and ‘CU-3B’ were the earliest 

(precocity score of 0 and 2, respectively), the two monostem ‘D19-HS2’ and ‘K8-HS142’ and 

were classified as medium (precocity score of 8 and 10, respectively) and the wild ‘CSR’ was 

belated (precocity score of 11). 

For the majority of Ht clones the tuberization and flowering times were overlapping, except for the two 

‘D19-HS2’ and ‘K8-HS142’ that exhibited the two processes as temporally distinct (Fig. 42b). That could 

Fig. 42 – Genetic variability of physiological traits of belowground 

organs of Ht clone collection. 
Three different classes for the precocity of tuberization were identified 

(a), the majority of clones resulting medium in tuberizing. The branched 

‘VR’ and ‘CU-3B’ were the earliest in tuberization (a) enlarging 

rhizomes around 60-70 days before the monostem ‘K8-HS142’ and ‘D19-

HS2’ (b). The occurrence of flowering time is also showed in order to 

compare the two physiological processes regarding the above and 

belowground organs as well as the foliar senescence due to drought. 
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a b 

Fig. 43 – Genetic variability extant among Ht clones from EFUT 

collection. 
A wide genetic variability was ascertained to be existing among Ht clones 

evaluated for several traits dealing with both above and belowground organs. The 

genetic variability was relevant not only among wild and cultivated gene pools (a), 

but also when clones included in the cultivated sub-primary gene pools was 

considered (b), as testified by the two emblematic pictures referred to tuber shape 

and weight, where the tubers were from the wild ‘CSR’ (left) and ‘7
th

 seedling 

from 12 K8’ (right) clones (a) and ‘K8-HS142’ (left)  and 7
th

 seedling from 12 K8’ 

(right) (b). 

 

 

 

 

 

 

determine an advantage in terms of tuber biomass production due to lacking of interference by flowering process 

on translocation toward the tuber sink of sugars deriving from the photosynthesis. 

Very interestingly, the monostem ‘K8-HS142’ resulted high resistant to the drought stress being able to 

conserve the large part of leaves when drought occurred (Fig. 42b). 

The high tuber biomass production typical of ‘K8-HS142’ could be related to the facts that i) flowering and 

tuberization processes don’t occur together and ii) the evidenced resistance to the drought stress. 

A wide genetic variability was ascertained to be existing among the Ht clones from EFUT 

(Fig. 43) belonging to the sub-primary both wild and cultivated gene pools for several 

morphological traits such as growth habit and plant height (Fig. 36, 37), tuber shape and 

weight (Fig. 40, 1) and physiological traits such as precocity of both flowering (Fig. 38) and 

tuberization (Fig. 42a,b) and response to the powdery mildew fungal disease (Fig. 38, 39). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Among the 67 different Ht clones assayed, the genotypes ‘K8-HS142’, ‘D19-HS2’, ‘CU-

3B’, selected from the half-sib progenies of ‘K8’, ‘D19’ and ‘Hungary’ cultivated clones and 

‘VR’ resulted the most relevant for next agronomic use because of their either monostem 

(‘K8-HS142’, ‘D19-HS2’) or semi-brushy or branched (‘CU-3B’, ‘VR’) growth habit suitable 
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for designing cropping systems where a high and low density plant population are desired, 

respectively.  

The monostem clones ‘K8-HS142’ and ‘D19-HS2’, could be cultivated in conventional 

cropping systems, where the supply of irrigation water would magnify the ability to 

photosynthesize, determining a high tuber biomass production due to relevant plant height 

and lacking of overlapping between the flowering and tuberization processes, when a high 

density of plantation occurs, even though ‘K8-HS142’ displayed a good resistance to drought 

stress (Fig. 42b) so that would be also grown in marginal land area where there is no chance 

to benefit of irrigation water. 

The semi-brushy clones ‘CU-3B’ and ‘VR’ would fit low-input cropping systems due to 

their high competitive ability against weeds because of their attitude to branching as well as 

high resistance to powdery mildew fungal disease (Fig. 39). 

In reason of the above mentioned potential agronomic values, the monostem ‘K8-HS142’ 

and ‘D19-HS2’ and semi-brushy ‘VR’ and ‘CU-3B’ were further compared in agronomic 

trials aimed to assess the ability to produce tuber fresh and dry matter as the result of the 

biosynthesis and storage of complex carbohydrate whose content were determined for the best 

tuber biomass-producing clones through biochemical analyses performed at the three relevant 

tuber developmental stage of T0, T3 and Tm. 

4.1.2. Agronomic analyses. 

The clones ‘K8-HS142’, ‘D19-HS2’, ‘CU-3B’ and ‘VR’ selected among the 67 from 

EFUT collection for expressing conveniently diverse phenotypic traits for their next 

agronomic use, dealing with above and belowground organs directly or indirectly related to 

carbohydrate biosynthesis and biomass production during tuber development, were compared 

in agronomic trials in order to assess their ability to produce tuber and stem biomass in both 

rainfed and irrigation water supply conditions. 

Production values of fresh and dry biomass per land unit per each of the four chosen clones 

were measured by carrying out two different trials with recording at i) tuber maturity and ii) 

T0, T3, Tm relevant time-points occurring during tuber development .  

Identifying the Ht clones offering the best tuber biomass yields was the goal of the former 

survey in order to detect the two most productive clones, respectively among the monostem 

not branched and the semi-brushy branched selected types, to use for comparing the 
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Fig. 44 – Biomass production from selected Ht clones from EFUT collection. 
Biomass production per land unit was assessed at tuber maturity stage from the monostem ‘K8-

HS142’ and ‘D19-HS2’ and semi-brushy ‘CU-3B’ and ‘VR’ clones, selected from the EFUT collection 

after that preliminary phenotypic evaluations were performed. 

Fresh and dry biomass yields from aboveground (stem) and belowground (roots, tuber) plant organs 

were measured in both rainfed and irrigated conditions at the commonly occurring 10 and 100 pt m
-2

 

plantation density, respectively. 

 

 

 

 

 

respective expression profiles of genes implied in carbohydrate biosynthesis during tuber 

development through carrying out the microarray analyses. 

The latter survey had the aim to determine the biomass production at the T0, T3, Tm tuber 

developmental stages in order to link the gene expression profiles with parallel biomass 

production profiles and, by exploiting data from the set of metabolomic analyses, biochemical 

profiles related to both simple and complex tuber carbohydrates. 

In Fig. 44 is shown the biomass production of each selected clones measured at tuber 

maturity in both rainfed and water supply conditions. 

 

 

 

 

 

 

 

 

 

The monostem ‘K8-HS142’ displayed the best tuber yields of fresh and dry biomass in both water supply and 

rainfed conditions, producing 7.7, 1.7, 1.2 and 0.85 ton ha
-1 

respectively
 
(Fig. 44). 
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Fig. 45 – Dry matter production during tuber development for the selected Ht clones from 

EFUT collection. 
Tuber dry matter production per unit land was measured for the monostem ‘K8-HS142’ and ‘D19-

HS2’ and the semi-brushy or branched ‘VR’ and ‘CU-3B’ Ht clones in both rainfed and water supply 

conditions. In each circumstance, the dry matter production went up during tuber development, as 

indicated by data collected at initial tuberization (T0), active growth (T3) and final maturation (Tm) 

time-points, in concert with tuber dimensional growth, as showed in box at the right bottom, where on 

the Y axis the length of tuber main diameter (0 to 160 mm) is reported at T0, T3 and Tm stages.  

 

 

 

 

Among the semi-brushy and branched clones, ‘VR’ offered the highest tuber fresh and dry matter yields in 

both water supply and rainfed conditions, producing 6.54, 1.69, 0.34 and 0.28 tons ha
-1

, respectively (Fig. 44). 

The monostem ‘K8-HS142’ produced around the same tuber dry matter per unit land as the 

semi-brushy ‘VR’ when irrigation water was provided, but over 3 times of tuber dry matter in 

rainfed conditions, that is noteworthy.  

In Fig. 45 the graphs related to the tuber dry matter production during the three 

developmental stages of initial tuberization (T0), active growth (T3) and final physiological 

maturation (Tm) are proposed. 

 

 

 

 

 

 

 

It was clear that the tuber dry matter production per land unit increased from T0 to Tm 

roughly linearly for each clone and water regime and, very interestingly, in concert with the 

increase of tuber main axis size (Fig. 45). That suggested that the carbohydrate biosynthesis 

and storage into tuber would not follow the tuber-enlarging process of rhizome but would take 

place simultaneously.  
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b 

a 

Fig. 46 – Inulins content and bioethanol production during  tuber development for 

the selected Ht clones from EFUT collection. 
Inulin content (a), expressed as grams of fructan polymer per kg of tuber dry matter, was 

measured for the monostem ‘K8-HS142’ and the semi-brushy or branched ‘VR’ Ht clones in 

water supply condition, at initial tuberization (T0), active growth (T3) and final maturation 

(Tm) time-points. For the same clones in the same agronomic circumstances, the bioethanol 

yields (b), expressed as amount of mL of ethanol per kg of tuber dry matter, were 

determined by multiplying the tuber dry matter content by 0.615 conversion factor.   

 

 

 

4.2. METABOLOMIC STUDIES. 

The tuber inulin content was detected for the monestem ‘K8-HS142’ and semi-brushy 

‘VR’ clones, resulted the most productive in terms of tuber biomass, absolutely and when the 

only semi-brushy clones were considered, respectively, at the three developmental stages of 

initial tuberization (T0), active growth (T3) and physiological maturation (Tm). At the same 

tuber developmental time-points the bioethanol production was also determined.  

The purpose of those analyses were to pair the biochemical profiles inherent both inulin 

content and bioethanol production to the corresponding agronomic and transcriptomic profiles 

related to the tuber biomass production and expression magnitude of the genes implied in the 

tuber carbohydrate biosynthesis and storage, respectively. 

In Fig. 46 the curves drawn after measuring the inulin tuber content (a) and calculating the 

corresponding bioethanol production (b) are showed. 
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Tab. 9 – Starch content in tubers from selected Ht clones from EFUT 

collection. 
Starch content was determined by using both dry and lyophilized tissues of 

tubers at both maturity and upcoming sprouting collected from the 

monostem ‘K8-HS142’ and the semi-brushy ‘VR’. 

 

 

 

The active inulin biosynthesis and storage took place from the T0 to T3 time-point, when 

the active dimensional growth of tubers occurs (box in Fig. 44), reaching a peak at T3 (Fig. 

46a), confirming that the tuber biomass production comes simultaneously with tuber 

development, then the fructan content went slightly down until Tm (Fig. 45a). As it was 

expected, the conversion of fructans into bioethanol determined yields following strictly the 

inulin content at three considered tuber time-points (Fig. 46b).  

The decrease of inulin content would be related to the partial hydrolysis of the fructan 

polymers occurring in the late summer to permit next tuber sprouting in fall. 

In Tab. 9 is reported the content of total starch determined on dry and lyophilized tuber 

tissues from the monostem ‘K8-HS142’ and semi-brushy ‘VR’ at both physiological 

maturation and upcoming sprouting. 

 

 

 

 

Clone 
Tuber developmental 

stage 

Tissue 

consistence 

Starch content 

 (% fresh weight) 

Mean St. Dev 

K8-HS142 
Physiological maturity Lyophilized 0.30 0.00 

Upcoming sprouting Dried 0.70 0.03 

VR 
Physiological maturity Lyophilized 0.64 0.18 

Upcoming sprouting Dried 0.47 0.06 

 

 

Only traces of starch were found in tubers from both clones and tuber stages (Tab. 9), 

confirming that the major storage carbohydrate polymers are inulins. 

4.3.TRANSCRIPTOMIC STUDIES. 

