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Abstract Three big bluestem (Andropogon gerardii Vitman)
ecotypes from central Kansas (Cedar Bluffs (CDB) and Web-
ster (WEB) populations), eastern Kansas (Konza (KON) and
Top of the World (TOW) populations), and Illinois (12Mile
(12M) and Fults (FUL) populations), as well as the Kaw
cultivar, were harvested from four reciprocal garden planting
locations (Colby, Hays, and Manhattan, KS, and Carbondale,
IL) and used to study effects of ecotype and planting location
on glucan content and glucan yield from enzymatic hydrolysis
along the Great Plains precipitation gradient (!1,200 to
400 mm mean annual precipitation). The populations varied
widely in glucan content (31.8–36.5%), mass recovery (52.0–
59.7 %), and glucan recovery (79.0–87.50 %) after acid
treatment, efficiency of enzymatic hydrolysis (EEH) (84.6–
88.9 %), and glucan mass yield (20.8–29.3 %). Planting loca-
tion had significant effects on all variables evaluated except
EEH. Ecotype had significant effects on glucan recovery,
EEH, and glucan mass yield. In addition, interaction between
ecotype and planting location also had significant effects on
glucan content and glucan mass yield after enzymatic hydro-
lysis. Planting location had a stronger influence than ecotype
and interaction between location and ecotype. Total glucan

mass yield of big bluestem (regardless of ecotype) increased
as the Great Plains precipitation gradient increased from west
to east. Annual precipitation, growing degree days, and po-
tential evapotranspiration in 2010 accounted for 90, 85, and
78 % of the variation in glucan mass yield.

Keywords Big bluestem . Pretreatment . Enzymatic
hydrolysis . Ecotype . Reciprocal common garden

Introduction

Currently, nonrenewable fossil fuel reserves are being deplet-
ed at an increasing rate, and negative effects of greenhouse gas
emissions are accelerating global warming [1]. Production of
renewable fuels derived from lignocellulosic biomass with
low carbon dioxide emissions is attracting increased research
attention [2]. Thus, lignocellulosic biomass, including dedi-
cated energy crops such as switchgrass (Panicum virgatum
L.), big bluestem (Andropogon gerardii Vitman), forest resi-
dues, and agricultural residues, could play an essential role in
replacing fossil fuels because of low production inputs and
potentially low competition with food production. In 2010, the
USDA reported that lignocellulosic biomass feedstocks could
be planted as dedicated bioenergy crops in select states in the
central Great Plains (Kansas, Nebraska, Oklahoma, and South
Dakota) in which over 25 million hectares of land are classi-
fied by the USDA as rangeland/grassland within land capa-
bility class 3–6 (more marginal/less productive soils) [3].

Big bluestem is a dominant warm-season (C4) perennial
native grass comprising as much as 80 % of plant biomass in
prairies in Midwest grasslands of North America [4, 5]. In
addition to its abundant supply, big bluestem is considered a
potential bioenergy crop because its growth requires few
agricultural inputs (fertilizer and pesticides) and has better
tolerance to heat and drought. These advantages have enabled
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big bluestem to thrive in Midwestern grasslands, when cool-
season grasses (C3) are unproductive [6–9]. Big bluestem has
been selected and studied extensively for decades in an effort
to understand the effect of climate on grass growth; controls
on community structure; ecological responses to grazing,
burning, and mowing; and restoration effectiveness [10–14].
However, potential use of bluestem for bioenergy has not been
evaluated adequately. Ecotypes of A. gerardii were originally
described nearly 50 years ago [15], but variables related to
biofuel potential across the precipitation gradient of tallgrass
prairie have not been broadly characterized. In this research,
the effect of sharp precipitation gradient across the Great
Plains (1,200 to 400 mm mean annual precipitation) on bio-
fuel potential of A. gerardii was studied.

