
Abstract

The study was aimed to evaluate the potential of existing genotypes
of Jerusalem artichoke (Helianthus tuberosus L.) as biomass feedstock
for ethanol production. We investigated the biomass productivity and
chemical composition of twenty-six Jerusalem artichoke clones grown
in a semi-arid region of China. Jerusalem artichoke was demonstrated
to be a sustainable feedstock for bioethanol production. All structural
and non-structural carbohydrates in whole plant of Jerusalem arti-
choke could be 5000 L/ha. The above-ground biomass of Jerusalem
artichoke could be a promising feedstock for cellulosic ethanol. The
ethanol potential yield from cellulose and hemicellulose in above-
ground biomass were 1821 to 5930 L/ha, contributing 29.8-66.4% of the
total ethanol yield, which could be as high as that from switchgrass

and sweet sorghum stem. Large variation among the investigated
genotypes for carbohydrates makes it possible to select suitable clones
to be used in bioethanol production in semiarid regions. Clones HB-3,
HEN-3, IM-1, SC-1, SHX-3, SX-2 and ZJ-2 yielded tuber total soluble
sugar higher than 4.0 t/ha. Clones BJ-4, HUB-2, HUN-2, QH-1, SD-2
and SHH-1 produced more than 5.0 t/ha cellulose and hemicellulose in
above-ground biomass. Clones BJ-4 and HUB-2 have the highest
ethanol potential based on structural carbohydrates. These clones
were promising material if used as biofuel feedstock in this growth
condition.

Introduction

The increasing demand for energy, environmental concerns and
unpredictable petroleum resources associated with the consumption
of fossil fuels have made renewable energy development a priority in
China. Corn-based ethanol production primarily occurs in the US,
while sugarcane-based ethanol production mostly occurs in Brazil, and
sugar beets-based production is used in France (Mussatto et al., 2010;
Wang et al., 2012). Chinese policy states that the development of
bioenergy in marginal land cannot interfere with food production or
cause environmental side effects (National Energy Administration,
2012). Non-food biomass feedstock is a priority for biofuel production. 
The Jerusalem artichoke (Helianthus tuberosus L.), which is native

to the temperate region of North America, achieves wide geographical
adaptation, high biomass yield and inulin content of 50 to 75% in the
tuber dry matter (Danilčenko et al., 2008; Kays and Nottingham, 2008).
It can yield fresh tubers between 70 and 80 t/ha, and the above-ground
dry matter yield can exceed 25 t/ha when cultivated in the semi-arid
region of the Loess Plateau in China (Liu et al., 2012). The ethanol
production from the tubers’ sugar can reach 6000 L/ha (Stolzenburg,
2006). Approximately 2.5 t tuber dry powder is needed to produce 1.0 t
refined ethanol via powder batch fermentation technologies (Yuan et
al., 2011). Jerusalem artichoke is considered as an attractive energy
crop for biofuel production (Baldini et al., 2004; Kays and Nottingham,
2008; Baldini et al., 2011). It is estimated that 17.6 million ha of
China’s marginal land, primarily in the western, north-east and central
mainland, are suitable for Jerusalem artichoke cultivation (Sang and
Zhu, 2011; Zhuang et al., 2011). 
The great challenge for biomass production is the simultaneous

development of crops with a suite of desirable physical and chemical
traits and increase biomass yields (Ragauskas et al., 2006). Most bio-
fuel feedstock breeding efforts focused on increased biomass yield, but
less research has been invested to improve the profile of structural car-
bohydrates in the cell walls of energy crops, which impacts processing
methods, compared with downstream processing technologies
(Ragauskas et al., 2006; Jahn et al., 2011). Ethanol from biomass is
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derived through the bioconversion of sugar. Therefore, higher content
of sugar, cellulose and hemicellulose, which are highly variable, due to
genetic and environmental influences, will lead to a higher ethanol
potential (Nick, 2011; Monono et al., 2013). 
Genotype, cultivation, harvest stage and storage condition have

strong effects on the biomass production and chemical components of
energy crops (Kocsis et al., 2007; Zhao et al., 2009; Lindedam et al.,
2010; Han et al., 2011; Zhao et al., 2012). Ethanol yields from corn
stover, grasses, winter triticale grain and wheat straw have been
observed to vary by cultivar (Lindedam et al., 2010). 
Few studies (Slimestad et al., 2010; Matías et al., 2011; Gunnarson et