4.3.1. Functional annotation of the Ht EST cabled on the microarray platform. 

Functional annotation of the 40,361 Ht ESTs sequences from the Ht_CHT(LMS)_norm 

library was started by blasting them against NCBI public database by using Blastx in 

Blast2GO. The minimum E-value frequency distribution concerning Ht ESTs aligned to the 

NCBI sequence data bank showed that the modal value was lower than e
-60 

and the mean 
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Fig. 47 – Alignment and annotation results for the ESTs from the Ht_CHT(LMS)_norm 

library. 
A good reliability of alignment after blasting the whole of 40,361 ESTs from the Ht_CHT(LMS)_norm 

library is evidenced in A by both the E-value distribution (1) and Sequence similarity distribution (2)  

elaborated by the statistical tools built in Blast2GO, indicating as the modal values were e
-60

 and 80%, 

respectively. The annotation of the aligned sequences was characterized (B) by: 1) the GO level of the 

terms related to each EST queried for three different biological properties (green: biological process, 

blue: molecular function, yellow: cellular component), 2) the percentage of ESTs with a given length 

annotated and 3) the number of GO terms found out for each EST group showing a given length. 

 

 

 

similarity index
 
was higher than 80%, indicating a good alignment reliability for all the 

available Ht ESTs (Fig. 47A). All the available Ht ESTs were mapped and annotated. The 

related parameters such as ‘GO level distribution’, ‘Percentage of sequences with a given 

length annotated’ and ‘Number of GO terms for sequences with a given length’, evidenced a 

good characterization for the set of ESTs (Fig. 47B).  

 

 

 

 

 

 

 

 

The E-value is a statistical parameter indicating the probability that a given similarity of alignment would 

depend on the chance only in a given database. The lower is the E-value calculated for an alignment result 

inherent a given DNA sequence, the higher is the likelihood that the alignment is not due to chance. An E-value 

of e
-4

 implies that there is a 0.0001 probability that the considered alignment exist in the database by chance, 

meaning that if the database contains 10,000 sequences, then it is might expect that alignment occur 1 time. In 

general, a threshold equal to e
-4

 is used to delimitate the chance for a reliable alignment
172

. In this study, the 

modal value for the E-value was e
-60 

(Fig. 47A-1), so that evidencing a very good alignment significance also 

testified by the high sequence similarity equal to around 80% (Fig. 47A-2). 

A good characterization of the annotated ESTs was indicated by the finished GO level related to the terms 

associated to the ESTs. In fact, a GO level of 6 was determined occurring most frequently for the majority of 

annotated ESTs (Fig. 47B-1), indicating a punctually defined biological function for the queried ESTs. The 

higher is the GO level related to a given GO term traced for a given EST, the finer is its biological function. 
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When the determined GO level for a set of DNA sequences is frequently over the GO level 6, then the definition 

of the biological function of those sequences is good. 

The GO terms are grouped into levels each comprising next different children levels, from 1 to over 15. The 

GO level 1, Biological process comprises 23 different children GO levels such as Cellular process, Metabolomic 

process, Growth, etc., each belongs to GO level 2. The Metabolomic process GO level 2 includes 14 different 

children GO levels such as Biosynthetic process, Primary metabolic process, Catabolic process, etc., each 

appertaining to GO level 3. In this way if the punctual Fructan biosynthetic process term related to the 

carbohydrate biosynthesis is taken into account, it will be associate to GO level 6 through the children pathway 

as follows: Biological process (GO1) → Metabolic process (GO2) → Biosynthetic process (GO3) → Cellular 

biosynthetic process (GO4) → Cellular macromolecular biosynthetic process (GO5) → Cellular polysaccharide 

biosynthetic process (GO6) → Fructan biosynthetic process (GO7). For another term related to carbohydrate 

biosynthesis such as Glycolysis it will be possible to determine the corresponding GO level 10 through the 

following children pathway: Biological process (GO1) → Metabolic process (GO2) → Catabolic process (GO3) 

→ Organic substance catabolic process (GO4) → Carbohydrate catabolic process (GO5) → Single-organism 

carbohydrate catabolic process (GO6) → Monosaccharide catabolic process (GO7) → Hexose catabolic 

process (GO8) → Glucose catabolic process (GO9)  → Glycolysis (GO10).  

In Fig. 47B-2 and 47B-3 it is shown as the proportion of ESTs longer than 200 bp correctly annotated was 

roughly over 70% and as the number of GO terms found for each EST was over 100 when the sequence length 

fell in the range 600-900 bp, respectively. 

Because around 6,300 ESTs implied in the carbohydrate biosynthetic and storage processes 

taking place during the tuber development, from which were designed the probes cabled onto 

the microarray platform, were selected from the 40,361 annotated ESTs, then the reliability 

inherent their actual biological function dealing with tuber carbohydrate processes was high, 

that is both the first and basilar step in order to correctly conduce a microarray hybridization 

aimed to rightly detect the expression magnitude of the desired set of DNA sequences implied 

in those biological process.  

By using the select by function tool built in Blast2GO and three different lists of official 

GO terms ranging in the GO level range 3-9 belongs to 1) carbohydrate biosynthesis, 2) tuber 

metabolism and 3) tuber process (§ 3.3.2), it was possible to detect ex-ante around 9,000 

ESTs from the complex of Ht_CHT(LMN)_norm library plus other ESTs carefully chosen in 

NCBI from other plant species for being putatively implied in carbohydrate biosynthesis and 

storage during tuber development. In Tab. 10 is indicated the number of ESTs identified for 

the three different biological processes determining in concert the production of tuber 

biomass.  

Due to the fact that the around 22,000 out of 40,361 annotated ESTs (≈ 55%) were unigene sequences, that 

are single DNA fragments having no repetition each, then 6,365 out of 9,038 ESTs found out to deal with tuber 

carbohydrate biosynthesis and storage were chosen for designing the microarray platform. 
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Tab. 10 – Number of ESTs involved in the tuber carbohydrate biosynthesis and storage. 
Starting by 40,600 ESTs from the Ht_CHT(LMS)_nm library (1) and NCBI database (2), around over 

16,000 ESTs were selected for the high alignment reliability, leaving out all of ESTs whose E-value was > e-
40

. A total of around 9,000 ESTs were detected by the ‘Selection by function’ tool built in Blast2GO for 

being implied in 1) carbohydrate biosynthesis, 2) tuber biological processes and 3) tuber metabolism. The 

corresponding 6,365 unigene sequences (nearly 15.7 % of the total ESTs) were exploited for designing the 

oligonucleotides placed on the microarray platform as probes. 

 

 

 

 

 

 

 

 

Initial number of 

ESTs from the 

Ht_CHT(LMS)_nm 

library and NCBI 

database 

Number of 

ESTs selected 

for displaying a  

higher 

alignment 

reliability  

(E-value < e
-40

) 

ESTs selected for being involved in carbohydrate biosynthesis and storage 

during tuber development 

Carbohydrate 

metabolism 

Tuber biological 

processes 

Tuber 

metabolism 

Sequences 

selected 

Unigene 

sequences 

placed on 

the 

Genechip 

40,361 (1) 
16,379 1,227 4,054 3,757 9,038 6,365 

239 (2) 

 

4.3.2. Results from the hybridization of genechip. 

Two kind of different information were gained from the hybridization signals emitted from microarray 

platform and further bioinformatics elaborations: 1) data on differential expression  regarding the selected genes 

governing the tuber biomass production processes among the two compared Ht clones, ‘K8-HS142’ and ‘VR’ as 

well as among the tuber developmental stages of initial tuberization (T0), active growth (T3) and final maturation 

(Tm) and 2) data on absolute expression showed by the key genes directly and indirectly implied in fructan and 

starch biosynthetic pathways at T0, T3 and Tm allowing to draw the corresponding temporal expression profiles 

during the tuber development. 

  Correlations between hybridization signal levels from the three technical replications regarding each of the 

six biological samples (‘VR’ T0, ‘VR’ T3, ‘VR’ Tm, ‘K8-HS142’ T0, ‘K8-HS142’ T3, ‘K8-HS142’ Tm) were high 

(>0.75) indicating as the experiment was relied on powerful basis with regard to i) replica sampling from tuber 

per each clone and developmental stage, indicating a reliable representation of the actual biological conditions ii) 

hybridization procedure, suggesting no incorrect technical steps to genechip hybridization. 

4.3.3. Genes differing for their expression between Ht clones and tuber stages. 

After hybridizing the microarray platform by using aRNAs from tuber tissues of the 

monostem ‘K8-HS142’ and semi-brushy and branched ‘VR’ clones, purified at T0, T3 and Tm  

crucial developmental time-points, it was possible to ascertain by applying the LIMMA 

statistical procedure that only a small portion of the 6,365 surveyed ESTs corresponding to 

genes implied in carbohydrate biosynthesis and storage during tuber development, resulted 

differentially expressed. 



- 95 - 

 

Tab. 11 – Number of ESTs differentially expressed from the microarray experiment. 
Differential expression was ascertained by applying the LIMMA statistical method on the basis of 

emitted signal at 635 nm after hybridizing the genechip arrays containing 6,365 ESTs putatively 

implied in the carbohydrate biosynthesis and storage during tuber development. The significance of 

expression differences was determined between the two different clones ‘K8-HS142’ and ‘VR’ among 

the T0, T3 and Tm tuber developmental stages as well as among the three tuber developmental time-

points when the common expression for ‘K8-HS142’ and ‘VR’ was taken into account. 

 

 

 

In fact, when comparing the two ‘K8-HS142’ and ‘VR’ clones at three tuber stages, it was determined as 123 

and 11 ESTs were differentially expressed at T0 and T3, respectively, whereas no ESTs were differentially 

expressed at Tm (Tab. 11).  

When comparing the tuber development common to both of two examined Ht clones over the tuber 

development, 127 and 11 different ESTs were discovered differentially expressed between T0 and Tm and T0 and 

T3, respectively, whereas no ESTs showed a differential expression between T3 and Tm (Tab. 11).  

 

 

 

 

 

Kind of different conditions Number of ESTs differentially expressed 

Between Type 
Momentum or 

clone 
Total 

Higher expression 

in/at 
Number % 

Clones 

VR 

vs 

K8-HS142 

T0 123 
VR 20 16.2 

K8-HS142 103 83.7 

T3 11 
VR 6 54.6 

K8-HS142 5 45.4 

Tm 0 - - - 

Tuber  

developmental  

stages 

T0 vs T3 

Common 

11 
T0 10 90.1 

T3 1 9.9 

T0 vs Tm 127 
T0 62 48.8 

Tm 65 51.2 

T3 vs Tm 0 - - - 

T0 vs T3 

VR 

23 
T0 2 9.7 

T3 21 91.3 

T0 vs Tm 654 
T0 262 40.0 

Tm 392 60.0 

T3 vs Tm 697 
T3 351 50.4 

Tm 346 49.6 

T0 vs T3 

K8-HS142 

97 
T0 69 71.1 

T3 28 29.9 

T0 vs Tm 501 
T0 214 42.7 

Tm 287 58.3 

T3 vs Tm 612 
T3 209 34.1 

Tm 403 65.9 



- 96 - 

 

Tab. 10 – Number of ESTs differentially expressed from the microarray 

experiment. 
Differential expression was ascertained by applying the LIMMA statistical method on the 

basis of emitted signal at 635 nm after hybridizing the genechip arrays containing 6,365 

ESTs putatively implied in the carbohydrate biosynthesis and storage during tuber 

development. The significance of expression differences was determined between the two 

different clones ‘K8-HS142’ and ‘VR’ among the T0, T3 and Tm tuber developmental stages 

as well as among the three tuber developmental time-points when the common expression 

for ‘K8-HS142’ and ‘VR’ was taken into account. 

 

 

 

Tab. 12 – Differentially expressed ESTs affecting biological processes related to tuber growth. 
Differential expression between Ht clones and tuber stages resulted for several ESTs dealing with cell 

cycle, water flow through vacuolar tonoplast, glycolysis and related energy processes influencing the 

tuber growth, at last. In the log2 (C1/C2) formula, C1 and C2 represent the expression levels from either 

‘K8-HS142’ or Tm and either ‘VR’ or T0. The difference between the gene expression levels for two 

compared conditions (‘K8-HS142’ vs ‘VR’ at T0 and T0 vs Tm), was tested in order to appreciate the 

statistical significance by calculating the Padj value related to variance differences occurring between 

the two tested conditions. 