Conversion of lignocellulosic biomass into ethanol in-
cludes three major steps: pretreatment, enzymatic hydrolysis,
and fermentation [16]. Pretreatment is an essential process
using chemical and/or physical agents to break down natural
recalcitrance of lignin frame and improve interaction between
glucan and cellulases during enzymatic hydrolysis [17, 18].
Although conversion of biomass into biofuel has been studied
intensively, few studies have been published on the conver-
sion of big bluestem to fermentable glucan. Extrusion was
used as pretreatment method to increase glucan yield from big
bluestem with 71.3 % glucan recovery, while combined alkali
soaking and extrusion improved the conversion rate to 90.1 %
[19–21]. Weimer et al. studied the potential of big bluestem
for ethanol production by consolidated bioprocessing [22].
The objective of this research was to study the effects of
ecotype and planting location on glucan content in the bio-
mass and glucan yield from enzymatic hydrolysis along the
Great Plains precipitation gradient (!1,200 to 400 mm mean
annual precipitation).

Materials and Methods

Materials

Three big bluestem ecotypes, CKS (Cedar Bluffs (CDB) and
Webster (WEB) populations), EKS (Konza (KON), and Top
of the World (TOW) populations), and IL (12Mile (12M) and
Fults (FUL) populations), and the KAW cultivar, which is
widely planted to restore marginal lands, were harvested from
reciprocal garden plots in four planting locations (Colby,
Hays, and Manhattan, KS, and Carbondale, IL) in 2010 and
evaluated for glucan content and glucan yield after enzymatic
hydrolysis. Among the four locations, the Colby planting site
was used to test the threshold of drought tolerance and the
possibility for planting in drier locations of the Great Plains.

Seeds for the populations and ecotypes were collected by
hand from pristine ungrazed prairie in the fall of 2008. Plants
were installed at the reciprocal garden sites (Colby, Hays, and

Manhattan, KS, and Carbondale, IL) in August 2009. At each
planting location, all 12 populations (3 ecotypes!4 popula-
tions per ecotype) were replicated in 10 blocks. We used only
two of the four populations per ecotype for this study. Plants
were assigned randomly to blocks, spaced 50 cm apart, and
planted into shade cloth to control weeds. The KAW cultivar
and sand bluestem (data not included here) were also includ-
ed, making 14 plants per block. Details of seed collection,
planting location, and harvest have been described previously
by Zhang et al [23]. No nitrogen fertilizers and pesticides were
applied to the planting plots. Table 1 shows the characteristics
of the soils for four planting locations.

The plants were part of a large big bluestem ecotype
variation experiment to examine phenotypic variation across
the Great Plains precipitation gradient and the role of environ-
ment and ecotype in affecting the phenotype. These plants
were characterized extensively in terms of canopy area,
height, and phenology in the summer of 2010 (Johnson
et al., in preparation) and harvested by hand in October
2010. The harvested plant biomass (foliage, inflorescence,
stalks) was dried at 60 °C for at least 1 week before being
stored at room temperature. The big bluestem samples were
ground into powder using a Retsch cutting mill (Haan, Ger-
many) with a 1 mm sieve. All chemicals used for this research
were purchased from Sigma Chemical Co. (St. Louis, Mo.).

Analytical Methods

Composition Analysis

Moisture content of ground big bluestem samples was deter-
mined by drying approximately 2 g of each sample in a
forced-air oven at 105 °C for 4 h [24]. Extractives and glucan
content of the big bluestem were determined by following
NREL laboratory analytical procedures [24, 25]. Glucan after
enzymatic hydrolysis was determined by a high-performance
liquid chromatography (HPLC, Shimadzu, Kyoto, Japan)
equipped with an RCM monosaccharide column (300!
7.8 mm; Phenomenex, Torrance, Calif.) and a refractive index
detector (RID10A, Shimadzu, Kyoto, Japan). The mobile
phase was 0.6 mL min"1 of double-distilled water, and the
oven temperature was 80 °C.