al., 2014) have been conducted to compare chemical composition from
different Jerusalem artichoke clones. However, no detailed investiga-
tion of changes in both above-ground and tuber biomass composition
and potential of bioethanol during the course of cultivation in the Loess
Plateau climate conditions is available. The aim of the study was to
evaluate the potential of existing genotypes of Jerusalem artichokes
biomass feedstock for ethanol production. The variability in the carbo-
hydrates contents and biomass yield, and their distribution in the
tubers, stems and leaves of 26 Jerusalem artichoke accessions were
analysed for future breeding programs towards biofuel utilisation.

Materials and methods

Study site and sampling
The field study was conducted in 2008 and 2011 in Qing Yang, Gansu

province, a semi-arid region of the Loess Plateau in western China
(35°37’ N, 107°48’ E, 1298 m asl) on a dark loessial soil (Hu, 1994). A
previous paper presented the physical and chemical properties of the 0
to 20 cm top layer soil, monthly precipitation and temperature pattern
and soil water potential at the study site during these two years (Liu et
al., 2012).
Twenty-six Jerusalem artichoke clones (Table 1) (Liu et al., 2012)

were tested in a completely randomised block design with three repli-
cations in 2008 and four replications in 2011. The plants were harvest-
ed in 2008 and 2011 with a crop growth cycle from April 1 to October 1.
The harvested plant tissues were divided into tuber, stem, and leaves.
Roots were not harvested. Sub-samples from each plant tissue were
oven-dried at 75°C to a constant weight to calculate the tuber, above-
ground biomass (AGB), stem, and leaf yield (Yoshidas et al., 1976).
After drying, the plant tissues were ground using a mill (FW100, Test,
TianJin, China) and passed through a 0.5 mm sieve for sugar and
starch determination and a 1.0 mm sieve for cellulose, hemicellulose
and lignin determination. 

Chemical analyses of plant tissues
The total soluble sugars and starch contents were determined by the

Anthrone method (Jayaraman, 1985). The fibre constituents [neutral
detergent fibre residue (NDF), acid detergent fibre residue (ADF), and
acid detergent lignin (ADL)] were determined by the Van Soest method
(Van Soest et al., 1991) using an Ankom apparatus for extraction and
filtering (Ankom 220, Fairport, NY, USA). The cellulose content was cal-
culated as ADF-ADL. The hemicellulose content was calculated as NDF-
ADF. Three replicates of each sample were prepared and tested.

Estimation of the ethanol potential

                              

(1)

         

(2)

        

(3)

A theoretical ethanol yield in L/ha was calculated using the method
described by Zhao et al. (2012). The computation was performed with
the following equations: Esugar, ESTARCH, Ec represent ethanol from sugar,
starch, cellulose and hemicellulose. TS, S, C and DM represent content
of total soluble sugar, starch, cellulose and hemicellulose, and dry bio-
mass. The values of conversion factor of ethanol from sugar, process
efficiency of ethanol from sugar, and process efficiency of sugar from
cellulose and hemicellulose is 0.51, 0.85, and 0.85, respectively. Specific
gravity of ethanol is 0.79 g/mL.

Statistical analysis
An ANOVA analysis was carried out by mean values and their signif-

icant differences were compared with Fisher’s least significant differ-
ence multiple comparison test to evaluate the effects of genotypes and
years. The SAS v9.1.3 software (SAS Institute, Cary, NC, USA), and the
significance level was P<0.05 were used.

Results

Biomass yield 
The tuber yield of Jerusalem artichoke (Table 2) ranged from 3.6 to

10.3 t/ha in 2008 and from 5.1 to 9.7 t/ha in 2011. The clone tuber yields
significantly differed between years; production was higher in 2008
compared with 2011 (P<0.05). Clones GZ-1, HEN-1, HUB-1, IM-1 and
SX-2 produced a greater tuber yield (7.8-9.2 t/ha) compared with the
other clones during the test periods. AGB ranged from 58.6% to 89%
and from 51% to 76% of total biomass yield in 2008 and 2011, respec-
tively. Clones HUB-2, BJ-4, HUN-2, SD-2 and SHH-1 produced the high-
est AGB (13.9-30.4 t/ha). The stem yield ranged from 36% to 65% and
from 25% to 50% of total dry biomass yield in 2008 and 2011, respective-

                                                                                                                                 Article

Table 1. The 26 investigated Jerusalem artichoke clones and
places of origin.