 

 

 

Some ESTs where found differentially expressed between ‘K8-HS142’ and ‘VR’ clones or between the tuber 

developmental time-points (Tab. 12) that could affect biological processes related, at last, to the tuber growth, 

because, after blasting thieir sequences in NCBI, they would be involved in cell division, basilar to allow the 

tuber growth, water flow into the tonoplast organule, where the fructan biosynthesis occurs, glycolysis and 

electron transport chain, the energetic processes fundamental for the general metabolism and tuber development. 

 

 

 

  

 

 

Differentially expressed EST Conditions 

log2C1/C2 

(Padj) Code Biological function Plant species 
E-

value 

Identity 

(%) 

VR 

vs 

K8-HS142 

T0 

vs 

Tm 

gnl_UG_At#

S11735956 

Cell division cycle  

protein 27-A 

Arabidopsis 

thaliana 
0.00 100 T0 - 

-1.49 

(0.025) 

gnl_UG_Stu

#S14644958 
Cell division cycle protein  

Solanum  

tuberosum 
0.00 96 T0 - 

-1.31 

(0.026) 

CHTS16637 
Tonoplast aquaporine  

TIP4-1-like 

Glycine 

max 
3e

-45
 79 T0 - 

-1.08 

(0.030) 

CHTM22120 Phosphoglycerate kinase 2 
Helianthus  

annuus 
0.00 99 T0 - 

2.00 

(0.016) 

CHTS16359 
Cytochrome P450  

704C1-like 

Fragaria 

vesca 
2e

-7
 85 T0 - 

1.48 

(0.023) 

gi_31324479 
Pyrophosphatase fructose-

6P1-phosphotransferase 

Solanum 

tuberusum 
0.00 98 T0 - 

-1.29 

(0.019) 

gnl_UG_Han

#S32076908 
Cell division cycle protein  

Cucumis 

satuvus 
0.00 81 - + 

1.10 

(0.005) 

CHTS15962 
Water channel  

tonoplast protein 

Mesembryanthemum  

crystallinum 
6e

-37
 75 - + 

1.44 

(2.8E-05) 

gi_3367689 

AJ009756.1 

Fructan:fructam 1-

fructosyltransferase 

Helianthus  

tuberosus 
0.00 100 - + 

1.47 

(0.0043) 

CHTM25693 
Sugar transport  

protein 7-like 

Glycine 

max 
6e

-135
 75 - + 

-1.15 

(0.018) 

CHTM11219 
Glucose-6-phosphate 

dehydrogenase 1 

Petroselinum 

crispum 
9e

-125
 79 - + 

1.12 

(0.0004) 

CHTM18393 
6-phosphofructokinase  

3-like 

Solanum  

lycopersicum 
1e

-63
 78 - + 

1.05 

(6.4E-05) 

CHTM3237 Pyruvate kinase 
Solanum  

tuberosum 
3e

-134
 79 - + 

1.02 

(2.5E-04) 



- 97 - 

 

Because the highest number of genes differentially expressed between the two different 

‘K8-HS14’ and ‘VR’ clones were found at initial tuberization time-point, when 123 ESTs 

significantly differed for their magnitude of expression level (Tab. 11), that could reasonably 

suggest that the initial stage of tuberization (T0), when rhizomes begin to enlarge to form 

tuber organs, would be relevant in order to affect some important differences between the two 

Ht clones inherent tuber biological processes. Some ESTs governing biological processes 

related at last to tuber growth, because encoding for protein involved in the cell division cycle 

(gnl_UG_At#S11735956, gnl_UG_Stu#S14644958), water flow into vacuole organelle 

(CHTS16637, CHTM22120), where the fructan polymerization occurs, glycolysis and 

oxidative respiration (gi_31324479, CHTS16359) were found differentially expressed 

between ‘K8-HS142’ and ‘VR’ at T0 time-point (Tab.12). Some else ESTs encoding for 

protein kinase (CHTL3020, CHTM25460) were also found differentially expressed between 

the two clones at T0 not showed in Tab. 11, involved in the cell cycle division.  

Such different expression could affect the diverse rate of tuber growth (box in Fig. 45) as 

well as the general metabolism and the specific carbohydrate biosynthetic processes taking 

place during tuber development, such as the rate of fructan storage (Fig. 45), acting in concert 

to determine the different final tuber biomass production (Fig. 44).  

A total of 127 different genes were found differentially expressed when the common clone 

gene expression, determined as mean expression value for a given EST, was taken into 

account between the initial tuberization and final maturation stages 62 out of 127 displaying a 

higher expression at T0 (Tab. 11).  

Among them could be play a relevant role for the tuber growth biological process and 

related biomass production (Tab. 12), those encoding for protein implied in cell cycle division 

(gnl_UG_Han#S32076908), water flow into vacuole (CHTS15962) and glycolysis 

(CHTM11219, CHTM18393, CHTM3237). A relevant role would be also played by ESTs 

encoding for sugar transport protein (CHTM25693) and for 1FFT enzyme (gi_3367689 

AJ009756.1), major in the inulin polymerization, found differentially expressed between T0 

and Tm stages (Tab 12). The same ESTs encoding for protein kinase (CHTL3020, 

CHTM25460) involved in the cell cycle division, not showed in Tab. 12, were also found 

differentially expressed between T0 and Tm, confirming as the ESTs governing the cell cycle 

division would be relevant in driving the tuber growth. 

When blasting, mapping and annotating the set of differentially expressed ESTs between 

the different conditions (clone 1 vs clone 2, time-point x vs time-point y, clone1-2 time point x 
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Fig. 48A – GO terms retrieved for the ESTs differentially expressed between the two Ht 

clones. 
The pie graphs evidence the molecular functions related to the ESTs found out differentially 

expressed between ‘K8-HS142’ and ‘VR’ clones at T0 and T3 tuber developmental stages, expressed as 

GO terms included in the GO level 4. 

 

 

 

vs clone1-2 time-point y), by using the available tools built in Blast2GO, it was possible to 

identify the GO terms related to the entire set of such ESTs, so that determining the possible 

biological functions regulated by the sequences found differentially expressed between the 

two ‘K8-HS142’ and ‘VR’ clones at T0 and T3 (Fig. 48A) and between two different tuber 

developmental stages, T0 vs Tm and T0 vs T3, when the common clone expression was 

considered (Fig. 48B). 
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Fig. 48B – GO terms retrieved for the ESTs differentially expressed between two tuber 

developmental stages. 
The pie graphs evidence the molecular functions related to the ESTs found out differentially 

expressed between T0 and Tm as well as T0 and T3 tuber developmental stages, when the common 

expression, determined as mean between the two ‘K8-HS142’ and ‘VR’ clones was considered, 

expressed as GO terms included in the GO level 4. The most represented GO terms were: 

 

-‘K8-HS142’ vs ‘VR’ at T0: Nucleotide binding, Carbon-cation lyase activity, Transferase activity, 

Hydrolase activity. 

-‘K8-HS142’ vs ‘VR’ at T3: Transferase activity, Oxidoreductase activity, RNA binding, Cation binding. 

-T0 vs Tm (common): Nucleotide binding, Cation binding, Transferase activity, Transmembrane 

transporter activity. 

-T0 vs T3 (common): Nucleotide binding, Cation binding, Unfolded protein binding, Hydrolase activity. 
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On the basis of GO term finds, the expression of many different kind of proteins affects the differential 

expression between Ht clones and tuber stages (Fig. 48A,B). Considering the most representative among them, 

proteins belongs to families whose molecular function would be related to Nucleotide binding, Carbon-cation 

lyase activity, Transferase activity, Hydrolase activity, would differentially occur between the two ‘K8-HS142’ 

and ‘VR’ clones at initial tuberization stage (Fig. 48A,B). During the tuber active growth stage, proteins dealing 

with Oxidoreductase activity and RNA binding activity would be differentially expressed between the two ‘K8-

HS142’ and ‘VR’ clones (Fig. 48A,B). When the common gene expression between the two Ht clones is taken 

into account, then the proteins included in Nucleotide binding, Cation binding, Transferase activity and 

Transmembrane transport activity  would show a differential expression between T0 and Tm time-points (Fig. 

48A,B). Proteins involved in Hydrolase activity and Protein activity would seem to express differentially T0 and 

T3 stages. When considering the occurrence of differential expression between different tuber stages in a given 

clone, either ‘K8-HS142’ or ‘VR’ many ESTs resulted differentially expressed between T0 and Tm as well as T3 

and Tm rather than T0 and T3 (Tab. 11).  

Therefore, proteins whose molecular functions are related to the above mentioned GO terms, could 

differently drive the tuber development between the two considered clones as well as play a relevant role in 

governing the biological processes occurring during tuber growth and biomass production. 

4.3.4. Temporal profiles of expression level displayed by genes involved in the 

carbohydrate biosynthesis occurring during tuber development. 

A total of 224 out of around 9,000 ESTs examined by the microarray experiment were 

found to be implied in fructan and starch biosynthesis after blasting in Blast2GO. By carrying 

out a punctual alignment for each of them by exploiting the Blastx tool in NCBI, it was 

ascertained the biological function of the related either enzymatic or structural proteins.  

A total of 12 ESTs out of 224 governing the carbohydrate biosynthesis during tuber 

development showed absolute expression levels significantly high at one or more time-points. 

Two ESTs were found putatively encoding for the key enzymes catalyzing the polymerization of inulins, 

such as 1SST, which take a fructose monomer from sucrose and adds it to another sucrose to produce the 

trisaccharide 1-kestose and 1FFT, which adds a further fructose monomer to 1-kestose to form longer fructan 

polymers. Another EST was found putatively encoding for a transmembrane protein such as Sucrose/H
+
 proton 

symporter (SuSym) important to sucrose uploading into the tuber heterotrophic tissues from phloem, a process  

fundamental to next fructan biosynthesis. Different ESTs were detected to be implied in starch polymerization in 

amyloplast of tuber cells. They were hypothetically dealing with Starch synthase enzyme (SS), catalyzing the 

starch polymerization starting by ADP-glucose, Glucose 6P translocator (G6PT), a transmembrane transport 

protein needed to enter the glucose-1P into amyloplast, Sucrose synthase (SuS) and -invertase (INV) catalyzing 

the sucrose breakdown into glucose-6P in  the cytosol and Phosphoglucomutase (PGM) producing the 

isomerization of glucose-6P into glucose-1P. The EST encoding for UDPG pyrophosphorilase (UDPGP) 

interested in sucrose metabolism inside the tube cells, was also ascertained highly expressed.  

In Fig. 49A,B is showed the network of genes and related proteins determining the fructan and starch 

biosynthesis in the tuber cells. 
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Fig. 49A – Gene and enzymatic network of carbohydrate biosynthesis in tuber cells. 
View Fig. 49B for related explanation and symbol legend. 
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Fig. 49B – Gene and enzymatic networks of carbohydrate biosynthesis in tuber cells. 
Key genes and enzymes involved in the networks of fructan and starch carbohydrate biosynthesis in the 

tuber cells. Genes and corresponding enzymes covered by light violet shadow play a role in fructan 

biosynthesis inside the vacuole. Genes and enzymes covered by light blue shadow are involved in starch 

biosynthesis inside the amyloplast. Genes and corresponding enzymes interested in glucose-6P 

breakdown in the cytosol are covered by light pink shadow. Glucose from vacuole could be involved in 

starch biosynthesis. Genes whose name is surrounded by a red circle were found most expressed in the 

microarray experiment. Drawings have been plotted using CellDesigner 4.2 software according to 

Edelman and Jafford (1968) and Geigenberger (1991). 

 

 

Genes involved in the fructan pathway inside the tonoplas: 

- 1SST: sucrose:sucrose 1-fructosyltransferase 

- 1FFT: sucrose:sucrose 1-fructosyltransferase 

- SuSym: sucrose H+/symporter 

Genes involved in the starch pathaway inside the amyloplast: 

- SS: starch synthase 

- SBE: starch branching enzyme 

- adpgp: ADPG pyrophosphorilase 

Genes involved in the glucose-6P breakdown in the cytosol: 

- INV: -invertase 

- SPS: sucrosephosphatesynthase 

- udpgp: UDPG pyrophosphorilase 

- PGM: phosphoglucomutase 

- GCK: glucohinasehexokinase 

- PHI: phosphoexoseisomerase 

- SPP: sucrosephosphatephosphatase 

 

 

 

 

Tab. 13 – List of most expressed ESTs involved in the carbohydrate biosynthesis. 
A total of 14 different ESTs governing the carbohydrate biosynthesis during tuber development resulted highly 

expressed as testified by the microarray experiment. The corresponding genes are indicated in the scheme 

showed in the Fig. 48A. The M1 and M2 values are the normalized values from calculating the log2 ratio between 

expression levels of considered EST and control probe for ‘VR’ and ‘K8-HS142’, respectively. 