Sulfuric Acid Pretreatment

Pretreatment was conducted in a reactor (Swagelok, Kansas
City Valve and Fitting Co., KS, USA) made from 316 L
stainless steel with a measured internal volume of 75 mL
(outside diameter of 38.1 mm, length of 125 mm, and wall
thickness of 2.4 mm). The ground big bluestem was mixed
with water and three concentrations of diluted sulfuric acid
(1.0, 1.5, and 2.0 % (w/v)) to load 6.0 % solid content (w/v,
3.05 g dry mass in 50 ml solution).
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The pretreatment was carried out with a sand bath (Techne,
Inc., Princeton, N.J., USA) with a temperature controller.
After the sand temperature was increased to 160 °C, the
reactor was submerged in boiling sand for 40 min, then
immediately transferred to room-temperature water to de-
crease the internal temperature to below 50 °C in 2 min. All
slurry removed from the reactor was washed with hot distilled
water and separated by filtration. The supernatant was collect-
ed into a 100-mL volumetric flask. Part of the supernatant was
analyzed by HPLC, as described above. A portion of the solid
mass after filtration was used for enzymatic hydrolysis, and
the remaining portion and the liquid part were used for mois-
ture and glucan content determination. Glucan recovered as
solids in pretreatment residues was defined as follows:

Glucan recovery %! " # mpretreatment

moriginal
$ 100% !1"

where mpretreatment (g) is the weight of glucan after acid pre-
treatment and moriginal (g) is the weight of glucan in the
original biomass.

Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out with the pretreated
sample at 4 % of solids concentration (grams dry weight per
100 mL) in 50 mM of sodium acetate buffer solution (pH
5.00) and 0.02 % (w/v) of sodium azide to prevent microbial
growth. The enzyme loading (Accellerase 1500, containing
glucan and !-glucosidase, generously provided by Dupont
Genencor Science, Wilmington, Del., USA) was 1 mL g"1.
Flasks with mixture of pretreated biomass sample, buffer
solution, and enzyme were incubated in a water bath at a
constant temperature of 50 °C and agitation of 140 rpm. Total
sugar analysis was conducted at the end of hydrolysis (72 h)
on supernatants by HPLC, as previously described. Efficiency
of enzymatic hydrolysis (EEH) was calculated by the follow-
ing:

EEH %! " # c $ V $ 0:9
mEH

$ 100 % !2"

where c is the concentration (g/L) of glucan after 72 h enzy-
matic hydrolysis determined by HPLC analysis, V is the total

Table 1 Selected seasonal environmental variables and characteristics of the soils for the four planting sites

Environment conditions Reciprocal garden planting site

Colby, KS
Northwest Kansas Agricultural
Research Center

Hays, KS
Agricultural Research
Center (Hays)

Manhattan, KS
U S D A P l a n t
Materials Center

Carbondale, Illinois
Southern Illinois University
Agronomy Center

Annual precipitation, 2010 (cm) 44.57 50.11 67.82 66.95

Mean annual precipitation since
1961 (cm)

50.47 58.22 87.15 116.73

Precipitation of driest year, cm
(year)

28.37
(1967)

36.27
(1988)

39.16
(1966)

66.95
(2010)

Growing season PPT (April 1,
2010–August 31,2010)

39.21 48.84 67.23 47.01

Growing degree days average since
1961

3,167 3,799 4,156 4,087

Growing degree days, 2010 3,461 4,193 4,105 4,474

Potential evapotranspiration (cm) 144 139 127 99

Aridity index (PET"PPT) 97 81 41 "18
Ave temp (°C) 10.5 12 13 13.3

Elevation (m) 972 603 315 127

Soil type Silt-clay-loam Silt-loam Silt-loam Silt-loam

Soil classification Aridic Haplustolls Arguistoll Udifluvent Fragiaquic Hapludalf

pH 7.3 6.0 7.5 5.0

CEC (meq/100 g) 24.6 25.1 8.5 13.7

% sand 8.5 21.5 41.0 7.5

% silt 60.0 58.5 51.0 78.5

% clay 31.5 20.0 8.0 14.0

%C±SE 1.01±0.013 1.88±0.039 0.71±0.011 2.67±0.179

%N±SE 0.10±0.001 0.17±0.004 0.06±0.001 0.21±0.007

PET potential evapotranspiration, PPT precipitation, CEC cation exchange capacity
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volume (L), and m is the weight of glucan before enzymatic
hydrolysis (g). The factor 0.9 is the glucan to glucan content
conversion factor.