Clone              Origin                      Clone                     Origin

BJ-2                Haidian, Beijing                     HUN-3                       Yiyang, Hunan
BJ-3                 Miyun, Beijing                        IM-1                 Moqi, Inner Mongolia
BJ-4                Haidian, Beijing                      QH-1                      Pingan, Qinghai
CQ-1        Rongchang, Chongqing                SC-1                    Shuangliu, Sichuan
GZ-1              Guining, Guizhou                     SD-1                    Huimin, Shandong
HB-2               Renxian, Hebei                       SD-2                            Shandong
HB-3               Renxian, Hebei                       SD-3                    Dezhou, Shandong
HEN-1         Zhengzhou, Henan                   SHH-1                   Jinshan, Shanghai
HEN-3             Jinshui, Henan                      SHX-3                       Baoji, Shaanxi
HEN-4         Zhengzhou, Henan                    SX-2                       Taiyuan, Shanxi
HUB-1             Hefeng, Hubei                         XJ-2                         Bole, Xinjiang
HUB-2            Jingzhou, Hubei                       YN-1                          Dali, Yunnan
HUN-2          Chenzhou, Hunan                     ZJ-2                    Wenzhou, Zhejiang
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ly. The contribution of the stem proportion to the whole plant biomass
was higher than the leaf proportions. The highest stem yields were
observed in clones GZ-1, HUN-2, SD-2, BJ-4 and HUB-2, ranging from
8.0 to 22.1 t/ha (Table 2).

Total soluble sugar and starch 
Figure 1A and B presents the available total soluble sugar and starch

contents found in the tubers. In 2011, a significantly higher total solu-
ble sugar content was observed for different plant parts (P<0.001) com-
pared with 2008. The clones showed significant differences in the total
soluble sugar and starch content of the tubers (P<0.001). The mean
value of total soluble sugar contents in tuber were 595 g/kg in 2008 and
466 g/kg in 2011. Clones CQ-1, HB-2, HB-3, IM-1, QH-1, and SD-2 had a
total tuber soluble sugar content of over 500 g/kg in both years. The
total soluble sugar content ranged from 43 to133 g/kg and from 56 to
192 g/kg in the above-ground dry matter in 2008 and 2011, respectively
(Figure 2A and B). Clones GZ-1, HB-3, HEN-1, HUB-1 and HUB-2 at har-
vest time had total soluble sugar content greater than 10% in the stems

(Figure 3A and B). The total soluble sugar content in the leaves varied
between 27 and 106 g/kg in 2008 and from 55 to 135 g/kg in 2011
(Figure 4A and B). 
The total soluble sugar yield in the tuber dry matter of the individual

clones is shown in Figure 5A and B. The total soluble sugar yield of the
whole plant ranged from 3.2 to 7.6 t/ha in 2008 and from 3.5 to 7.4 t/ha
in 2011. The sugar yield of tubers varied from 51.3% to 87.3% and from
67.2% to 86.2% of the whole plant in 2008 and 2011, respectively, except
for the high sugar yield in the above-ground dry matter of HUB-2.
Clones HB-3, HEN-3, IM-1, SC-1, SHX-3, SX-2 and ZJ-2 produced tuber
total soluble sugar greater than 4.0 t/ha in both years. The sugar yield
of the above-ground dry matter was 0.7-4.0 t/ha and 0.8-2.2 t/ha in 2008
and 2011, respectively (Figure 6A and B).
The starch content of the tubers (P<0.001), which ranged from 7 to

39 g/kg and from 12 to 41 g/kg, respectively (Figure 1A and B), was
significantly higher in 2008 than 2011. The starch yield of tuber was
from 0.2 to 0.9 t/ha in 2008 and from 0.2 to 0.8 t/ha in 2011 (Figures
5A-B and 6A-B).

                   Article

Table 2. Dry matter of tuber yield, above-ground biomass yield, stem yield, and leaf yield (±standard errors) of the 26 Jerusalem arti-
choke clones in 2008 and 2011.