 

  

 

 

 

 

 

 

In Tab. 13 are listed the genes implied in the carbohydrate biosynthesis whose ESTs were found highly 

expresses in the microarray experiment and in Fig. 50 is showed their temporal profile of expression level during 

tuber development. 

 

 

 

 

ID Orgin Protein 
Statistical parameters 

ID Orgin Protein 
Statistical parameters 

 M1       M2 t P M1       M2 t P 

gi_3367710 
Helianthus 

tuberosus 
1SST 4.3 4.6 -0.26 0.41 gnl_14742277 

Solanum 

tuberosum 
SS 2.6 2.5 0.36 0.37 

gl_20502036 
Allium 

sativum 
1SST 5.6 5.5 0.18 0.48 CHTM16162 

Helianthus 

tuberosus 
INV 1.5 1.6 -0.07 0.41 

gi_2160709 
Cichorium 

intybus 
1SST 3.0 2.9 0.19 0.48 CHTS10044 

Helianthus 

tuberosus 
UDPGP 1.3 1.3 -0.24 0.41 

gi_3367689 
Helianthus 

tuberosus 
1FFT 2.6 3.5 -0.86 0.24 CHTM8761 

Helianthus 

tuberosus 
PGM 1.2 1.0 0.56 0.31 

gi_254061131 
Brassica 

rapa 
SuSym 2.0 1.9 0.26 0.40 CHTM1517 

Helianthus 

tuberosus 
G6PT 2.7 1.5 1.47 0.13 

CHTM2753 
Helianthus 

tuberosus 
SS 2.2 2.0 0.50 0.32 CHTS9275 

Helianthus 

tuberosus 
SuS 2.9 2.8 0.25 0.41 

 

Starch biosynthetic pathway 
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Fig. 50  – Temporal profiles of expression magnitude of ESTs encoding for carbohydrate biosynthesis 

during tuber development. 
Average signal from 2-6 printed oligos (CombiMatrix platform) for each reference EST hybridized with labeled 

mRNA from rhizomes at the pre-tuberization (T0), three tuber nodes (T3) and tuber maturity (Tm) growth 

phases. Significance of the t-test for the comparison of the T0_VR vs T0_K8-HS142 mean values or Tm_VR vs 

Tm_K8-HS142 mean values is indicated with an asterisk near the labels of the developmental-stage axe; 

significance of the T0 vs Tm (VR) or T0 vs Tm (K8-HS142) is indicated by a black dot adjacent to the clone 

legend. 
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Per each of the 12 ESTs found out implied in fructan and starch biosynthesis, the 

normalized intensity of hybridization signal was determined in ‘K8-HS142’ (M1) and ‘VR’ 

(M2) clones (Tab. 13).  

The difference between the normalized emitted signals from ‘K8-HS142’ and ‘VR’, 

calculated as average over all tuber developmental time-points (T0, T3 and Tm) per each clone, 

was statistically tested by the one-tailed t test and the related statistical t and P parameters 

were determined (Tab. 13).  

Furthermore the significance of differences for the expression levels was estimated 

between the conditions VR_T0 vs K8-HS142_T0 and VR_Tm vs K8-HS142_Tm as well as 

T0_VR vs Tm_VR and T0_K8-HS142 vs K8-HS142_VR, considering for each EST the partial 

mean value from the probes emitted the highest hybridization signal instead of the total 

average value from all the signals emitted by the totality of the probes as in the LIMMA 

approach. A t test was used. 

All the ESTs were found not differentially expressed when the mean expression level from 

all of tuber developmental stages was taken into account (Tab. 13). 

In Fig. 49 is displayed the temporal profiles of expression magnitude over the tuber 

development for the set of ESTs listed in Tab.13. 

Strikingly, the two Ht clones expressed a similar normalized spot intensity for all those 

ESTs (P of t > 0.19), and all of them displayed a significant spot intensity in both Ht clones 

(M>1).  

The ESTs for the SuSym (Fig. 50e), SuS (Fig. 50n) and 1SST from Ht (Fig. 50a) and Allium 

sativum (Fig. 50b) were differentially expressed between the two clones at tuber maturity. 

The ESTs for the two mentioned 1SST isoforms were differentially expressed during the tuber 

growth stages in both clones, the expression in T0 was higher than in Tm (Fig. 50a,b). 

However, each clone had a different isoform with high expressivity.   

Two Ht EST sequences encoding for 1SST had significant alignment to sequences from 

Allium sativum and Cichorium intybus (73% and 100% of sequence identity but with only 

26% query coverage for C. intybus, respectively) and were highly and differentially expressed 

between the two Ht clones. The 1FFT EST produced the heaviest hybridization signal which 

peaked at the T3 stage, and ‘K8-HS142’ gave the highest fluorescent signal (Fig. 50d).  

The magnitude of fructan biosynthesis was clearly much higher (Fig 50a,b,d) than starch 

biosynthesis (Fig. 50f,e) displaying fructan as the major storage carbohydrate in tubers of Ht. 



105 

 

In fact, genes encoding for 1SST enzyme (Fig. 50a,b) from Ht was at least 3-fold more 

expressed than gene for SS (Fig. 50f,e). 

Both ESTs from Ht encoding for 1SST and 1FFT enzymes peaked at T3 stage, showing 

higher fluorescent emission signal in the yielder ’K8-HS142’ Ht clone (Fig. 50a,b,d). The 

significantly higher activity of EST for 1SST enzyme at Tm stage assessed for ’K8-HS142’ 

(Fig. 50a) could aim to explain its higher tuber biomass production. The longer activity for 

1SST in ’K8-HS142’ could promote a larger carbohydrate storing than ’VR’.  

In general the expression level of ESTs for 1SST decreased after picking at T3 (Fig 50a,b), 

while the expression profile of the EST encoding for 1FFT was more steadily (Fig. 50d). This 

fits the expectation on the basis of a real biological behavior for the two enzymes. In fact, the 

1SST is fundamental for forming 1-kestose, on which the 1FFT works by adding next fructose 

monomers to synthesize inulin polymers.   

Very interestingly, the ESTs encoding for 1SST showing a high similarity to those from A. 

sativum and C. intybus displayed a high expression from T0 until Tm (Fig. 50b,c), although 

much more elevated in the former case.  

That seems to be indicating as different genes would contribute to the 1SST encoding in Ht. 

Furthermore, that also indicates that useful genes encoding for both 1SST and other genes 

implied in the carbohydrate biosynthesis and possibly showing an extended temporal 

expression could be detected in other Helianthus species and transferred in Ht genome in 

order to improve its ability to produce tuber biomass. That explain the reason for exploring 

the polymorphism extant in the genus Helianthus for the set of genes encoding for tuber 

carbohydrate biosynthesis to search new homeoalleles.  

The above results indicated that genes for different key enzymes are active in both fructan 

and possibly starch biosynthetic pathways. Important genes encoding for enzymes catalyzing 

the breakdown of sucrose to glucose-6P (INV), the transport of glucose-6P into amyloplast 

(G6PT) and glucose-6P polymerization to form starch (SS), were highly expressed (Fig. 

50f,g,h,m).  

This suggests that the starch biosynthetic pathway could be active during tuber 

development, although the corresponding genes were not differentially expressed between 

clones or tuber developmental stages, except G6PT (Fig. 50m). However the biochemical 

analysis revealed as starch content was very low in mature tuber from both ‘K8-HS142’ and 

‘VR’ clones (Tab. 9).  
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Because of the starch polymerization needs the breakdown of external sucrose coming in 

tuber cells from phloem (Fig. 49A), the low tuber starch content could indicate that the higher 

expression displayed by ESTs for 1SST and 1FFT in comparison to those for SS as well as 

sucrose breakdown in the cytosol, would be fundamental for determining the prevalence of 

fructan biosynthesis in comparison to starch biosynthesis, due to the high 1SST and 1FFT 

density on one hand and the low density of the enzymes involved in sucrose breakdown and 

starch polymerization on the others. 

Again, that suggests the necessity to discover new homeoalleles capable to encode for 

enzymes whose structure could enhance the affinity for substrate, that is the enzymatic 

activity. That for improving the ability of Ht to produce higher amount of starch and, at last, 

tuber total biomass. 

Those observation could suggest as to improve tuber biomass yield due to a better 

assortment between fructan and starch, a breeding strategy based on MAS approach aiming to 

isolation and cloning of transcription factors regulating the expression of genes involved in 

fructan biosynthesis showing the highest expression to improve starch content as well as total 

carbohydrate content in Ht clones with low tuber production but interesting for other relevant 

agronomic traits, could be followed. 

4.4. GENOMIC STUDIES. 

The molecular analyses carried out about genes governing both fructan and starch 

biosynthesis whose ESTs were ascertained to be highly expressed during the tuber 

development in both ‘K8-HS142’ and ‘VR’ clones after performing the microarray 

experiment, aimed to: 1) identifying the possible DNA sequences from a sunflower BAC 

library homologous to the corresponding Ht genes encoding for the key enzymes 1SST and 

1FFT catalyzing the fructan polymerization in order to pave the way for their next 

sequencing, basilar for exploring the extant polymorphism within genus Helianthus related to 

regulatory region of those genes, 2) prospecting new homeoalleles for the encoding region of 

genes implied in both fructan and starch biosynthesis, fundamental for breeding tuber biomass 

production, 3) determining the similarity of amplicon profiles of PCR products of genes 

involved in fructan and starch biosynthesis existing among the species belonging to genus 

Helianthus with the objective to possibly clarify the identity of parental ancestors of Ht. 
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Fig. 51 - Electrophoresis of PCR-based probes used for the screening of Ha BAC library, 

recovered from the agarose gel showed in Fig. 30.  
After elution from a 2.0% agarose gel, the PCR-based probes 1FFT from ‘Ha89’ (1), ‘CSR’ (2), 

‘CU-3B’ (3), 1SST_2- from ‘Ha89’ (4), ‘CSR’ (5), ‘CU-3B’ (6), 1SST_2+ from ‘Ha89’ (7), ‘CSR’ 

(8), ‘CU-3B’ (9) and 1SST_3 from ‘CU-3B’ (10) were loaded again into a same kind of gel to prove 

their correct recovering in order to be used as labeled probes to screen the Ha BAC library. 

 

4.4.1. Identification of sunflower BAC clones homologous to Ht genes encoding for  

1SST and 1FFT enzymes. 

The pool made of 
32

P-labeled PCR-based probes 1FFT (1.5 kb from ‘Ha89’, ‘CSR’ and 

‘CU-3B’), 1SST_2- (0.6 kb from ‘Ha89’, ‘CSR’ and ‘CU-3B’), 1SST_2+ (1.3 kb from 

‘Ha89’, ‘CSR’ and ‘CU-3B’) and 1SST_3 (1.2 kb from the only ‘CU-3B’) was used to 

screening the Ha BAC library. The ratio between 1SST-like and 1FFT-like sequences in the 

labeled probe mixture was 7:3 or 2.33:1. (Fig. 51). 

  

 

 

 

A representative sub-set of the above mentioned library being of 55,296 out of 107,136 BAC 

clones was screened. Those clones were dotted throughout three different high-density filter 

comprising 18,342 BAC clones each. A total of 24 evident blots were evidenced after 

overnight 
32

P decay.  