Taking into account the EEH of glucan based on both solid
parts and the recovery of solid glucan after pretreatment, the
combination glucan conversion rate is used to better compare
the effect of different acid conditions on processes. This
conversion rate was defined as the percentage of glucan in
the solid part after pretreatment and EEH shown in the fol-
lowing:

Glucan yield %! " # EEH $ glucan recovery
100 %

!3"

Glucan mass yield was calculated on the percentage of raw
big bluestem as shown in the following formula 4:

Glucan mass yield %! " # glucan content $ glucan yield $ 100 %

!4"

Statistical Analysis

Glucan content and glucan mass yield of big bluestem sam-
ples were reported as means±SD. All the measurements were
performed at least in duplicates. Analysis of variance
(ANOVA) and Tukey’s studentized range test were analyzed
using SAS (SAS Institute, Inc., Cary, N.C.). In general, fully
balanced ANOVA tests were performed following the general
linear models (GLM) procedure. Both ecotype and planting
location treatments were considered as fixed effects in the
model.

Results and Discussion

Effects of Planting Location and Ecotype on Glucan Content

The glucan content of 28 big bluestem samples from the three
ecotypes and cultivar KAW planted at four locations showed
significant diversity (Table 2). The mean value within one
standard deviation for glucan content across the planting
locations and ecotypes was 34.5±2.4 % (range of 29.6 to
39.5%). The KAW cultivar planting in Illinois had the highest
glucan content with 39.5 %, which was 33 % higher than the
lowest glucan content obtained from KON in Colby. The
range of glucan content of big bluestem was similar to the
reports by previous research, as shown in Table 3.

Both ecotype and planting location had significant effects
on glucan content of big bluestem (P<0.05). Figure 1 shows

the effects of planting location and ecotype on glucan content.
Different letters above the columns indicate that means of
glucan contents are significantly different based on LSD test
(P<0.05). Big bluestem populations planted in Illinois gener-
ally had higher glucan contents (average of 36.5 %) compared
with the average of populations planted in Colby, KS
(31.8 %), and Hays, KS (33.8 %). The average glucan content
of big bluestem planted in Illinois was 4.7 % higher than those
from Colby in western Kansas, indicating that identical big
bluestem populations would yield #15 % more glucan if
planted in Illinois instead of western Kansas. However, there
was no significant difference in glucan content between Man-
hattan, KS, and Carbondale, IL, locations, which might result
from the fact that precipitation at Carbondale was substantially
below normal in 2010 and precipitation is one of the major
factors affecting biomass yield, chemical composition, and
physical properties [26]. Table 4 shows the linear regression
results between glucan content and environmental factors
associated with the planting locations. The 2010 annual pre-
cipitation explained 94 % of the variation in glucan content
based on coefficients of determination (R2). Precipitation in
Illinois is almost one and a half times higher than that in
Colby, KS, which provides a better environment for biomass
accumulation. The difference in potential evapotranspiration
between west and east is also responsible for glucan and
glucan yield. Potential evapotranspiration explained 72 % of
the variation in glucan content (Table 4). In addition, the
number of growing degree days in 2010 explained 80 % of
the variation in glucan content.

The glucan content also showed a significant variation
among the different ecotypes at P<0.001 and F value of
28.5 (Table 5). KAW had significantly higher glucan content
than other ecotypes (Fig. 1). KAW had the highest glucan
content among all ecotypes, possibly due to the fact that the
KAW cultivar, as the native released cultivar, was selected and
bred for carbohydrate accumulation. Of these 28 samples, the
highest glucan content was found in KAW at the Illinois
location, indicating combined effects of ecotype and planting
location (Table 2).

Variations in the glucan content among the 28 samples
were analyzed by two-way ANOVA for examining genetic
and environmental effects on glucan content and yield of
big bluestem. In general, ANOVA analysis revealed that
ecotype and location had significant effects on glucan
content (Table 5). Location had a larger F value (73.6)
than ecotype (28.5) and interactions (3.59), showing that
the role of location was always a greater source of variation
than ecotype and the interaction between ecotype and
location for glucan content. The significant effects of eco-
type and planting location on glucan content potentially
provide knowledge as to the role of genetic and environ-
mental factors influencing development of big bluestem
varieties for use as a bioenergy crop.
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Table 2 Glucan content, mass
recovery, glucan recovery, effi-
ciency of enzymatic hydrolysis
(EEH), and glucan mass yield of
big bluestem by population and
planting site

a Values are expressed as mean±
standard deviation of duplicate
samples

Population location Glucan
(%)