Clone                               2008                                                                                 2011
                       TY (t/ha)        AGB (t/ha)      SY (t/ha)         LY (t/ha)                       TY (t/ha)          AGB (t/ha)         SY (t/ha)       LY (t/ha)

BJ-2                         9.3±1.32                15.0±0.33             9.4±0.21                 5.6±0.13                                  6.9±0.44                   10.1±0.61                 6.7±0.42              3.4±0.22
BJ-3                         8.6±0.85                15.8±0.95            10.8±0.65               5.1±0.30                                  7.5±0.30                   11.7±0.13                 7.4±0.21              4.3±0.29
BJ-4                         5.0±0.64                24.9±1.45            17.2±1.01               7.7±0.45                                  7.6±0.44                   15.0±0.34                10.3±0.34             4.7±0.11
CQ-1                       7.9±1.10                14.9±1.58             9.5±1.01                 5.5±0.58                                  7.3±0.55                   10.4±0.59                 6.4±0.39              4.1±0.25
GZ-1                        8.4±0.82                15.6±2.09             9.7±1.30                 5.9±0.80                                  8.1±0.14                   11.9±0.56                 8.0±0.54              3.9±0.34
HB-2                       10.3±2.82               16.3±1.41            10.5±0.91               5.9±0.51                                  5.5±0.59                   10.1±0.22                 6.1±0.12              4.0±0.13
HB-3                       10.0±0.32               17.6±0.61            11.3±0.39               6.4±0.23                                  6.9±0.24                   10.3±0.13                 6.6±0.16              3.7±0.17
HEN-1                     8.3±1.18                17.0±1.49            11.1±0.97               6.0±0.53                                  8.3±0.40                   11.2±0.57                 7.2±0.52              4.1±0.12
HEN-3                     8.5±0.79                17.3±2.59            10.8±1.62               6.5±0.97                                  7.5±0.38                    9.6±0.16                  6.1±0.17              3.4±0.07
HEN-4                     8.3±1.09                18.2±1.73            12.1±1.15               6.1±0.58                                  7.4±0.23                   11.3±0.36                 7.5±0.40              3.8±0.29
HUB-1                     8.2±0.29                14.7±1.05             9.7±0.69                 5.1±0.36                                  9.1±0.31                   12.5±0.74                 7.4±0.55              5.0±0.27
HUB-2                     3.6±0.56                30.4±0.39            22.1±0.28               8.3±0.11                                  5.1±0.22                   15.9±0.47                10.6±0.34             5.3±0.15
HUN-2                     6.4±0.53                19.6±1.14            13.2±0.77               6.4±0.37                                  5.8±0.24                   13.9±0.57                 9.3±0.45              4.6±0.16
HUN-3                     7.6±0.75                12.3±0.48             7.2±0.28                 5.1±0.20                                  8.6±0.24                   11.4±0.66                 7.0±0.36              4.3±0.34
IM-1                        8.3±0.45                15.0±0.63            10.1±0.42               4.9±0.21                                  7.8±0.30                   10.2±0.52                 6.5±0.37              3.6±0.24
QH-1                       6.2±0.21                18.0±3.10            11.4±1.97               6.6±1.13                                  6.6±0.26                   11.5±0.55                 7.2±0.64              4.3±0.48
SC-1                        9.1±1.18                16.5±1.75            10.7±1.14               5.8±0.62                                  7.0±0.59                   10.0±0.11                 5.7±0.59              4.3±0.57
SD-1                        8.6±1.24                13.5±1.28             8.9±0.84                 4.7±0.44                                  7.1±0.24                   12.8±0.43                 7.1±0.63              5.7±0.58
SD-2                        7.5±0.57                16.5±1.51            10.6±0.97               6.0±0.54                                  8.7±0.13                   14.3±0.99                 9.6±0.64              4.6±0.35
SD-3                        7.8±0.77                14.6±0.95             9.1±0.59                 5.6±0.36                                  7.6±0.02                   12.2±0.57                 7.1±0.58              5.1±0.55
SHH-1                     6.8±1.06                19.3±1.19            12.5±0.77               6.8±0.42                                  9.7±0.65                   14.3±1.08                 7.0±2.41              7.4±2.36
SHX-3                      8.2±0.60                14.2±2.23             8.9±1.40                 5.3±0.84                                  7.2±0.33                   10.9±0.66                 7.1±0.52              3.8±0.20
SX-2                         8.9±1.57                16.3±0.96            11.1±0.65               5.2±0.31                                  9.2±0.70                    9.4±0.06                  6.0±0.23              3.4±0.18
XJ-2                         7.7±0.39                10.7±1.95             7.2±1.32                 3.5±0.64                                  6.9±0.78                   13.2±0.27                 8.5±0.11              4.8±0.16
YN-1                        7.1±1.50                17.0±0.72            11.6±0.49               5.5±0.23                                  6.6±1.11                   10.9±0.02                 6.6±0.04              4.3±0.06
ZJ-2                        10.3±1.05               17.0±1.66            10.1±0.98               7.0±0.68                                  6.4±1.16                   11.6±0.19                 7.1±0.22              4.5±0.21
Mean±SE              7.9±0.24                16.8±0.49            11.0±0.42               5.8±0.16                                  7.4±0.17                   11.9±0.23                 7.4±0.20              4.4±0.16
LSD (0.05)                 2.97                         4.27                       6.44                         1.99                                          1.41                            1.46                          1.77                      1.54
TY, tuber yield; AGB, above-ground biomass yield; SY, stem yield; LY, leaf yield; SE, standard error; LSD, Fisher’s least significant difference multiple comparison test.
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Figure 1. Mean values of the main chemical composition of the
tubers of Jerusalem artichoke clones: starch and sugar in 2008
(A) and 2011 (B); lignin, hemicellulose and cellulose in 2008
(C) and 2011 (D). Error bars represent the standard error. 