Blots from filters pEBAC1_56-103, pEBAC1_104-151 and pEBAC1_152-199 produced 

nine, seven, and seven hybridization signals  (Fig. 52). 
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Fig. 52 - Identification of major clones 

spotted onto pECBAC1 high-density filters.  
The pictures represent the results of an 

overnight exposure regarding the high-density 

filters pEBAC1-1 (a), pECBAC1-2 (b) and 

pEBAC1-3 (c) hybridized through exploiting 

nuke-labeled PCR-based probes to a suitable  

autoradiographic film. A pool of 10 PCR-based 

probes (1FFT from ‘Ha89, ‘CSR’, ‘CU-3B’, 

1SST_2- and 1SST_2+ from the same genotypes, 

1SST_3 from the only ‘CU-3B’) was made in 

order to carry out the BAC filter hybridization 

and next screening.  

A total of 23 positive BAC clones were 

identified (red rings) and addressed to 384-well 

plates constituting the BAC library according to 

the corresponding field coordinates as well as 

pattern disposition inside each single small area 

(a, b, c).  

Per each clone is indicated the corresponding 

plate number and its position on the plate (d). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Radio-signals evidenced from filter pEBAC1-1_56-103 (Fig. 52a), allocating BAC clones 

from plates 56-103 of the Ha BAC library were identified (Fig. 52d) as 76O01 (clone 337
th

 

out of 384), 75C02 (clone 50
th

 out of 384), 94P11 (clone 371
th

 out of 384), 91E09 (clone 105
th

 

out of 384), 82K02 (clone 242
nd

 out of 384), 69C06 (clone 64
th

 out of 384), 96E07 (clone 

103
rd

 out of 384), 64H17 (clone 185
th

 out of 384) and 85I19 (clone 211
th

 out of 384).  
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Blots deriving from radio-signals evidenced from filter pEBAC1-2_104-151 (Fig. 52b), 

allocating BAC clones from plates 104-151 of the Ha BAC library were identified (Fig. 52d) 

as 137O12 (clone 348
th

 out of 384), 140L13 (clone 277
th

 out of 384), 140L17 (clone 281
st
 out 

of 384), 149C12 (clone 60
th

 out of 384) and 130H20 (clone 188
th

 out of 384), 138G13 (clone 

147
th

 out of 384) and 142L13 (clone 277
th

 out of 384).  

Finally, blots originated by radio-signals present on the filter pEBAC1-3_152-199 (Fig. 

52c), carrying BAC clones from plates 152-199 of the Ha BAC library were recorded (Fig. 

52d) as 191E13 (clone 109
th

 out of 384), 158P18 (clone 379
th

 out of 384), 172E19 (clone 

115
th

 out of 384), 176A09 (clone 9
th

 out of 384), 162F16 (clone 136
th

 out of 384), 194P18 

(clone 378
th

 out of 384) and 193O19 (clone 355
th

 out of 384). Furthermore, two blots emitted 

slight but detectable signals were also identified as 187C08 (clone 64
th

 out of 384) and 

195M09 (clone 297
th

 out of 384). 

The correct plate address concerning the clones identified as 137O12 and 142L13 from the 

high-density filter pEBAC1-2_104-151 is not finally established as two alternative 

identification could be also acceptable, that is 142O12 and 141L13 respectively.  

Results obtained from the screening of the Ha BAC library demonstrated as different DNA 

sequences among the over 107,000 DNA BAC clones homologue to 1SST or 1FFT-encoding 

Ht DNA sequences or both of them. 

Some blots, such as 96E07 and 85I19 from pEBAC1-1_56-103 high-density filter (Fig. 

52a), 191E13 and 172E19 from pEBAC1-3_152-199 high-density filter (Fig. 52c) were much 

brighter than others. Because each probe in the hybridization mixture were equally 

represented but the ratio of 1SST-like (1SST_2-, 1SST_2+ and 1SST_3) to 1FFT-like probes 

was 3:1, then the colonies with stronger hybridization signal may contain sequence similarity 

to 1SST.  

The strategy to verify matching of the inserts in positive radio-blots to only one of the 

PCR-based probes will be based on Southern Blot analysis
173

.  

4.4.1.1. Molecular strategy to detect the functional identity of positive BAC clones. 

This procedure based on Southern Blot analysis
173

 will assign the possible encoding 

function of the DNA sequence of the insert in the positive clones, to either 1SST or 1FFT. The 

scheme reported in Fig. 53 shows the steps involved in the Southern Blot analysis. 
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First of all frozen colonies from the plates of the Ha BAC library corresponding to the 

positive clones (Fig. 53a) will be re-cultured by picking up a bit of LB-agar growth medium 

O01 

Plate 76  

Clone  

1 

K02 

Plate 82 
Clone 

2 

0.5 

1.0 

1.5 

3.0 

kb 1  2  3 4  5 6  7  8  9 10 

1SST_2- Ha 1SST_3 CU-3B 

The  

1FFT VR 
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Fig. 53 - A molecular approach based on the Southern Blot method to discover the homology 

between positive BAC clones and PCR-based probes for 1SST and 1FFT nucleotide sequences.  
A possible method Southern Blot-based aimed to ascertain the right relationship between the identified 

positive BAC clones and their 
32

P-labeled PCR-based probes. The detected clones (a) are recovered 

from the original 384-well plates (b), the bacterial corresponding colonies growth into a liquid medium 

(c) and plated again onto a new plate (d). By adopting an alkaline lysis and NotI-based restriction 

methods the DNA inserts from all positive clones are recovered and then separated by electrophoresis in 

a suitable agarose gel (e). Each set of those samples are hybridized by each PCR-based probes (1FFT, 

1SST_2-, 1SST_2+ and 1SST_3 in the picture e). The positive radio-bands occurring will evidence the 

desired relationship between each positive BAC clone and the probe originally hybridized that onto the 

high-density filter, allowing to infer the putative encoding function for that clone, that is for 1SST or 

1FFT enzyme. 
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(Fig. 53b), incubated in a SOC liquid medium (Fig. 49c) and plated again onto a new LB-agar 

growth medium (Fig. 53d). Then the plasmid vector containing the desired DNA insert from 

each colony will be cultured in LB-broth and from the pelleted bacterial cells the plasmid will 

be recovered using the alkaline lysis method and digested by using the proper NotI restriction 

enzyme in order to  release the DNA insert. 

Finally, according to the Southern Blot method, 10 replicates from each isolated DNA will 

be digested to several smaller fragments (the initial size of extracted DNA insert is nearly 100 

kb), which will run throughout an agarose gel (Fig. 53e). The gel-separated DNA fragments 

will be transferred onto a nitro-cellulose filter and hybridized to the PCR-based 
32

P-labeled 

probe. 

4.4.2. Prospecting new homeoalleles for tuber carbohydrate biosynthesis by analyzing 

the molecular polymorphism among Helianthus species. 

The molecular polymorphism extant among several Helianthus species selected for being 

strictly related to Ht (Tab. 7, Tab. 8b, Fig. 16) was analyzed in order to prospect new 

homeoalleles for encoding region of genes implied in the tuber carbohydrate biosynthesis. 

Primer pairs designed on the sequences from a set of ESTs resulted most expressed by the 

microarray experiment, governing both fructan and starch biosynthesis during the tuber 

development (Tab. 6), were exploited through carrying out PCR reactions in order to compare 

the diverse profiles determined by PCR amplicons displayed by the selected Helianthus 

species. 

The molecular polymorphism was firstly evaluated among several Ht clones (Tab. 8a) with 

the purpose to detect which of the ESTs chosen for the analysis were able to determine the 

highest level of PCR amplicon profile diversity.  

All of ESTs showing either no or a very low molecular polymorphism were left out when 

next comparing the PCR amplicon profiles among the selected species belonging to the genus 

Helianthus.  

That was why the final purpose of the analyses of molecular polymorphism was to identify 

different amplicons corresponding to diverse DNA sequences potentially useful to breeding 

the Ht ability to produce tuber biomass when introgressed in the Ht genome. 

In Fig. 54 are showed the PCR amplicon profiles from the preliminary analyses regarding 

the Ht clones. 
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Legend for ESTs 
1FFT: fructan:fructan  

1-fructosyltransferase 

1SST: sucrose:sucrose  

1-fructosyltransferase 

SS: starch synthase 

PGM: phosphoglucomutase 

INV: -invertase  

SuS: sucrose synthase 

G6PT: glucose 6P-translocator 

 

Legend for Ht clones 
1: H. annuus, 2: H. maximilianii 

3: H. hirsutus. 4: wild ‘CSR’ 

5: ‘VR’, 6: ‘CU-3B’, 7: ‘20 Fuseau HS6’ 

8: ‘3 16 C7’, 9: ‘D19-HS2’ 

10: ‘K8-HS142’, 11: ‘1st seedling  12 K8’ 

11: ‘1st seedling  13 VR’ 

14: ‘5th seedling  13 VR’ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 54 – Analysis of polymorphism extant for genes encoding for tuber carbohydrate 

biosynthesis in Helianthus tuberosus L.  
In order to perform the study of polymorphism present within genus Helianthus for the set of 

genes implied in both fructan and starch biosynthesis (see legend above) taking place during 

tuber development, a preliminary screening regarding the set of ESTs found highly expressed as 

revealed by the microarray experiment, inherent  their  PCR amplicon profiles, was performed 

to detect the most complex patterns among several Ht clones (see legend above), suitable for next 

interspecific PCR investigation for prospecting new useful homeoalleles. Two different primer 

pairs (1SST_1, 1SST_2) were used to amplify the EST encoding for 1SST enzyme. 
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Among the ESTs governing the fructan biosynthesis were those encoding for 1SST and 

1FFT key enzymes catalyzing the inulin polymerization.  

The set of ESTs interested in starch biosynthesis was represented by those encoding for SS 

(Starch synthase), enzyme catalyzing the starch polymerization, SuS (Sucrose synthase) and 

INV (-invertase), enzymes catalyzing the sucrose breakdown into glucose-1P in tuber cell 

cytosol,  PGM (Phosphoglucomutase), enzyme catalyzing the isomerization of glucose-1P to 

glucose-6P and G6PT (Glucose 6P-translocator), membrane transport protein moving the 

glucose-6P into the amyloplast where the next starch biosynthesis occurs.  

Among the examined Ht EST sequences, those dealing with genes encoding for 1SST, SS, 

INV enzymes and G6PT membrane transport protein displayed an evident polymorphism after 

their PCR amplification (Fig. 54).  

In fact after amplifying the DNA from ESTs for 1SST by using the two different primer 

pairs (1SST_1 and 1SST_2) as well as DNA from EST for SS, a plenty of different amplified 

DNA fragment were observed (Fig. 54). Amplicon pattern from EST for G6PT was not 

complex, nevertheless the presence of further amplified DNA fragments diverse from those 

produced from the other investigated genotypes (Fig. 54), induced to retain this EST for next 

interspecific molecular analyses. 

For that reason it was established to evaluate the polymorphism for their PCR amplicon 

patterns present among the selected species included into genus Helianthus for further 

analyzing the amplicon useful diversity among them. 

Due to the fact that Ht ESTs related to genes encoding for 1FFT, PGM and SuS either did 

not evidence any polymorphism or a very low polymorphism for their PCR amplicon patterns 

(Fig. 54), then those ESTs were left out in order to further study the polymorphism among 

Helianthus species. 

In order to choose the Ht clones to compare in the study of molecular polymorphism to the 

other species belonging to the genus Helianthus, the diploid not tuberizing H. annuus, the 

diploid tuberizing H. maximilianii and the tetraploid H. hirsutus were investigated together 

the Ht clones (Fig. 54). The wild or semi-natural ‘CSR’, the cultivated ‘VR’ and the ‘K8-

HS142’ selected from a half-sib progeny of the cultivated ‘K8’, were considered the most 

representative of Ht genome, when their PCR amplicon profiles were compared to those from 

the mentioned Helianthus species (Fig. 54).  