Mass
recovery (%)

Glucan
recovery (%)

EEH (%) Glucan mass
yield (%)

CDB (CKS)-Colby 32.5±0.1a 52.3±0.2 82.2±1.1 86.9±1.2 23.2±0.1

WEB (CKS)-Colby 32.8±0.1 52.3±0.4 84.2±0.4 84.6±0.4 23.4±0.3

KON (EKS)-Colby 29.6±0.1 52.0±0.4 80.0±0.5 87.9±0.9 20.8±0.6

TOW (EKS)-Colby 30.8±0.2 52.5±0.3 80.7±0.7 87.4±0.7 21.7±0.5

12M (ILL)-Colby 29.6±0.2 53.5±0.8 85.7±1.2 86.0±0.4 21.8±0.8

FUL (ILL)-Colby 32.6±0.2 52.3±0.6 80.2±0.4 87.7±0.3 22.9±0.7

KAW (CULTIVAR)-
Colby

34.9±0.1 54.0±0.3 79.0±0.6 86.6±0.7 23.9±0.6

CDB (CKS)-Hays 36.1±0.1 53.3±0.3 84.1±0.1 85.4±0.2 26.0±0.6

WEB (CKS)-Hays 35.2±0.5 53.3±0.2 84.2±0.4 84.9±0.3 25.2±0.4

KON (EKS)-Hays 33.3±0.2 53.5±0.6 80.5±0.8 87.4±0.1 23.4±0.2

TOW (EKS)-Hays 32.7±0.2 54.3±0.5 82.5±0.6 87.7±0.4 23.7±0.3

12M (ILL)-Hays 31.8±0.5 53.0±0.9 81.0±0.9 87.5±0.5 22.5±0.4

FUL (ILL)-Hays 32.8±0.4 54.8±0.8 79.7±0.7 87.5±0.9 22.9±0.5

KAW (CULTIVAR)-
Hays

34.9±0.1 54.1±0.3 80.8±0.5 87.0±0.6 24.5±0.7

CDB (CKS)-Manhattan 36.7±0.6 57.6±0.8 85.4±0.8 85.5±0.9 26.8±0.9

WEB (CKS)-Manhattan 34.6±0.4 56.4±0.6 84.3±0.7 87.4±0.7 25.5±0.6

KON (EKS)-Manhattan 35.9±0.4 58.9±0.9 85.7±0.7 88.7±0.1 27.3±0.6

TOW (EKS)-Manhattan 35.1±0.3 56.9±0.7 84.7±0.4 88.9±0.2 26.5±0.5

12M (ILL)-Manhattan 34.0±0.2 56.6±0.1 82.5±1.1 88.5±0.3 24.8±0.8

FUL (ILL)-Manhattan 37.1±0.2 56.8±0.2 84.6±0.9 88.9±0.5 27.9±0.9

KAW (CULTIVAR)-
Manhattan

38.3±0.6 57.4±0.3 85.2±0.4 87.5±0.7 28.6±0.6

CDB (CKS)-Carbondale 35.6±0.1 58.9±0.8 86.6±0.6 86.9±0.9 26.8±0.5

WEB (CKS)-Carbondale 36.3±0.4 60.0±0.7 85.8±0.5 85.6±0.9 26.6±0.2

KON (EKS)-Carbondale 36.2±0.2 59.0±0.1 86.8±0.3 87.6±0.6 27.5±0.3

TOW (EKS)-Carbondale 36.2±0.1 59.2±0.2 87.2±0.2 88.5±0.5 28.0±0.5

12M (ILL)-Carbondale 35.1±0.4 59.7±0.1 87.5±0.6 87.1±0.6 26.8±0.4

FUL (ILL)-Carbondale 36.6±0.5 59.5±0.3 86.7±0.5 87.9±0.4 27.9±0.7

KAW (CULTIVAR)-
Carbondale

39.5±0.4 58.8±0.3 85.5±0.8 86.7±0.7 29.3±0.7

Average 34.5±2.4 55.8±2.9 83.7±3.7 87.1±3.6 25.2±2.1

Table 3 Comparison of glucan
content, mass recovery, glucan
recovery, efficiency of enzymatic
hydrolysis (EEH), and glucan
mass yield of big bluestem with
other selected lignocellulosic
biomass