Figure 2. Mean values of the main chemical composition in the
above-grounds of Jerusalem artichoke clones: starch and sugar in
2008 (A) and 2011 (B); lignin, hemicellulose and cellulose in
2008 (C) and 2011 (D). Error bars represent the standard error. 
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Cellulose, hemicellulose and lignin
Significant (P<0.001) differences in structural components (cellu-

lose, hemicellulose and lignin) were found within individual clones
over the two years (Table 3). The cellulose content was the highest in
the stem, followed by hemicellulose and lignin. The leaf had the lowest
lignin content compared to cellulose and hemicellulose. 
Cellulose and hemicellulose are generally the main carbohydrate

components of the above-ground dry matter. The clones had significant
(P<0.001) differences in the cellulose content of the above-ground dry
matter in both years, ranging from 233 to 334 g/kg in 2008 and from 235
to 331 g/kg in 2011. The hemicellulose content of above-ground dry

matter varied between 90 and 145 g/kg in 2008 and 58 and 151 g/kg in
2011. The lignin content of the above-ground dry matter differed among
clones and ranging from 43 to 97 g/kg in 2008 and from 39 to 89 g/kg in
2011 (Figure 2C and D).
Stem cellulose content varied from 288 to 481 g/kg and averaged 349

g/kg in 2008; in 2011, stem cellulose content varied from 284 to 405 g/kg
and averaged 352 g/kg. Stem hemicellulose content ranged from 103 to
173 g/kg in 2008 and from 55 to 175 g/kg in 2011. The lignin content of
stem in the studied clones ranged from 63 to 120 g/kg in 2008 and from
47 to 96 g/kg in 2011. Total cellulose and hemicellulose contents greater
than 500 g/kg of the stem dry matter were found in clones XJ-2, HUN-
3, SD-3, HB-2, YN-1, QH-1 and IM-1 (Figure 3C and D). The cellulose

                   Article
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Table 3. Analysis of variance in the essential components (genotype, year and the combination between the two factors) of Jerusalem
artichoke clones.