In Fig. 55 are showed the PCR amplicon profiles related to the ESTs for 1SST, SS, INV and 

G6PT determined by amplifying DNA templates from the set of selected Helianthus species. 
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(D)(P) 

tub 

 

G6PT 
Legend (from left to right): 

Ht wild ‘CSR’ 

Ht ‘VR’ 

Ht ‘K8-HS142’ 

H. annuus, diploid, annual and not tuberous 

H. argophyllus, diploid, annual and not tuberous 

H. niveus, diploid, annual and not tuberous 

H. angustifolius, diploid, perenniall and tuberous 

H. maximilianii, diploid, perennial and tuberous 

H. nuttallaii, diploid, perenniall and tuberous 

H. decapetalus, diploid/tetraploid, perennial and tuberous 

H. strumosus, tetraploid, perennial and tuberous 

H. nuttallaii, tetraploid, perennial and tuberous  

H. schweinitziis, hexaploid, perennial and tuberous 

 
Fig. 55 – Analysis of polymorphism extant for the major genes encoding for fructan and starch 

biosynthesis in Helianthus tuberosus L.  
After exploring the polymorphism existing for genes implied in tuber carbohydrate biosynthesis within Ht gene 

pool 1, whose ESTs resulted most expressed during tuber development, it was decided to focus the analysis of 

molecular polymorphism on the crew of ESTs displaying the highest degree of polymorphism (1SST, SS, INV 

and G6PT) in order to detect the Helianthus species capable to play a relevant role as donors of new homeoalleles 

useful for improving the Ht ability to synthesize storage carbohydrate during tuber development. The red 

arrows point interesting homeoalleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A high level of polymorphism for the gene encoding for 1SST was displayed by the set of 

Helianthus species (Fig. 55). 
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In fact, the amplicon profiles from the amplification of the EST for 1SST by the 1SST_1 

and 1SST_2 primer pairs, evidenced a large number of amplified potentially useful DNA 

fragments, mainly present among the diploid tuberizing species and H. hirsutus and H. 

schweinitzii for 1SST_1 and throughout diploid and polyploid species for 1SST_2 (Fig. 55). 

Because of Ht was showed to be crossed to the polyploid species H. hirsutus, H. strumosus 

and H. schwenitzii only (Tab. 2), that suggests as the interesting homeoalleles encoding for 

1SST enzyme would be introgressed in Ht genome by a conventional crossing when deriving 

from H. hirsutus,  H. strumosus or H. schweinitzii, while through genetic transformation 

means when deriving from the diploid tuberizing species. 

A noteworthy homeoallele potentially useful for enhancing the biosynthesis of 1SST 

enzyme was detected from the diploid and tuberizing H. decapetalus species (Fig. 55). 

A lower polyporphism level was showed by the set of examined Helianthus species for the 

EST encoding for enzymes implied in the starch biosynthesis (SS, INV, G6PT) (Fig. 55). 

Nevertheless, useful amplified DNA fragments were detected for the genes encoding for 

enzymes dealing with the sucrose breakdown in glucose-6P, fundamental for next starch 

polymerization. In fact, three interesting amplicons were identified for gene encoding for INV 

enzyme in the diploid H. annuus, the tetraploid H. strumosus and hexapolid H. schweinitzii as 

well as one potentially relevant amplicon was determined for the gene encoding for the 

amyloplast transmembrane protein G6PT in the tetraploid H. hirsutus (Fig. 55). 

The diploid and tuberizing H. angustifolius species seems to representing the best 

candidate as donor of useful homeoalleles encoding for SS enzyme (Fig. 55). 

4.4.3. Cue about the possible identity of parental ancestral species of Helianthus 

tuberosus L. 

In order to analyze the molecular polymorphism existing within genus Helianthus focused 

on studying a possible genealogy of Ht, the same set of Helianthus species and genes whose 

ESTs were found relevantly expressed in the microarray experiment, selected for prospecting 

new homeoalleles, were investigated.  

Because of the PCR amplicon patterns were assessed to be simplified for the majority of 

the ESTs analyzed among Ht clones (Fig. 54) as well as Helianthus species (Fig. 55), the 

molecular similarity of the Helianthus species versus Helianthus tuberosus was ascertained by 

calculating the Dice similarity index (DSI) with regard the PCR amplicon profiles produced 

by the ESTs encoding for 1SST and SS major enzymes catalyzing the fructan and starch 

polymerization (Fig. 55). 



116 

 

Helianthus species 
  

                                         

3.0 
 

                                         

1.5 
                                          

1.0 
 

                                         

0.5 
 

                                         

kb 
 

                                         

3.0 
 

                                         

1.5 
                                          

1.0 
 

                                         

0.5 
 

                                         

b 
 

                                         

a 
 

Fig. 56 – Analysis of the molecular similarity extant for the genes encoding for fructan 

and starch biosynthesis in genus Helianthus.  
Profiles inherent PCR amplification from Ht genes encoding for SS (a) and 1SST (b) enzymes. 

An annual and non tuberous origin of the diploid ancestor of H. tuberosus could be suggested by 

the DNA fragments appointed by arrows in a and in b. See text for explanations. Examined Ht 

clones are in Tab. 8a, whereas Helianthus species are among those listed in Tab. 8b. See Fig. 54 

for the extended names. 
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Two different primer pairs (1SST_1 and 1SST_2) were used to amplify the EST sequence 

encoding for 1SST (Fig. 55) 

 In Fig. 56 are proposed the PCR amplicon profiles from the ESTs for 1SST (1SST_1) and 

SS from different Ht clones as well as diploid not tuberizing, diploid tuberizing, tetraploid and 

hexaploid Helianthus species. 
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In Tab. 14 are indicated the values of molecular similarity of the different Helianthus 

species calculating the Dice similarity index versus Helianthus tuberosus on the basis of PCR 

amplicon profiles from 1SST_1, 1SST_2 and SS showed in Fig. 55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was proposed that Ht would derive from an interspecific hybridization event involving a 

diploid and tetraploid species
130

. The most robust candidate for the role of tetraploid ancestor 

are supposed to be H. decapetalus, H. hirsutus or H. strumosus. In fact, Heiser (1976) 

proposed H. hirsitus as the most probable candidate tetraploid parent of Ht, whereas Spring 

and Schilling (1991) on the basis of data from secondary metabolite profiles, indicated H. 

strumosus as the putative tetraploid parent of Ht
131

. 

After determining the Dice similarity indexes, H. strumosus resulted the most serious 

candidate as tetraploid parental species, showing DSI=0.46 (Tab. 14). 

However, PCR pattern from gene encoding for SS enzyme (Fig. 56a), would suggest H. 

strumosus as a more robust candidate than H. hirsutus as tetraploid parent because the latter 

only shows a DNA fragment comprised in the range 1.0-1.5 kb (yellow arrow) that is absent 

in all of the Ht clones. 

Characteristics Species 
Dice index (vs H. tuberosus) 

    1SST_1     1SST_2   SS      Mean 

Ann (D) NTub   H. annuus  0.67  0.46  0.37  0.50 

Ann (D) NTub   H. argophyllus  0.00  0.33  0.25  0.19 

Ann (D) NTub   H. niveus  0.00  0.54  0.57  0.37 

Per (D) Tub   H. angustifolius  0.35  0.60  0.53  0.49 

Per (D) Tub   H. maximilianii  0.18  0.50  0.00  0.23 

Per (D) Tub   H. nuttalli  0.00  0.44  0.28  0.24 

Per (D/T) Tub   H. decapetalus  0.00  0.60  0.44  0.35 

Per (T) Tub   H. hirsutus  0.00  0.88  0.50  0.46 

Per (T/H) Tub   H. strumosus  0.00  0.55  0.57  0.37 

Per (H) Tub   H. schwenitzii  0.18  0.50  0.57  0.42 

Tab. 14 – Molecular similarity of some Helianthus species to H. tuberosus. 
The Dice index was calculated from the PCR amplicon profiles showed by ESTs encoding 

for 1SST (1SST_1 and 1SST_2) and SS enzymes for comparing the similarity at DNA level 

of the different selected diploid, tetraploid and hexaploid Helianthus species to Ht. 
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Hence, data from the PCR amplicon profiles for 1SST and SS, would confirm either H. 

hirsutus or H. strumosus as the most probable tetraploid parental ancestors of Ht. 

Uncertainty exists regarding the identity of the diploid parental species although it is likely 

to be a perennial diploid species
126,130

. Heiser (1976) indicated H. grosseseratus or H. 

giganteus as the most reliable candidate and Timme et al. (2007) also proposed H. 

maximilianii and H. nuttallii on the basis of similarities to Ht for the 18S-26S ribosomal DNA 

ETSs. 

PCR patterns from genes encoding for both SS and 1SST enzymes (Fig. 56a,b) would 

indicate as the hypothetical diploid parent could be an annual not tuberizing species because 

some relevant DNA fragments are shared between Ht clones and all of annual species 

examined such as H. annuus, H. argophyllus and H. niveus, but are lacking in the H. 

maximilianii diploid perennial species.  

It is so with regard the nearly 0.5 kb-long DNA fragment from PCR pattern concerning the 

gene encoding for SS enzyme (Fig. 56a). In fact, assuming as that DNA fragment present in 

Ht genome derived from a diploid genome but not from a tetraploid genome, then it is clearly 

present in all of annual diploid species but it is not evident in H. maximilianii (black array) as 

well as the three DNA fragments comprising in the 1.0-1.5 (red array) and 0.5-1.0 kb (blue 

and green arrays) range from the PCR pattern concerning the gene encoding for 1STT enzyme 

(Fig. 56b). 

Furthermore a relevant DNA fragment from the diploid perennial H. maximilianii 

weighing about 0.5 kb (orange array) is not clearly evident in all of the Ht clones (Fig. 56b).  

Diploid annual parental species for Ht were also guessed in different studies. Bizzarri and 

De Pace (2010) observed as the diploid annual H. annuus shared with H. tuberosus both a 

sub-unit protein of Superoxide Dismutase enzyme and a evident DNA fragment amplified by 

A01 RAPD marker
133

. Cauderon (1965) hypothesized an annual diploid species as possible 

parent of Ht after cytological analyses
132

.  

The insights about the annual and not tuberizing origin of the diploid parental ancestor 

species of would be confirmed by the highest DSI=0.50 calculated for H. annuus (Tab. 14).  

However a high DSI=0.49 it was showed by the perennial and tuberizing diploid H. 

angustifolius species (Tab. 14) 

Hence, a tetraploid species, perhaps either H. strumosus or H. hirsutus, was able to confer 

the traits concerning the perennial growth cycle as well as the attitude to shape tuber-

enlarging rhizomes to Ht when a cross event with a diploid annual species occurred.  
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Fig. 57 – A possible genealogy for Helianthus tuberosus L. 
A scheme reporting the most reliable origins of Ht. The red pathway is preferred by Heiser 

(1976) as well as Timme et al. (2007). It consider Ht as resulting by the cross between a 

tetraploid species, perhaps H. hirsutus and a perennial diploid species whose serious 

candidates would be those indicated in the red bordered boxes. According to this scientific 

view, Ht acquired its characteristic traits, such as a perennial growth cycle and the ability to 

produce tubers, from both diploid and tetraploid Helianthus species. The green pathway 

could be accepted according to the results obtained in this work and proposed by Spring 

and Schilling (1965) and Bizzarri and De Pace (2010), consider Ht as deriving from a cross 

involving a tetraploid species, perhaps H. strumosus, and a annual diploid species. This 

scientific view proposes as the only tetraploid ancestor transferred the characteristic traits 

showed by Ht. 

 

Because of the overlapping area of H. annuus and H. hirsutus geographical distribution is 

the widest (Fig. 16), the cross compatibility extant between H. hirsutus and Ht (Tab. 2) and 

the partial chromosome pairing as multivalent ascertained to be formed at metaphase of 

meiosis I in H. annusus x H. tuberosus hybrids (Tab. 3), then H. annuus and H. hirsutus could 

be the parental ancestors of Helianthus tuberosus. 

Insights about the evolution of Ht from another hexaploid species were not consistent after 

evaluating the PCR profiles. In Fig. 57 is showed a scheme concerning the possible 

genealogies of Ht. 
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5. DISCUSSION 

Integrating phenomic, transcriptomic, metabolomic, and genomic approaches into a 

breeding program aimed to enhance Ht tuber biomass production is the most efficient strategy 

that, currently, convey efforts towards the establishment of a research-based platform for the 

production of carbon-negative biofuels, and for this reason this strategy has been adopted for 

this dissertation.  

Phenomic studies. 