Type of biomass Glucan
(%)

Mass
recovery (%)

Glucan
recovery (%)

EEH (%) Glucan mass
yield (%)

Reference

Big bluestem 34.5 55.8 83.7 87.1 25.2 This
study

Big bluestem 35.6 61.0 85.8, 71.0 21.7 [27]

Corn stover 37.3 47.4 59.2 95.0 21.0 [28]

Forage sorghum 37.9 51.5 57.2 90.0 19.5 [28]

Sweet sorghum 34.2 44.7 47.2 97.0 15.7 [28]

Grain sorghum 37.8 51.7 56.6 81.0 17.3 [28]

Brown midrid
sorghum

40.5 45.0 42.8 97.0 16.8 [28]

Photosensitive
sorghum

44.0 30.85 30.9 94.0 12.8 [28]

Wheat straw 41.2 58.9 79.9 91.2 30.0 [29]

Switchgrass 32.2 52.6 81.3 90.3 23.6 [30]
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The Effect of Diluted Acid Concentration on Biomass
Conversion

As the most widely cultivated and highest glucan content
big bluestem ecotype growing in the Great Plains, KAW
was selected as the reference for identification of pretreat-
ment conditions that result in the highest total glucan mass
yield from diluted acid pretreatment and following enzy-
matic hydrolysis. Three diluted sulfuric acid concentra-
tions (1.0, 1.5, and 2.0 %) and water as a control were
applied to investigate the effect of acid concentration on
the big bluestem conversion rate. Figure 2 shows the per-
centage distribution of glucan in solid, liquid, and degra-
dation products with different concentrations of sulfuric
acid and water pretreatment as control. Glucan percentage
in solid dropped from 98.4 in the water control to 77.3 % in
2.0 % of sulfuric acid. Glucan in the degraded fraction
increased from 0.1 to 5.2 % as acid concentration in-
creased, whereas glucan content in liquid increased from
1.6 to 17.6 %, indicating that more severe pretreatment

condition resulted in more glucan degradation. Similar
results were reported by previous research [31]. More than
95 % of hemicellulose (xylan plus arabinan) was removed
from the solid at the same time (data not shown). Although
acid pretreatment caused irreversible damage on the struc-
ture of big bluestem associated with cellulose loss, EEH
increased from 79.7 to 90.0 % after a 72-h hydrolysis as
acid concentration increased from 1.0 to 2.0 %, which was
significantly higher than control samples pretreated with
water (18.1 %), as shown in Fig. 3. Similar results were
reported by a previous study (Table 3) [28] potentially
because more severe pretreatment condition removed more
of the hemicellulose and lignin barrier and made glucan
more accessible during enzymatic hydrolysis. One notable
result is that the pretreatment with 1.5 and 2.0 % of acid
concentration yield similar EEH (!90 %).

The glucan yield is used to better evaluate the effect of
different acid conditions on the final products by taking
into account both the EEH of glucan based only on solid
part and the percentage of the solid part of cellulose after

Fig. 1 Effects of planting
location and ecotype on glucan
content of big bluestem. The bars
with the same letter within the
same group are not statistically
different at P<0.05

Table 4 The R2 values of the
linear regression models for the
relationships between environ-
mental conditions and glucan
content, mass recovery, glucan
recovery, efficiency of enzymatic
hydrolysis (EEH), as well as glu-
can mass yield of big bluestem

PPT precipitation, GDD growing
degree days, PET potential
evapotranspiration

PPT 2010
(cm)

PPT avg since
1961 (cm)

GDD avg. since
1961

GDD
2010

PET
(cm)

Aridity
index

Glucan content
(%, db)

0.94 0.84 0.93 0.8 0.72 0.81

Mass recovery
(%, db)

0.90 0.98 0.70 0.61 0.90 0.96

Glucan recovery
(%, db)