Parameter                                                    Genotype                                        Year                        Genotype × Year
                                                         F                           P-value                                      F               P-value                           F               P-value

Total soluble sugar content                                                                                                                                                                                                         
          Tuber                                               7.99***                               <0.001                                           240.75***             <0.001                               5.20***                <0.001
          Above-ground                              156.93***                             <0.001                                          2643.10***            <0.001                             102.46***              <0.001
Total soluble sugar yield                                                                                                                                                                                                              
          Tuber                                               5.62***                               <0.001                                            31.94***              <0.001                               4.47***                <0.001
          Above-ground                               50.86***                              <0.001                                              0.24ns                  0.625                                21.87***               <0.001
Starch content                                                                                                                                                                                                                                
          Tuber                                              52.47***                              <0.001                                            39.47***              <0.001                                0.33ns                   0.999
          Above-ground                               19.77***                              <0.001                                           106.13***             <0.001                                0.67ns                   0.879
Starch yield                                                                                                                                                                                                                                      
          Tuber                                              17.19***                              <0.001                                              2.77ns                  0.099                                   1.73*                    0.026
          Above-ground                               17.00***                              <0.001                                               6.46*                   0.012                                  2.31**                  0.001
Cellulose content                                                                                                                                                                                                                           
          Tuber                                              60.04***                              <0.001                                           291.27***             <0.001                              31.19***               <0.001
          Above-ground                               30.48***                              <0.001                                            67.76***              <0.001                               9.01***                <0.001
Cellulose yield                                                                                                                                                                                                                                
          Tuber                                               8.12***                               <0.001                                            46.75***              <0.001                               8.08***                <0.001
          Above-ground                               12.76***                              <0.001                                           225.39***             <0.001                               4.57***                <0.001
Hemicellulose content                                                                                                                                                                                                                 
          Tuber                                              15.06***                              <0.001                                            33.68***              <0.001                              14.16***               <0.001
          Above-ground                               12.45***                              <0.001                                            67.00***              <0.001                               2.43***                <0.001
Hemicellulose yield                                                                                                                                                                                                                       
          Tuber                                               7.95***                               <0.001                                              0.14ns                  0.714                                 8.26***                <0.001
          Above-ground                                5.78***                               <0.001                                           360.81***             <0.001                               5.24***                <0.001
Lignin content                                                                                                                                                                                                                                 
          Tuber                                              10.39***                              <0.001                                            34.60***              <0.001                               2.79***                <0.001
          Above-ground                               13.30***                              <0.001                                            28.20***              <0.001                               5.23***                <0.001
Lignin yield                                                                                                                                                                                                                                      
          Tuber                                               2.59***                               <0.001                                            85.01***              <0.001                               3.30***                <0.001
          Above-ground                                7.50***                               <0.001                                           305.35***             <0.001                               3.09***                <0.001
Ethanol from sugar                                                                                                                                                                                                                        
          Tuber                                               5.62***                               <0.001                                            31.94***              <0.001                               4.47***                <0.001
          Above-ground                               50.86***                              <0.001                                              0.24ns                  0.625                                21.87***               <0.001
Ethanol from starch                                                                                                                                                                                                                      
          Tuber                                              17.19***                              <0.001                                              2.77ns                  0.099                                   1.73*                    0.026
          Above-ground                               17.00***                              <0.001                                               6.46*                   0.012                                  2.31**                  0.001
Ethanol from cellulose                          9.26***                               <0.001                                           290.89***             <0.001                               4.61***                <0.001
and hemicellulose 
in above-ground                                              
ns, not significant; *P <0.05;**P <0.01; ***P <0.001.
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and hemicellulose content of the leaves was 8.3 to 16.8 g/kg and 5.3 to
17.1 g/kg in 2008, and varied from 11.0 to 20.8 g/kg and 2.6 to 14.5 g/kg
in 2011, respectively (Figure 4C and D).
Total cellulose and hemicellulose yield in the above-ground parts of

the 26 artichoke clones ranged from 4.9 to 11.5 t/ha in 2008 and from
3.4 to 6.0 t/ha in 2011. The clones BJ-4, HUB-2, HUN-2, QH-1, SD-2 and
SHH-1 produced more than 5.0 t/ha cellulose and hemicellulose in the
above-ground parts over the two years with a 0.7-1.7 t/ha lignin yield
(Figure 6C and D). The structural carbohydrate yields were much lower
in the tuber than in the above-ground part. 