The phenomic approach has been used for the evaluation of the phenotypic variability 

within the primary gene pool (GP1) of Ht. The GP1 is composed by cultivated and feral 

plants growing in gardens and along the edges of fields planted with sunflower seeds. A 

collection of 67 different clones were grown in the Experimental Farm of University of 

Tuscia, and were compared for traits related to the biomass yield of the hypogeal (tubers) and 

aerial (stems or stalk). Morphological (tuber shape and, weight plant architecture and height) 

and physiological (date of beginning of tuber enlargement, flowering time, resistance to biotic 

and abiotic stimuli) were recorded. 

The phenotypic evaluations represented the basis for detecting the Ht clones displaying the 

best morphological and physiological traits, fundamental for growing in low-input cropping 

systems aimed to biomass production and biofuel conversion, therefore more suitable for 

carrying out transcriptomic analyses aimed to detect the genes implied in the carbohydrate 

biosynthesis and analyze their temporal expression during tuber development. 

Four different Ht clones emerged because expressing the most noteworthy phenotypic 

traits, the monostem (Fig. 36a, 37) ‘K8-HS142’ and ‘D19-HS2’ forming spindle-shaped 

tubers (Fig. 40a, 41) and the semi-brushy and branched (Fig. 36a, 37) ‘CU-3B’ and ‘VR’ 

forming short-pear shaped tubers (Fig. 40a, 41), because of their drought resistance (Fig. 42), 

plant height (Fig. 36b), precocity of tuberization (Fig. 42a,b) and resistance to powdery 

mildew fungal disease (Fig. 38b, 39), respectively.  

Those clones were selected from half-sib progenies of the ‘K8’, ‘D19’ and ‘Hungary’ 

clones. The ‘VR’ is tuber propagated from the cultivated ‘Violet de Rennes’. 

When compared for the ability to produce tuber biomass in both rainfed and water supply 

conditions, the monostem ‘K8-HS142’ and the semi-brushy and branched ‘VR’ resulted the 

best Ht clones.  



121 

 

The monostem ‘K8-HS142’ and the semi-brushy and branched ‘VR’ were the most 

productive for tuber dry matter production per unit land in rainfed (around 18 tons ha
-1

) and 

irrigated conditions (20 tons ha
-1

), respectively (Fig. 45). 

Metabolomic studies. 

A metabolomic analysis of fructan tuber content that the maximum value was reached at T3 

tuber developmental stage when 425 and 450 g kg
-1

 dry matter were produced by ‘K8-HS142’ 

and ‘VR’ clone, respectively (Fig. 46). Those fructan tuber contents correspond to 6.40 and 

9.00 t ha
-1

 in water supply conditions, respectively, and after fermenting 0.280 and 0.300 L 

kg
-1

 dry matter of bioethanol were produced by ‘K8-HS142’ and ‘VR’ clone (Fig. 47), equal 

to around 1,800 and 2,700 L ha
-1

. 

The starch content of tuber determined at maturity (Tm) was found to be very low (Tab. 9) 

evidencing and confirming as the fructans are the major storage carbohydrate in Helianthus 

tuberosus L. 

Because of their different i) tuber biomass yields and tuber carbohydrate content from both 

rainfed and irrigated conditions, ii) tuber shape and precocity of tuberization and iii) plant 

architecture fitting high (‘K8-HS142’) and  low plant density (‘VR’) cropping systems, the 

most productive in rainfed conditions ‘K8-HS142’ and the ‘VR’ (used as control), were 

chosen in order to carry out a transcriptomic study focused on the expression analysis 

regarding the set of genes encoding for enzymatic and structural proteins involved in 

carbohydrate biosynthesis and storage during the tuber development.  

Transcriptomic studies. 

The expression level of a set of about 6,365 ESTs (from the  CHT[LMS]_norm library of 

around 41,000 Ht EST sequences prepared and made publicly available by The Compositae 

Genome Project US Research Consortium) were annotated to genes included in pathways for 

tuber carbohydrate biosynthesis and storage using Blast2GO
®

 bioinformatics tool. An extra-

set of  ESTs from other plant species sharing high nucleotide similarity to 80 of the annotated 

ESTs, were used for the microarray analysis based on the CombiMatrix
©

 technology 

performed at the developmental stages of cessation of rhizome elongation-beginning of apical 

meristem differentiation for tuberization (T0), active tuber development (T3) and tuber 

maturation (Tm). 

A total of 123 and 11 ESTs were differentially expressed between the two Ht clones at T0 

and T3, respectively, whereas no ESTs were differentially expressed at Tm (Tab. 11). In both 

clones, 11 and 127 different ESTs were discovered differentially expressed between T0 and T3 
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and T0 and Tm, respectively, whereas no ESTs displayed a differential expression between T3 

and Tm (Tab. 11).  

Because the highest number of genes differentially expressed between the two different 

‘K8-HS14’ and ‘VR’ clones were found at initial tuberization time-point, when 123 ESTs 

significantly differed for their magnitude of expression level (Tab. 11), that could reasonably 

suggest that the initial stage of tuberization (T0), when rhizomes begin to enlarge to form 

tuber organs, would be relevant in order to affect some important differences between the two 

Ht clones inherent tuber biological processes.  

Some ESTs governing biological processes related at last to tuber growth, because 

encoding for protein involved in the cell division cycle (gnl_UG_At#S11735956, 

gnl_UG_Stu#S14644958), water flow into vacuole organelle (CHTS16637, CHTM22120), 

where the fructan polymerization occurs, glycolysis and oxidative respiration (gi_31324479, 

CHTS16359) were found differentially expressed between ‘K8-HS142’ and ‘VR’ at T0 time-

point (Tab.12).  

Such different expression could affect the diverse rate of tuber growth (box in Fig. 45) as 

well as the general metabolism and the specific carbohydrate biosynthetic processes taking 

place during tuber development, such as the rate of fructan storage (Fig. 46), acting in concert 

to determine the different final tuber biomass production (Fig. 45).  

When blasting, mapping and annotating the set of differentially expressed ESTs between 

the different conditions (clone 1 vs clone 2, time-point x vs time-point y, clone1-2 time point x 

vs clone1-2 time-point y), by using the available tools built in Blast2GO, it was possible to 

identify the GO terms related to the entire set of such ESTs, so that determining the possible 

biological functions regulated by the sequences found differentially expressed between the 

two ‘K8-HS142’ and ‘VR’ clones at T0 and T3 (Fig. 48A) and between two different tuber 

developmental stages, T0 vs Tm and T0 vs T3, when the common clone expression was 

considered (Fig. 48B). 

On the basis of GO term finds, the expression of many different kind of proteins affects the 

differential expression between Ht clones and tuber stages (Fig. 48A,B). Considering the most 

representative among them, proteins belongs to families whose molecular function would be 

related to Nucleotide binding, Carbon-cation lyase activity, Transferase activity, Hydrolase 

activity, would differentially occur between the two ‘K8-HS142’ and ‘VR’ clones at initial 

tuberization stage (Fig. 48A,B). During the tuber active growth stage, proteins dealing with 

Oxidoreductase activity and RNA binding activity would be differentially expressed between 
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the two ‘K8-HS142’ and ‘VR’ clones (Fig. 48A,B). When the common gene expression 

between the two Ht clones is taken into account, then the proteins included in Nucleotide 

binding, Cation binding, Transferase activity and Transmembrane transport activity would 

show a differential expression between T0 and Tm time-points (Fig. 48A,B). Proteins involved 

in Hydrolase activity and Protein activity would seem to express differentially T0 and T3 

stages. 

A focused research of molecular markers for the genes differentially expressed encoding 

for the above mentioned family proteins accounting for the difference between the two 

examined Ht clones for tuber-related traits, mainly the biomass production, would drive Ht 

breeding purposes. 

 The temporal expression of genes whose ESTs were detected to be involved in the both 

fructan and starch biosynthesis was analyzed. 

  Those ESTs encoded for enzymes directly catalyzing fructan polymerization into the 

vacuole (Sucrose:sucrose 1-fructosyltransferase [1SST], Fructan:fructan 1-

fructosyltransferase [1FFT]) and starch polymerization  into the amyloplast (Starch synthase, 

SS) as well as indirectly related to either fructan polymerization such as Sucrose 

H+/symporter [SuSym], a transmembrane transport protein moving the sucrose from phloem 

into tuber cell cytoplasm or starch polymerization such as Sucrose phosphate phosphatase 

[SuPP], -invertase [INV], Phosphoglucomutase [PGM], Sucrose synthase [SuS], UDPG 

pyrophosphorilase [UDPGP], involved in the sucrose breakdown to glucose-6P and synthesis 

of glucose-1P in the cytoplasm and Glucose 6P/P translocator [G6PT], moving the glucose-

1P inside the amyloplast (Fig 49A). 

The ESTs for 1SST and 1FFT were found up to 3 times more expressed (Fig. 50a,b,d) than 

SS (Fig. 50f,g) suggesting that the fructan polymerization prevailed over starch 

polymerization and explain why fructans are the major tuber storage carbohydrate (Tab. 9).  

The temporal expression profiles of ESTs encoding for 1SST (Fig. 50a,b) and 1FFT (Fig. 

50d) were similar to the progress of fructan content during tuber development (Fig. 46a) and 

both reached a maximum at T3 tuber developmental time point, confirmed the reliability of 

both transcriptomic and biochemical analyses.. 

The expression pattern of the 1SST-ESTs is in line with the expected function of the 

encoded 1SST enzyme. In general the expression level of ESTs for 1SST decreased after 

picking at T3 (Fig 50a,b), while the expression profile of the EST encoding for 1FFT was 

more steadily (Fig. 50d). This fits the expectation on the basis of a real biological behavior for 
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the two enzymes. In fact, the fructan biosynthesis starts with the intervention of the 1SST 

enzyme which catalyze the synthesis of the triose 1-kestose from two sucrose molecules, 

which in turn is used by 1FFT as starting building-block for the further polymerization of 

fructans by adding fructose monomers to the growing fructan chain. 

Therefore, it is expected that 1SST is necessary from the T0 to T3 developmental stages, 

which is the initial period of tuber growth, providing the 1-kestose substrate needed for the 

activity of 1FFT enzyme for synthesizing the long-chain fructan during the T3 to Tm stage, 

when tuber undergo the highest rate of weight increase due to the fructan accumulation into 

the cell vacuole.  

Two other 1SST-ESTs with 73% and 100% sequence identity (26% query coverage) to the 

1SST-EST from Allium sativum (As) (Tab. 13, Fig. 50b) and Cichorium intybus (Ci) (Tab. 13, 

Fig. 50c) respectively, were also highly expressed during the T0-T3 tuber developmental 

stage. The expression of As 1SST-EST was the highest and persisted until the Tm tuber stage. 

The concerted activity of three different putative genes for 1SST from T0 to Tm and the 

detection of only one type of 1FFT-mRNA highly expressed from T3 to the Tm stage, confirm 

the role of 1SST in preparing and constantly  supply the 1-kestose substrate which is used by 

1FFT for accumulating fructans during the T3- Tm stage.  

The presence in Ht of additional genes orthologous to genes from other plant species 

encoding for 1SST suggests the pivotal role of 1SST in fructan accumulation in organs for 

vegetative propagation in both Monocotyledons (e. g. the bulb of Allium) and Dicotyledon (e. 

g. the root of Chicory and the tuber of Ht), and the allopolyploid origin of the hexaploid Ht 

from diploid with common ancestry to other Asteraceae such as Cychorium.   

This is in line with the accumulating evidence that Helianthus genus is one of the most 

evolutionary diverse groups of organisms whose biodiversity represents a rich resource for 

bioprospecting orthologous genes related not only to fructan biosynthesis, but also to other 

genes expressed in heterotrophic tissues of carbohydrate storage organs. 

The above results indicated that genes for different key enzymes are active not only in 

fructan biosynthesis but possibly also in starch biosynthetic pathways. Important genes 

encoding for enzymes catalyzing the breakdown of sucrose to glucose-6P (INV), the transport 

of glucose-6P into amyloplast (G6PT) and glucose-6P polymerization to form starch (SS), 

were highly expressed (Fig. 50f,g,h,m).  