0.84 0.99 0.58 0.52 0.93 0.97

EEH (%) 0.72 0.31 0.55 0.13 0.15 024

Glucan mass yield
(%, db)

0.90 0.91 0.85 0.68 0.78 0.87
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pretreatment. Glucan yield was 17.8, 71.6, 74.2, and
69.6 %, corresponding to biomass treated with water and
acid concentrations of 1.0, 1.5, and 2.0 %, respectively
(Fig. 4). The highest glucan yield was found at 1.5 % of
acid concentration but not at the highest acid concentration
due to relatively high EEH and low glucan degradation at
1.5 % of acid concentration compared with other concen-
trations (Fig. 4). Therefore, 1.5 % of sulfuric acid was
considered optimal and was used in subsequent
experiments.

Effects of Planting Location and Ecotype on Pretreatment
and Enzymatic Hydrolysis

Table 2 summarizes the mass and glucan recovery from the
solid part after sulfuric acid pretreatment and efficiency of
enzymatic hydrolysis and glucan content before and after
processing from four planting locations and three ecotypes
as well as KAW. For big bluestem in this study, the average
across planting locations and ecotypes was 55.8 % (range of
52.0 to 60.0 %) for mass recovery, 83.7 % (range of 79.0 to
87.5 %) for glucan recovery, 87.1 % (range of 84.6 to 88.9 %)
for EEH, and 25.2% (range of 20.8 to 29.3%) for glucanmass
yield. The comparisons of the glucan yield of big bluestem
and other selected lignocellulosic biomass types are listed in
Table 3. Although the average EEH of big bluestem was a bit
lower than those of other lignocellulosic biomass types report-
ed in previous research, the average glucan recovery of big
bluestem was much higher than those of other biomass types.
In addition, as a result of sufficient glucan content of big
bluestem, the glucan mass yield (final glucan production) of
25.2 % of dry big bluestem had promising potential compared
to other biomass crops such as corn (Zea mays L.) stover
(21.0 %), forage sorghum (Sorghum bicolor L.) (19.5 %),
sweet sorghum (15.7 %), grain sorghum biomass (17.3 %),
brown midrib (BMR) sorghum (16.8 %), photosensitive (PS)
sorghum (12.8 %), wheat (Triticum aestivum L.) straw
(30.0 %), and switchgrass (23.6 %) [27–29]. Moreover, those
biomass crops used more severe pretreatment conditions with
higher acid concentration and longer pretreatment times, sug-
gesting that the big bluestem has great potential as a dedicated
bioenergy crop due to lower pretreatment requirements and
higher glucan mass yield.

Table 5 Effects of ecotype (E), location (L), and interaction between
ecotype and planting location (E!L) on glucan content, mass recovery,
glucan recovery, efficiency of enzymatic hydrolysis (EEH), and glucan
mass yield of big bluestem

Source of variation Location Ecotype E!L

Glucan content Fa 73.56 28.51 3.59

Pb <0.001 <0.001 0.002

Mass recovery F 183.58 1.10 1.68

P <0.001 0.380 0.176

Glucan recovery F 31.47 3.45 2.47

P <0.001 0.042 0.055

EEH F 1.45 14.0 0.44

P 0.21 <0.001 0.893

Glucan mass yield F 89.62 11.34 3.19

P <0.001 <0.001 0.021

aF value is the ratio of two scaled sums of squares reflecting different
sources of variability
bP value is the probability of obtaining a test statistic at least as extreme
as the one that was actually observed, assuming that the null hypothesis is
true
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Based on the ANOVA analysis summarized in Table 5,
planting location had significant effects on mass recovery and
glucan recovery as well as glucan mass yield after pretreat-
ment (P<0.05). Those three parameters showed an increasing
trend from west to east crossing locations (Fig. 5a). Big
bluestem populations planted in Illinois generally had a higher
glucan mass yield, with an average of 27.5 % of dry big
bluestem compared with averages of 22.5, 24.0, and 26.8 %
for populations planted in Colby, Hays, and Manhattan, KS,
respectively, indicating that identical big bluestem populations
would have approximately 22.2 % higher glucan produced
from pretreatment and enzymatic hydrolysis if planted in
Illinois instead of Kansas (Fig. 5b). No significant effect of

location was observed on EEH (P>0.05) (Fig. 5a). The pos-
sible explanation is that the dilute acid pretreatment was so
effective that it removed almost all obstacles associated with
biomass structure and neutralized the difference in structure
from planting location. A similar trend was observed in mass
recovery, glucan recovery, and glucan content, however, so
perhaps the positive relationship between glucan mass yield
and latitude of the planting location simply emphasized that
glucan content was the vital criteria affecting glucan mass
yield.