Ethanol
Figures 7 and 8 illustrate the calculated ethanol production

expected from the 26 Jerusalem artichoke clones. The total ethanol
yield from structural and non-structural carbohydrates in Jerusalem
artichoke in 2008 and 2011 ranged from 5267 to 9530 L/ha and from
5017 to 7132 L/ha, respectively. In 2008 and 2011, the calculated
ethanol yields produced by the total soluble sugar in the tubers were
900 to 3187 L/ha and 1511 to 3344 L/ha, respectively. The highest
ethanol yields were achieved by clones HB-2, HB-3, SX-2 and ZJ-2 in

                                                                                                                                 Article

Figure 3. Mean values of the main chemical composition in the
stems of Jerusalem artichoke clones: starch and sugar in 2008 (A)
and 2011 (B); lignin, hemicellulose and cellulose in 2008 (C) and
2011 (D). Error bars represent the standard error. 

Figure 4. Mean values of the main chemical composition in the
leaves of Jerusalem artichoke clones: starch and sugar in 2008 (A)
and 2011 (B); lignin, hemicellulose and cellulose in 2008 (C) and
2011 (D). Error bars represent the standard error. 
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2008 (2512-3020 L/ha), and by HUB-1, GZ-1, SHH-1 and SX-2 in 2011
(3033-3344 L/ha).
The calculated ethanol yields produced by cellulose and hemicellu-

lose in above-ground parts were 2558 to 5930 L/ha and 1821 to 3126
L/ha, respectively, contributing to 41.4%-66.4% (2008) and 29.8% to
50.8% (2011) of the total ethanol yield. Clones BJ-4 and HUB-2 have
the highest ethanol potential based on structural carbohydrates. The
calculated ethanol yield from starch in the whole plant was much
lower than the ethanol yield produced from total soluble sugar, cellu-
lose and hemicellulose. 

Discussion

The chemical composition of biomass is a key factor that affects the
efficiency of biofuel production in conversion processes (Hames et al.,
2003; Hamelinck et al., 2005). In this study, each factor of genotype,
year and their interactions strongly influenced total soluble sugar,
starch, cellulose, hemicellulose, and lignin content of Jerusalem arti-
choke. It seems that genetic differences and year conditions are
responsible for the carbohydrates accumulation and allocation within

                   Article

Figure 5. Mean values of the main chemical compound yield in
the tubers of Jerusalem artichoke clones: starch and sugar in
2008 (A) and 2011 (B); lignin, hemicellulose and cellulose in
2008 (C) and 2011 (D). Error bars represent the standard error. 

Figure 6. Mean values of the main chemical compound yield in the
above-grounds of Jerusalem artichoke clones: starch and sugar in
2008 (A) and 2011 (B); lignin, hemicellulose and cellulose in 2008
(C) and 2011 (D). Error bars represent the standard error. 
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clones. Within the same environment, the clones responded to environ-
mental condition by showing varied performance in a range of chemi-
cal components. Hence, the results implied the adaptability of the 26
Jerusalem artichoke clones in this region. During the two experiment
seasons, the crops experienced more drought in 2011 than 2008 (Liu et
al., 2012) that might be one of the causes of the differences.
Differences in specific adaptations of clones imply significant genotype
(G) × environment (E) interactions.
Previous researches demonstrated that the quality and yield of

ethanol produced from Jerusalem artichoke is dependent on the tuber
yield, tuber quality and fermentation process (Judd, 2003; Szambelan et
al., 2004; Curt et al., 2006; Negro et al., 2006; Stolzenburg, 2006). Total
soluble sugar content of tuber in all genotypes varied between 30.7 and
68.0% in this study. Clones CQ-1, HB-2, HB-3, IM-1, QH-1 and SD-2 pre-
sented a total soluble sugar content of over 50% in tuber dry matter at
harvest time. Total sugar content ranging from 13.7% to 23% of fresh
weight were observed in tubers of 114 Jerusalem artichoke clones, with
NPK fertiliser and irrigation to maintain maximum plant growth
(Terzić and Atlagiić, 2009). The 57.1-77.8% total sugar content was
reported in tuber dry matter with nine-month growth cycle (Curt et al.,
2006). This study showed lower tuber sugar content than the previous
study, the direct reason was the harvest time since the plants were
removed after a growth cycle of six months (from April to October),
when the assimilates in above-ground still kept allocating to tubers
when harvested.
Although the papers related to the chemical components of