This suggests that the starch biosynthetic pathway could be active during tuber 

development, although the corresponding genes were not differentially expressed between 
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clones or tuber developmental stages, except G6PT (Fig. 50m). However the biochemical 

analysis revealed as starch content was very low in mature tuber from both ‘K8-HS142’ and 

‘VR’ clones (Tab. 9).  

Because of the starch polymerization needs the breakdown of external sucrose coming in 

tuber cells from phloem (Fig. 49A), the low tuber starch content could indicate that the higher 

expression displayed by ESTs for 1SST and 1FFT in comparison to those for SS as well as 

sucrose breakdown in the cytosol, would be fundamental for determining the prevalence of 

fructan biosynthesis in comparison to starch biosynthesis, due to the high 1SST and 1FFT 

density on one hand and the low density of the enzymes involved in sucrose breakdown and 

starch polymerization on the others. 

Again, that suggests the necessity to discover new homeoalleles capable to encode for 

enzymes whose structure could enhance the affinity for substrate, that is the enzymatic 

activity. That for improving the ability of Ht to produce higher amount of starch and, at last, 

tuber total biomass. 

Genomic studies. 

Adopting the genomic approach, molecular analyses were carried out about genes 

governing both fructan and starch biosynthesis whose ESTs were ascertained to be highly 

expressed during the tuber development in both ‘K8-HS142’ and ‘VR’ clones after 

performing the microarray experiment, aiming to: 1) identifying the possible DNA sequences 

from a sunflower BAC library homologous to the corresponding Ht genes encoding for the 

key enzymes 1SST and 1FFT catalyzing the fructan polymerization in order to pave the way 

for their next sequencing, basilar for exploring the extant polymorphism within genus 

Helianthus related to regulatory region of those genes, 2) prospecting new homeoalleles for 

the encoding region of genes implied in both fructan and starch biosynthesis, fundamental for 

breeding tuber biomass production, 3) determining the similarity of amplicon profiles of PCR 

products of genes involved in fructan and starch biosynthesis existing among the species 

belonging to genus Helianthus with the objective to possibly clarify the identity of parental 

ancestors of Ht. 

A BAC library prepared from the nuclear genome of the Helianthus annuus (Ha) ‘line 89’
 

was screened to detect cloned DNA inserts encoding the 1SST and 1FFT enzymes using the 

1SST and 1FFT amplicons from Ht as probes (Tab. 5). The BAC library included 107,136 

clones covering 5 times the sunflower haploid genome. A pool of 10 different 
32

P-labelled 

probes was prepared from the selected amplicons after PCR of the DNA from the Ht clones 
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‘CSR’ (a feral Ht-type from Latium, Italy) and ‘CU-3B’ (a cultivated clone from Hungary) 

and the Ha ‘line 89’ taken as control (Fig. 51).  

A representative subset of 55,296 Ha BAC clones were screened and 23 different positive 

BAC clones were detected (Fig. 52a,b,c). Each positive BAC clone was traced to one of the 

well within one of the 279 x 384-well plates containing the E. coli colonies hosting the BAC 

of the library (Fig. 52d).  

Some blots, such as 96E07 and 85I19 from pEBAC1-1_56-103 high-density filter (Fig. 

52a), 191E13 and 172E19 from pEBAC1-3_152-199 high-density filter (Fig. 52c) were much 

brighter than others. Because each probe in the hybridization mixture were equally 

represented but the ratio of 1SST-like (1SST_2-, 1SST_2+ and 1SST_3) to 1FFT-like probes 

was 3:1, then the colonies with stronger hybridization signal may contain sequence similarity 

to 1SST.  

Because a mixture of probes from ESTs for 1SST and 1FFT was used to hybridize the 

high-density filters, it was not possible to determine the exact molecular function of each 

positive BAC clone. 

However, a next Southern Blot-based procedure will assign the possible encoding function 

of the DNA sequence of the insert in the positive clones, to either 1SST or 1FFT (Fig. 53). 

The identification of those BAC clones would pave the way toward the sequencing of 

DNA fragments encoding for 1SST and 1FFT, included the regulatory regions. That will 

allow to explore the molecular polymorphism among the Ht-related species with the aim to 

discover alien promoters and enhancers able to increase the expression of both 1SST and 

1FFT-encoding genes. That would be very important when the polymorphism for the 

encoding region is either low or absent, as for 1FFT gene (Fig. 54). 

 In order to detect new homealleles for the encoding region of genes regulating the tuber 

carbohydrate biosynthesis, the polymorphism for DNA fragments deriving from genes 

involved in both fructan (1SST, 1FFT, SuSym) and starch (SS, PGM, SuSy, INV, UDPGP, 

G6PT) biosynthesis by PCR method in diploid-non-tuberizing (H. annuus, H. argophyllus, H. 

niveus, 2n=2x=34), diploid-tuberizing (H. maximilianii, H. angustifolius, H. decapetalus and 

H. nuttalli, 2n=2x=34), tetraploid-tuberizing (H. hirsutus, H. strumosus, 2n=4x=68) and 

hexaploid-tuberizing (H. schweinitzii, Ht, 2n=2x=102) Helianthus species, has been 

performed.  

Those species were chosen for: (a) the overlapping distributional area in semi-natural 

stands in the USA (Fig. 16) (b) sharing important traits with Ht (Tab. 7) and (c) cross 
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compatibility to both Ht and its putative ancestors (Tab. 2). In that sense, they may contain 

the closest relatives to the parental species that contributed to the synthesis of the hexaploid 

genome of Ht by interspecific hybridization. Therefore, the amplicon lengths were used to  

explore the average similarity among species using the “Dice index” with respect to ESTs for 

1SST and SS in order to depict a reliable genealogy of Ht, and prepare a bioprospection of 

amplicons to clone new homeoalleles for improving Ht ability to produce tuber biomass. 

The ESTs showing an evident polymorphism was those for 1SST, SS, INV and G6PT (Fig. 

55). 

A noteworthy 0.6 kb homeoallele potentially useful for enhancing the biosynthesis of 1SST 

enzyme was detected from the diploid and tuberizing H. decapetalus species (Fig. 55). 

Useful amplified DNA fragments were detected for the genes encoding for enzymes 

dealing with the sucrose breakdown in glucose-6P, fundamental for next starch 

polymerization. In fact, three interesting amplicons were identified for gene encoding for INV 

enzyme in the diploid H. annuus (around 1.6 kb), the tetraploid H. strumosus (around 3.0 kb) 

and hexapolid H. schweinitzii (around 1.2 kb) as well as one potentially relevant 1.0 kb 

amplicon was determined for the gene encoding for the amyloplast transmembrane protein 

G6PT in the tetraploid H. hirsutus (Fig. 55). 

The diploid and tuberizing H. angustifolius species seems to representing the best 

candidate as donor of useful homeoalleles encoding for SS enzyme (Fig. 55). 

Because of the PCR amplicon patterns were assessed to be simplified for the majority of 

the ESTs analyzed among Ht clones (Fig. 54) as well as Helianthus species (Fig. 55), the 

molecular similarity of the Helianthus species versus Helianthus tuberosus was ascertained by 

calculating the Dice similarity index (DSI) with regard the PCR amplicon profiles produced 

by the ESTs encoding for 1SST and SS major enzymes catalyzing the fructan and starch 

polymerization (Fig. 55). 

It was proposed that Ht would derive from an interspecific hybridization event involving a 

diploid and tetraploid species
130

. The most robust candidate for the role of tetraploid ancestor 

are supposed to be H. decapetalus, H. hirsutus or H. strumosus. In fact, Heiser (1976) 

proposed H. hirsitus as the most probable candidate tetraploid parent of Ht, whereas Spring 

and Schilling (1991) on the basis of data from secondary metabolite profiles, indicated H. 

strumosus as the putative tetraploid parent of Ht
131

. 

Uncertainty exists regarding the identity of the diploid parental species although it is likely 

to be a perennial diploid species
126,130

. Heiser (1976) indicated H. grosseseratus or H. 
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giganteus as the most reliable candidate and Timme et al. (2007) also proposed H. 

maximilianii and H. nuttallii on the basis of similarities to Ht for the 18S-26S ribosomal DNA 

ETSs. 

After determining the Dice similarity indexes from the PCR amplicon profiles exhibited by 

EST for 1SST and SS, H. strumosus resulted the most serious candidate as tetraploid parental 

species, showing DSI=0.46 (Tab. 14). Insights were obtained about the annual and not 

tuberizing origin identity for the diploid candidate parental ancestor species, the most robust 

could be H. annuus (DSI=0.50) (Tab. 14).  

Further analyzing the molecular PCR amplicon profiles from EST for 1SST and SS, 

evidences related to the PCR pattern from gene encoding for SS enzyme would also suggest 

H. strumosus as a more robust candidate as tetraploid parent because it exclusively shows a 

DNA fragment comprised in the range 1.0-1.5 kb that is absent in all of the Ht clone (Fig. 

56a). 

PCR patterns from genes encoding for both SS and 1SST enzymes (Fig. 56a,b) would 

indicate as the hypothetical diploid parent could be an annual not tuberizing species because 

some relevant DNA fragments are shared between Ht clones and all of annual species 

examined such as H. annuus, H. argophyllus and H. niveus, but are lacking in the H. 

maximilianii diploid perennial species.  

Because of the overlapping area of H. annuus and H. hirsutus geographical distribution is 

the widest (Fig. 16), the cross compatibility extant between H. hirsutus and Ht (Tab. 2) and 

the partial chromosome pairing as multivalent ascertained to be formed at metaphase of 

meiosis I in H. annusus x H. tuberosus hybrids (Tab. 3), then H. annuus and H. hirsutus could 

be the parental ancestors of Helianthus tuberosus. 
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6. CONCLUSIONS 

At the end of this research focused on the study of the genetic variability extant in genus 

Helianthus with the purpose to detect new resources useful for enhancing the ability of  

clones of H. tuberosus to produce tuber biomass to convert into biofuels, it was assessed 

that:  

- A number of different Ht clones grown at the Experimental Farm of University of 

Tuscia provided wide genetic diversity for traits related to plant architecture, tuber 

shape, flowering time, tuberization time, resistance to external stimuli, biomass 

yield. Such diversity is available for selecting clones producing large tuber biomass 

using a plant architecture than can fit different levels of plant density.  

 

- A total of 123 and 127 genes whose ESTs were retrieved as involved in 

carbohydrate biosynthesis and storage during tuber development, were 

differentially expressed in two Ht clones with high tuber biomass yield as well as 

tuber time-points stages. 

 

- The microarray analyses of temporal expression during tuber development 

regarding the 12 genes whose ESTs encoding structural and enzymatic proteins 

important for carbohydrate biosynthesis revealed as transcription rate for genes 

related to fructan pathway was 2-3 fold higher than the genes involved in starch 

pathway, confirming the former as the main storage carbohydrate in Ht, but also 

suggesting as the genes implied in the starch biosynthetic network could be active. 

 

- Relevant expression was ascertained for genes encoding for 1SST highly 

homologous to genes from Allium sativum and Chicorium intybus, indicating as the 

homeoalleles could introgressed into Ht genome from other related Helianthus 

species. 

 

- A H. annuus BAC library was be able to be screened using probes from H. 

tuberosus amplicons. A total of 23 positive clones related to either 1SST or 1FFT 

could be found out, paving the way to detecting and sequencing their promoters 

and enhancers. 
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- Novel homeoalleles for genes involved in tuber carbohydrate biosynthesis were 

detected by studying the polymorphism extant within genus Helianthus. One 

homeoallele could be found in the diploid tuberizing species (H. decapetalus) for 

gene encoding 1SST and a total of four different homeoalleles were identified for 

genes dealing with starch biosynthesis in the diploid not tuberizing H. annuus, the 

tetraploid tuberizing H. strumosus and hexaploid tuberizing H. schweinitzii. 

 

- By studying the similarity for the PCR amplicon profiles from genes implied in the 

tuber carbohydrate biosynthesis among Helianthus species, it was supposed as H. 

tuberosus could derive from an hybridization event involving either H. strumosus or 

H. hirsutus as tetraploid ancestor and a diploid not tuberous species, perhaps H. 

annuus, as diploid ancestor.  
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