Ecotype did not have a significant effect on the mass
recovery after pretreatment, but it did affect glucan recovery
and EEH (Fig. 6). The interaction between location and

Fig. 3 Effect of sulfuric acid
concentration on efficiency of
enzymatic hydrolysis (EEH).
Error bars are standard deviations
at P<0.05
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ecotype on glucan mass yield is shown in Fig. 7. CKS, EKS,
and IL ecotypes had statistically similar average glucan mass
yield regardless of planting location, which was in agreement
with previous studies [23, 32]. However, the trend was not
consistent for individual ecotypes in each location. In other
words, the effect of ecotype on glucanmass yield is dependent
on the location. For example, KAW native cultivar had the
highest glucan mass yield in Colby and Manhattan, KS, and
Carbondale, IL, and the second highest in Hays, KS (Fig. 7).
Overall, KAW is considered as an advantageous ecotype in

terms of glucan mass yield in sugar platform. Table 5 shows
that interaction between planting location and ecotype had a
significant effect only on glucan mass yield of big bluestem
(P<0.05); however, the interaction effect was much less than
that of planting location and ecotype and had a smaller F value
(3.19). In terms of glucan mass yield, planting location was
always a greater source of variation than ecotype and interac-
tion between ecotype and location based on a much larger F
value (Table 5). Among all big bluestem samples, KAW
cultivar planting in Illinois was foremost in terms of final

Fig. 5 a Effects of planting
location on mass recovery, glucan
recovery, and efficiency of
enzymatic hydrolysis (EEH). b
Effect of planting location on
average glucan mass yield of big
bluestem. The bars with the same
letter within the same group are
not statistically different at
P<0.05
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glucan mass yield of 29.3 %. Thus, KAW may be the best
selection to be bred for a bioenergy crop in Illinois. Multiple
univariate linear regression analysis was conducted to find
significant associations of environmental predictors with pre-
treatment and hydrolysis parameters, and results showed 90%
of the variation in mass recovery, 84 % of the variation in
glucan recovery, 72 % of the variation in EEH, and 90 % of

the variation in glucan mass yield and were explained by
precipitation in 2010 (Table 4). The number of growing
degree days in 2010 and potential evapotranspiration can
explain 85 and 78 % of the variation in glucan mass yield,
respectively, suggesting that 2010 precipitation possibly
played a more significant role in divergence of glucan mass
yield of the big bluestem.

Fig. 6 Effects of ecotype on
mass recovery, glucan recovery,
and efficiency of enzymatic
hydrolysis (EEH). The bars with
the same letter within the same
group are not statistically different
at P<0.05

Fig. 7 Effect of interaction
between planting location and
ecotype on glucan mass yield of
big bluestem. The bars with the
same letter are not statistically
different at P<0.05
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Conclusions

Planting location had significant effects on glucan content,
mass recovery, glucan recovery, and glucan mass yield of big
bluestem. Ecotype had significant effects on glucan content,
glucan recovery, EEH, and glucan mass yield, whereas all
measured variables except EEH were affected by planting
location. The ecotype! location interaction had significant
effects only on glucan content and glucan mass yield. In
general, big bluestem planted in Illinois had a higher glucan
content and glucan mass yield than populations planted in
Kansas locations. Besides environmental effects, KAW was
the best among all ecotypes in terms of glucan content and
glucan mass yield. Up to 94, 93, and 93 % of the variation in
glucan content and yield can be explained by annual precip-
itation, number of growing degree days, and potential evapo-
transpiration, respectively. Results showed that big bluestem
could serve as a suitable energy grass in the Midwest with
similar or better glucan content and glucan mass yield com-
pared with other biomass crops and grasses.
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