Jerusalem artichoke as forage (Seiler and Campbell, 2004, 2006;
Rodrigues et al., 2007; Terzi� and Atlagi�, 2009; Terzi� et al., 2012) or the
sugar in its tubers (Barta and Pátkai, 2007; Slimestad et al., 2010;
Matías et al., 2011) were reported, the cellulose, hemicellulose and
lignin contents in Jerusalem artichoke are rarely documented.
The cellulose and hemicellulose content of Jerusalem artichoke

above-ground dry matter has been found to range from 23.3% to 33.4%
and from 5.9% to 15.1%, respectively; these figures are similar to the
contents (cellulose 24.8%, hemicellulose 11.2%) in Jerusalem arti-
choke reported by Gunnarsson et al. (2014) and sweet sorghum, which

presented 20.6%-26.5% cellulose and 15.9%-19.1% hemicellulose (Zhao
et al., 2009). 
The efficiency of biomass conversion is positively correlated with the

cellulose and hemicellulose content. The cellulose component of the
plant cell wall is more easily digested by the bacterium Clostridium cel-
lulolyticum, and twice as much sugar is released following the genetic
engineering of lignin biosynthesis in poplar (Boudet et al., 2003).
Above-ground part accumulated cellulose and hemicellulose dry matter
3.4 to 11.5 t/ha, and was competitive to switchgrass (Vogel, 2003).
Lignin, a biological resistant net-like polymer surrounding cellulose

and hemicellulose, is inversely correlated with digestibility (Chang and
Holtzapple, 2000; Perlack et al., 2005; Chapple et al., 2007). In this
study, lignin content in stemis 4.7-12%, lower than the report on lignin
content (17-19%) in Jerusalem artichoke stem by Gunnarsson et al.
(2014), but higher than 1.3-3.3% reported in the stem dry of sweet
sorghum (Zhao et al., 2009). Pedersen et al. (2005) found that a high
cellulose/lignin ratio induces plant lodging. Therefore, future breeding
studies need to maintain a proper chemical composition ratio.
The investigations in the present study clearly showed that

Jerusalem artichoke can potentially produce a comparable ethanol pro-
duction from cellulose and hemicellulose of above-ground biomass. A
potential of 1821-5930 L/ha ethanol from Jerusalem artichoke is close
to other cellulosic feedstock used for bioethanol production. An esti-
mated production of 1796 to 6591 L/ha ethanol from the cellulose and
hemicellulose of sweet sorghum harvested after anthesis in North
China was reported (Zhao et al., 2009). Vogel (2003) reported that 5000
L/ha ethanol from switchgrass. It is believed that above-ground plant of
Jerusalem artichoke could be an alternative way as biomass feedstock
compared to tuber, with efficient harvesting cost (Baldini et al., 2004;
Kays and Nottingham, 2007).
Large variation among the investigated genotypes for carbohydrates

makes it possible to select suitable clones to be used in bioethanol pro-
duction in semiarid regions. Clones HB-3, HEN-3, IM-1, SC-1, SHX-3,
SX-2 and ZJ-2 yielded tuber total soluble sugar higher than 4.0 t/ha.
Clones BJ-4, HUB-2, HUN-2, QH-1, SD-2 and SHH-1 produced more
than 5.0 t/ha cellulose and hemicellulose in above-ground biomass.
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Figure 7. Mean values of the potential ethanol yield from the
tubers of Jerusalem artichoke clones in 2008 and 2011. Error
bars represent the standard error. 

Figure 8. Mean values of the potential ethanol yield from the above-
grounds of Jerusalem artichoke clones in 2008 and 2011. Error
bars represent the standard error. 
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These clones were promising material if used as biofuel feedstock in
this growth condition.

Conclusions

Maximised feedstock availability for ethanol requires an energy crop
species with both a high biomass yield and high carbohydrate content.
This study demonstrates Jerusalem artichoke as a sustainable feed-
stock for bioethanol production. The above-ground biomass of
Jerusalem artichoke was proved to be a promising source for cellulosic
ethanol, as the ethanol potential yield could be as high as switchgrass
and sweet sorghum. The growth year had significant effects on the bio-
mass and carbohydrate accumulation in tubers and above-ground parts
thus the potential ethanol yields. Stability of clones in biomass yield
and carbohydrates should be determined when choosing suitable vari-
eties for biofuel crop. Promising materials for bioethanol production in
this growth condition could be selected in existing clones.
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